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| STUDY OF DI:P.I‘QN. ’P‘RO:DUCTIONv N THE REACTION ﬂ-p_. - %x%n
. BETWEEN 1.6 AND 2.4 Gev/c | |
| Andris Skuja Feb 257, /972
Lawreﬁce_Berkeiey Labofatory ' . ‘
University of California
Berkeley, California
| ABSTRACT 
An egpérimenF was péfformeﬂrat the Berkeley Bévatrén to study the
I= O;_J'; O'ﬁFn systeﬁ‘in the reactidn ﬂ—p-%'nnoﬁé, éf beam ﬁomenta of
1.60 to 2.k40 GeV/é in 0.20-Gev/c intervals.- The reécﬁion occurred in a
20-cm 1iquid hydrogen target and the fiﬁal étatngas identified by
detecting  the neutron ggg the y-rays from the 7° décays. The detection
system'éonéisted of (a) a 1érgé cubic array of lead-plate opfical spark
cﬁamberé'suf;ounding the ﬁargep for cbnvértiag %—ré&s and‘(bj a set of

20 plastic-scintillator neutron counters to measure time-of-flight and

'directiOn'frdm the tafget, in thé.pdlar—lab-angle region.of;12 to.72

degrées.- The spark chambers were seven to eight radiation iengths 
thick and covered five sidestof a éube, with the sixth side (beam
entranée'face) being nearly ciosed by leadQSCintillator sandwich

gammaﬁcoqnters. A sample of.5000 four-gamma events was oBtained that

‘passed the kinematic fit fo'the'hypothesis T p - °%%n with a 1%'

confidence leveiﬁ

Tﬁeitotal cfoss-sections for the.prpduction of ﬂfp —;ﬁoﬂon at each
_incident ﬁomentum were obtained. The dipién_producfion disfribﬁtion o
wasfbéfametrized‘ﬁsihg a modified oﬁé pion ekchaﬁgevadel with‘fbrm
féétbrs, éhd the‘off-mass-shell niw scattering maﬁrix element extracted.
It,waSvfoqnd tha#'the ﬁo#o production'dis;ribution_was more peripheral.
than'the'OfE model predictions ana-that‘above BSO MeV of‘the dipion mass,

the matrix. element varied rapidly, indicating a rapid variation of the



S =gl

I1=0,J=0, phasé shif‘tgin this region.

It was also found that at low t, the reaction had substantial
. :

' Ao,pro_dﬁction (~ 50%).
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_scattering data. In addition, Nambu,

"‘1’- _ : ' ) [
I. INTRODUCTION
The existence of a resonant n-n interaction was postulated by
various physicists before 1960, to explain a number of effects in the
then known scattering data. Takeda,1 to explain the total cross-se¢tion

in #tp 3cattering for both the isospin 3/2 and 1/2 case, predicted a

.resonant amplitude for I(JP) = 1(17) at a mass of ~ 600 MeV and a width

of'~ 100 MeV in the w1 System. Absimilarvresonant state was predicted
by Frazer'and Fulco? to enable them to fit thé known electron-nucleon
3 to explain the electromagnetic

form factor of the nucleon, postulated an I = O resonant amplitude in

the n-n system. The subsequent study of the xn-x system, in production

‘"reactions of the type =N — N by a number offexperimenters  revea1ed a

large enhancement in the x-n invariant mass at 760 MeV. That this reson~

ance, named the p meson, had three charged stétes, and no others,
implied ;hat it had isospin quantum number I = 1;  Additional invésti-
gation revealéd that indeed the p héd the expeéted ﬁuantum numBefs

JP =‘1f; Further resonances in the x-r system were also ais¢0vered at
higher energies [e;ge, the f£(1260) mésoﬁ I(JP) = O(1+)]5;

A more detailed examination of the m-n angular distributions in the

region of the p meson showed that noticeable asymmetries existed in the

. . . s Al : . . .
decay distribution of the = n dipion, as the distributions were examined

as a function of the n~n invariant mass. The asymmetry was attributed

to the interference of the p with an I = O,.JP - 0' resonance (often
called the epsilon or sigma) of about the saﬁe,mass as the p.: Subsequent
detailed examination of the n-x system, in the n+n-.mode (using mainly
bubble chamber techniques) yielded data that was-iﬁterpreted'to be
evidence for'a‘resbnanqe around the p mass, but the results were

ambiguous and inconsistent.
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An exﬁensive examinaﬁion of the ﬁ°ﬂ° staté fdilowed (in the reaction "_ i
n-p‘-jnénon)j in which the-epsilqn (or sigma) should have been"seen
unambiguouély, since the n°r° syétem, becéuseiof~que statistics, can-
.ndt have amplitudeé for which I = 1.. Thus thé;pjéannofbbé obéérved in
‘this feaction,,which simplifies the analysis Cthideraﬁly. In éddition o Y
for inﬁarianf’masses below 1 GeV, it has been assumed that ‘only s-wave. |
angﬁlérvﬁomentum amplitudés contribute significaﬁtly,'so that the JP = O+
staté‘iSIWellvisolated (this last conjecture,is.hot well fouﬁdéd, and
indeédrdewave amplitudes:may.contribute to'the‘ﬁéﬁé syétgm). The
resultihgjdata of the various experimental‘invesfigations, however, were
not conclusive, and, in addition, were somewhét‘¢0ntradictofy. |

. To try to ;esolve these difficulties, an éxberiment was conducted
at the‘Bevat;on at the Lawrence Berkeley Laboratory, to study the
reaction ﬁ-p-ﬁlﬁoﬁoh with high resolution anq.good_statisticsi - In the
coursg_of‘this study a parametrization of the ﬂéﬂo finai-state was

obtained.
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' A.'»Phenoméndlogy of Dipion Production’ =

1. m=x: Scattering Amplitudes

Meesurement of-the‘S-matrik'in fornation“experiments.fesulting from
=7 scattering are qf great.interest in testing'theoreticel models of
seattering,df elementary particles. .Because of the 1aek:of complication
_inttodueedvby spin‘orbuneuual masses;hthehparametrization_pf the
hscattering is_especialiy‘simple;' Assuming charge inuependence, we can
write ail the n-x scattering,ampiitudes, A —aﬁn),vas linear combin-
ations_of:three invariant“amplitudes, f;(s,e); i'= 0, 1, 2, where s is
thehsuuere of the center of mass (c.m,) energy, 6, the scattering‘angie,
and I, the ishtopic spin; |

AGT s Tty = (s, 8)

1

\

{fz(s, o) +._3f1_‘(.vs,~'e) + 2£°(s, e)f
{?(s,.é) i fl(s,'_e)}
{f2(s, 9) - . (S: 9)} |

The differential cross—section is then given in terms of these

1}
N~

NG ~>n+ﬂf)

S+ +
A(n“ﬂqxe xn°)

u.)h—l i r\)lr—d‘

A(ﬂ T —9ﬂo 0

N

: amplitudes by the expre831on

do (nn-ﬁ ﬁﬂ) |A(nn %wn)| o )
an 0= .

In the nx c.m. system each of the invariant amplitudes can be
expanded_in the usual ﬁertial'wave decomposition

(s, ) =-Z (22 + 1)¥, (cos 0)e
o S 8=0. - ’

sin SEI(S)[I + (—1)1 +-2]
where 8]1 are the phase shifts for the Zth angular momentum part1a1 wave
vin the expansion of the amplitude f of 1sosp1n.1. If we keep only 8

and p waves (2 = O, L= 1) as is. usual for c.m. energles of the -1 sys-

tem . below 1 GeV, we obtaln for the d1fferent1al ‘cross- sectlons '
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B T o
aQ . =5 st o : : B

» © .o , A
do (7r¢1t° > xx°) 1 (F,+F, cos 6 +F cosQG) "

’ kK ' .

F = sin 5 (2.1)
. 2 1, . . 1 .
F, = 6 co§(8° -5 )sin’® sin &, (2.2)
, 1 |
F3v— 9 sin” &, (2.3)

5 + - ' o ' - RN
do('w » mwx ) 1 (D, + D, cos.6+ D, cos” @) (3)
— === "1 2 -3 N :

-dQ2 2 _ i
) <
2 0.1 _.2_2
'Dl ) sin 66_ + 9 sin &
e + % cos(SOQ -5 2)sin 8 ~'sin B (3.1)

01y, 1 o

D, = L cos(d = - B, )81n_6 sin 8’
; 1., 2 . 1 ) :

+ 2 ;og(b - 61.)51n 5, ~sin 5, ‘ - (3.2_
D3—9 sin"®, "~ I » - (3.3)
do(n'n" > x°°) _ 1 hsif(e " -850 (k)
) _ " 25 o o/ s ,

It should be noted that x'rm

+

+

‘élastic.scattérihg [Eq. (1)]‘céh be

represented by a pure I = 2 state, while all the qther'amplitﬁdes'aré;

- o . . C . + - .
‘a superposition of various isotopic spin states. The n'w elastic

scattering amplitude {Eq. (3)] is a superposition of all three isotopic

spin states, I = 0O, 1, 2; ©x° elastic scattering [Eq. (2)] is represented

by a superposition of I - 1and I

[Eq.-(h)]-is a superposition-of’l

. s .
2 states; while i w ' charge exchange

) apd I= 2_states.

Up to the present, pion targets of éufficieﬁt density to pefform :

meaningful s-channel scattering'éXperiments have not been constructed.

Consequently,_information on nnt scattering,:and in particular the
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resonance structure of the m-x system, must'beiobtained'by other means.

.

2. Parametrization of Dipion Production

Much of our knowledge‘df ﬁ-n interactibnsfiS'dériVed frgm production
experiments of the form
) N — N’
7N fiﬁﬁnN‘
nd = wNN'
Weléonsider only_thg fipst-éf these*reactionS'and define the

foilowiﬁg variables (assuming charge independence>:

four momenta of the initial and final state nucleons

law]

-

o
il

q = four momentum of the inftial state pion .

o
oo
Nal

1l

fout'moﬁéﬁta of the final staté'pions
w=(p"+q fr.‘q"‘:)g? (p + q)?“ | |
s = (q' + q")g.
t=(p' - p)f

where w;‘sg'and t are Lorentz invafiahts, while the fraﬁe'of ffames in
which the momenté are_fq.be measured will be séecified as we proéeed;

of cqufse;-in formingvthe invarianté>a11 momentéiShouid be heésufed in
the same=ffame. 1f we represent the masées of tﬁé baryons and the pions

by M and o respectlvely, we obta1n in the overall c.m._

w2 + 2w(t - p M?) + (M? - )(M? - s)

[iw - 1+ ﬁ'} )_w s s} ) [ +u’ Nw _ (M'“F” 1/§

where .® is the dipion production angle. It should be noted that ® is a

‘cos B =

functidn'of w, t, and s.
The ampfitudé for the three body' final state can be paramgter}zed' '
in terms.of s-channel helicity amplitudes.a_ W
- A(aN - naN) = L (23 + 1) ( &N "ITJ.]7\" . o

JANN' 3 - L
: xdd 50 s () dx (9)17‘55 (5)
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In this fepresentation C) 'isfthe'production anglé of the;dipidn system

in the three body. c.m. frame; while 8'; g’ are the_decay anglés'of the
dipion system measured“iﬁ'the‘dipion rest_framé with respect to an axis

of quantization parallél to the direction of the dipion momentum in the
three body c.m. system. The quantities A' and A'' are the helicities
of the initial and final nucleon states, while A is the helicity of the

dipion system,'all with respect to the beam: direction. The symbol /4 is

the relétive_angular momentum of the two pions, while j is the relative

angular momentum of the neutron-dipion system.

.To'ekprESs.this:amplitude'so:that the axis:of quantization for the

- decay produqﬁs of the dipion system lies parallel to the momentum of

the initial pion, a rotation must be performed. We obtain
£ ing' £ £ img
a0 < L a1 B (0™

where B is the production angle as méasﬁrgdvinvtherdipionzreSt frame.
It is preferable to express the ampiitudes»in termé.of the rotated
variables, since'in tﬁe dipion reét framelthe incidént n-‘momentum is

‘>¢quai.and gpposite to the m&mentﬁm transfer thrée-vector, (B _‘B'),,
making the incide;; beam difectidh a cbnvenienf.axis of quantizaﬁion;
This, in turn, will allow us:later,tovéxpréss the three body aﬁplifude;
in terms of amplitudes which may be identified (taking into accounte -
certain aésumptioné) with swt-x scattering,amplitqde;.: We theh have

A(nN — naN) = ',_Z (25 + DT
JANN"'m s .

) . T img
X & @ (- B) 4 @™

A

system (see Fig. 1). We note that the
1 .

‘where 6 and @ are now the canonical scattering angles in the dipion c.m.




CM FRAME
‘(1r°1r°)
dlrecnon
\
o : y - ) 'm‘gr‘ng.‘h’tgm‘ troesfe}:
Smws o - . direction
1ro
A
~ DIPION REST FRAME |
| | EEEEENT XBL 7411- 1631
Fig 1.

_ Dlplon productlon and decay angles._ The dlplon decay is
shown to occur in the production plane, for convenience only--in-

practice, any rotation.of the plane (in the cm frame) or the llne (in

the dlplon rest frame) defined- by the two ﬂo s around the dlplon
dlrectlon is allowed. S : - ' '
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(e) P, (cos 6)

-

are the usual partial waves of s-x scattering, anduthat
i o - YAy '
T7J\7\n>\-(w,8) = (I
is a functlon of w and s only. Summing over j,'%; and K', we may write

Tg(w: S) t) Z (23 + 1)T >\||7\1(W;S)

NN o EEE
so tha;.,“ : ‘ . : _
A~ md') = L To(w, s, ) (0™ (@)
: S _ S ,

1f the form of the Ti's were known, it would be possible to extract the
-7 scatterihg amplitudes and information could be obtained on x-7

scattering from dipion production experiments. S

3. The Chew-LOW»Conjeeture-

~ Some 1ight was shed on the etructure of the Ti's by G. Chew and
F. Low'.-9 They considered the poSéibiJity'that the particle states
represented by»a'prOHUCtion amplitude could be split into two groups,

each of the groups having at 1east one complete'set of quantum numbers

in common. It was conJectured that if a phy31cal partlcle existed with

this set of complete quantum numbers, then the . TZ s would have a pole
term, at the mass of that particle, in the momentum transfer variable of
the eonsfitueuts of one of the groupsf

Clearly'one possible cogfiéuration of the groups in the case of the
dipion pfoduction.amplitude corfespouds to an exchangedvpiong: Thismcese
is shoun sehematically‘in;Fig.f2a.:{Iﬁ terms of‘the Ti's‘we_write

2

m

B (w,s,t)

Pst) = 2T e (9)
- (t - ) B |

W

~



o

Fig. 2c. Other _avil_OWebg_i_é}{cﬁan-ges in'.-.the‘feéc”tion'.ﬁ

.o

XBL-7110-1595 .
- . e O . . i
p 7t n.
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where the Bi’s ehd Ci's.have no<ether.poles in‘t neer'uge .Othe? Poles :
in t’mey exist at the.masses of other resohances;_but fhere‘afe further
‘removed from . the physiCaltf(< 0) regioh,-and should not ihfluence-ehe
observed Ti's as mueh;l : N B |
‘ Other groupings ef the_pé;tiele states represehted by the dipion

production amplitudes are also possible leading to A(1238) production.

These are indicated in Fig. 2c. Some of the possible exchanged particles

are also indicated in this figure.'

It is also assumed that at the pion pole'

Lim(t > u )Tf(w,s t).= B 5 t?qg)vAﬁl(s.) | " (10)

~

Thus the Tﬂ s factor-at the pion pole into the Nﬂvaeftex function:and .

the -1 scattering amplitudes. It should be stressed that the existence

. - . : by
of thls limit does not imply that the Tﬁ(w,s,t)'s factor everywhere. 1In
partlcular we -cannot necessarlly assume that

Tz(w,s t) = B(w t)B ( ) S | R | ;(11)

for physical'values of t. In'practice, however, it is often
necessary to make this assumptlon to 6btain a reasonably 31mp1e param-
 etrization of the data (see Sec. I. B. )

h._ The One Pion Exchange Model w1th Absorptlon.;o

If we assume the usual pseudoscalar p01nt coupling at the NnxN

vertex, We obtaln near the pion pole v : .
A(HN ¥>£ﬁN) iEEZEE_ vB(s Q; DU ..h._‘ S (12)
. it - u ) A o : : . /
where the coupling cdnstant;sg, can be'written as
gpﬂp_' = %Mf(t)( | (W1th g = \/_ g ) o | : (12.1)
with ;

'.Ié_;(t = u2) = 0.0822 | o | . ,‘ 3 (12.2)




e'fllv

and p and u are the Dirac .spinors. Since we want to write the total

cross-sections as o v v
. -3 3 01 43
1 - 1 - d d d-p
o= - : fIf q q

1 (]
(2x) hpoqovin 2q 2q 2p

..|A(s t w)l

the Dirac spinors must have the normalization Eu = 2M. The one pion

exchange model assumes that this is the corfect'form of the amplitude:

differential cross-section of dipion production as

for physical values of t as well. 1In this approximation we can write the

- s —*—ilq"i
atasan (i )H | b .S ,
f 5 3 l< fITI }
‘ Spins . ,
=__1,__l._____...1_ IE_L___l_|B(S Q)n‘:rtl
. (l#:nf‘)LF 8 Mg /s_ (t—p,)
BT FI]“” dq’""f' (13)
T2 2 M?Plabg d (t - | )2 . T

where P1 g is:the‘ﬁagnitudevof the incident nueleonfthree momentum
measured in the laboratory, while q and q' are the_magnitudes of the
three momenta of ‘the initial and_flnal,pion,ereEpectively,.measured in
the dipion rest“freme, |

It has been found eXperimentally, in those interactions in which

one-pion exchange is allowed, that the differential cross-section, as a
. o f . . :

functibn,of t, félls much mdre.rabidly thaﬁ iseexhibited'by phe t(t- u
behav1or of the one pion exchange equatlons. This can'be rephraéed to
eay that most of the dlplons are produced more perlpherally (that is,
for smaller~values of momentum transfe;), than_predleted by the-one-
pion exeﬁange model; - : |

To account for the discrepancy between observed data and the one

2)—2"
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pion exehange model, it was suggested, since:many final states are
actuelly available to fhe initial state of the reéction, that the
amplitude gets ebsorbed into'eompeting channels, thus strongly attenu-
aing the one pion exchange amplitude. This effect is schematically
pfesented in Fig. 2b where the absorptien is indicated by inieiel and
final state interactions modifying the one pion exchange amplitﬁde.

To obtain a semi—quaptitafive estimate of the effect of absorption
we must expand the one pion exchange amplitude in terms of the helicity
etates; we have

A(nN — nN) = Z_Tz (w s,t)d (e)elmg

) 2: E: u(p'K")ySu(p,K ) di ( (@»B (s )d eimﬁ (14)

fm ML (£ - 18) \

If we integrate out the ﬁ dependence, we obtain

A(nN - ﬂHN) = E: A(w,t;ﬁ%%",%')dﬂ ()
YN o0

where -

AW, ) = o) ——5—) u(p, N >dN,<- B)8EN (s)

(t-p
We note that T -
| |
=/ 1 1, 7 ' 1 5 b _ p' e -
W(p' 3 )gu(es3) = (B + M)(E'+ W|B(g Py - ) cos 2
= n cos 2 |
- 2 . | l
o' L [N S ' ]2 P p' . ©
u(p's5)r gulps- 5) = [(E + M)(E + W g W) St
T 5 L
=mn, sing
PN l l _ .. Q
u(p ). 2)7’511\(;),2) = n+ sin 5
- 4 1 1 _®
. u(P')'§>75u(P:"2f)=_.' n. cos 3

We now‘expand’the A(ﬁ,t'ﬂ ANTTL,AT) in terms of djx'% 'k"(@)
AOPE '

»}

(W) =2 T DN I8 (15)




- However, in .the limit
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Absorptién now modifies the a 's by complex phase shifts representing

J

the initial and final state interactions. .

ABS, . ., - 1 5g(w’$)'“
A .(,tm\x )\) 2¢r §:(J+§_)§
| o 6f(w,s) 1 :
_xwaJ(w,s;E%K",K')g .dxl;x_kuu(@) (16)

: , J 5 :
In practice the e6 are chosen to reproduce: the observed exponential

fall off of the data, a common choice beingl

o J
&
e BE (1 - be-CJE)

This.yieids

ABBS (0 BN, AY) = AOPE( w, t32NA'T)

-

-c'J2 +'b'eQCJ2 (c + c')Jg)

- 21Jr %(2J + 5)(be

X.anfK',K;x;!(®>

. | 57 &7
" An even cruder apprqximation to absorption assumes that the e e £
dependenée is eqﬁivalent to multiplication by a factor (a + b -+ eCt).
Hence'::
ABS(w,t SN = (a +rbeft)AOPE (17)

where a,'b,‘and Cc ‘may be slowly varying functions of w, s, and t.
- The main point to note in the absorption mode1 is that the f=1t

scattering amplitudes are always factors of the three body production

helicity ampiitudes, although it does not mean that the functions

modifying the one pion éxchange amplitudes are ihdependent of s. Thus
we have

ABs(w t,s) A(w;s,t)Bj(tht)

uQMM$=QBW)%x“>

~lim t ~>u2 (e -
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still must hold, and the only s dependence of the amplitudes at the-pion="

pole is contained in the m-w scattering amplitudes.

5. Extrapolation

We note from: the onebpioﬁ exchange ﬁodel; that

d¢)
f184 : Iql
% (t - g? e dag
get, BtBSBQmr
- ) 2 e, L L {h'.m £ o (t -

,1ab>/_s---]zq| _gg.“? k

<3
2\2 90
) B Qm} (18)

If we now assume that the cross-section is analytic in t, we may

write

o ¢
()2 2P 1 19l %o
i 1abf— ldl ot atasaszm
a_,(wys,0)" (w,8,9)
= 2 ‘; 5= + -1 + a (w,s,Q)
(e - )7 ﬁ(t!-‘u) |

'%zla<w,so><t-u> .

"<19)

"Then multlplylng both sides of the preV1ous equatlon by (t - U )

taking the limit as t — pg'we obtain
. N |
|© = a_2(w,s,Q)

Except for the factor of 1/t, this method of obtaining the s

]2 is

" independent of the one pion'exehange model and only depends on how

3
accurately we can obtaln the expansion of ataaag
(614

in terms of a power

serles in (t - u ) from the data. However many terms may have to be

l kept in the expansion yielding many parameters aﬁ(W,s,Q). In addition

possible ekperimeﬁtal values of t may be far removed from the'pioﬁ pole,

making the fit rather ambiguous. Since we want a;g(w;s,Q) at the pole,

. . . S, g2 , .
this may introduce large errors- in |Bﬂﬂ| o . Im part;cular, in the

reaction x p —>n°non, the physical final state may be dominated by
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A(1238) production, which may obscure the correct expansion of the x-x
Cross—seétion as a- function of t.

Recently it has been suggested that instead of using (t -LLE) as
the expansion variable, a conformal mapping of the cross-section should
be made which would emphasize the small t values of the data, making the

- 12 | |
convergence more rapid.

6. TForm Factors

We may write the differential cross-section fér dipion production’

as. v , :
33 _ 1.1 - L, 2
3030 " szlab e lall }A(nN. L B

Wevhave observed;that using the Chew-Low conjecture the amplitude may-

be written as

'A(ﬁN ~>ﬂnN)‘% i:v—f——-——f§' d (0)e 1m¢
| b (t-u‘)mvor.”
B Z z B'z ( - )aflo(ie)eimﬁ_ o o1)
= i(w,8,t) ———as— . '
pm AN MM L2y | ,

near the pion pole. If the strong variation of the amplitude in t (for

physical t) can be represented by'a set of functions Fix.m(s,t), cal led

form factors, then we may writé

(t - LF)A(ﬁN —;ﬁﬁN) “E: E: F (S’t)skk' (W,S:t)
o - e M
gy )

where Si%' (w,s,t) is now only a slowly varyiﬁg function of t. Tt is
the functlons S%%, that_We now expand in a power series
: 2
)\)\l (W:S’t) = ao(w’s m,)\7\ ) + al(w)s S, NN )(E - i) + e

If we further 1n51st that v%x, (t = gg)f= 1, then the coefficients -

5, L L
bm(w,s)‘= Ei'.ao(v,s;ﬁm,%% )
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are the appropriate partial wave amplitudes for w-n scattering.
It is assumed that by intfoducing"the functions Fix.m(s,t), the

5 ' 2 : :
power series expansion of_S?\)\,m will converge very rapidly, so that only

a few terms must be kept in the eXpansion.-‘This is a considerable advan-:

tage, when extrapolation techniques are to be used to obtain the n-x
phase shifts from dipion production data. ~
It is, of course, the square of the amplitude that is obtained from.

the data, so that we have

S .
(t-ug)glA(ﬁN%mrN e y >— F*'e ,F§\7\.'

fm %%' KK
J'm'kk!
' g et h d(m -t )p | | |
X Seetm S 'm0 (e)d o€ o - (23)
‘ Writing \
| FF(s t;4mAN'; z‘m KK )~F‘e' vt ' .
'm'""A\'m
~and ,
. _ .*g' ' g°
S(w,s,t ﬂmk% 3£'m' k') KK ' S
we now form the expansion ‘
. : - _ . : .
S{w,s,t;4mAN" ;2 'm" kKk') = 5: an(w,s;ﬂmkk‘;z'm'KK')(t - ug)n (2k)
: 7 m=0 o : : ‘

This-expansionvalso will converge rapidly, if the power series
- g R VSR
expansion of_SN\.-m did so. {In.practlce, the expansion is truncated

for some [ = ﬂmax’ so that we obtain only a finite number of functions

v

F(Em%%';ﬂ'm'KK').]-We then obtain l

2.2 2 e 3 Y
(t - k)T |AGN - o) |[T= ) S F(s,t3mNs0'nlik')
’ fmf'm' n=0" ' : AR
A k!
| 7 1 1 1 ] 2 n
% an(w,s;ﬁﬁn%% 38'm'kk' )t - u) A o
d*ﬂ (e)dﬂ (e)el(m - m Yo L - (25)
o mo : - : .

Additional simplifying assumptions are often made. . Usually, when the

‘r
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functions F(s,t'ﬂml%"ﬂ'm‘KK')varé chosen to fit the data, one sets -

F(s,t; gm%%' z'm k') = £(w,s,t)

~ for all the angular momentum quantum numbers. We then hawe

(t “';?)EIA(ﬂN-% ﬂﬂN)f
= £(w,s,t) T L (X a (W:'S;ﬁmm\';JZ-'m'KK")}(tr ue)n
: n=0 fm (AN S R
_ Z'm' Kkk' '
x‘ d*fl:o(e)dib(‘e)?i(m - mlM
= Hwst) T8 2™ 0)d (e)df (o)
o m=0 £ ‘ : .
£'m" : 1 o R '
ST {ei(m - T P - f)“} (26)

. ‘ N L R o D
I1f we now assume that we can truncate the expansion in (t - p~) after
n = 0, we obtain

(t - u) IA(nN—amN)I

£ (uyst) T ) (o) (et T

o

‘B m'

f(w,s, t)|B s,Q)l ' SR v o - (27)
and we see,that'the ﬁ-n’scatteringvamplitudes différ‘from the production

amplltudes by a factor f(w,s,t). 1In this case, we may write

33g B ,1- 1' _ L (tzszW> s, (,2)|°
‘ apagéﬂﬁﬁ‘ (b M? 2 “[s (c - )
w1 63 -
"'—5 t) S)W) Btasb,ﬂm OPE
and S - B o :
. f : M?P\ o . 2.2 .3t_ ‘
v g0 , lab 1. (t=u%) 3.
(s,0) = (Mnfg s 2. = o (28)
Sgnn 2 JF‘Iql _'82H2 _f(t,s,w) btéségﬂﬁ .

so that the m=x scatterlng cross-sections can be obtained directly from

the dipion production cross-sections.
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‘:It;is with.these very.particular assumptions, that the method of

form factors.has achieved its widest uSeiv The prescription followed
'by most data analyses of production cross~ sections,parametrizes a
function f(w,s,t), such that f(w,s,t —.u ) = 1, which approximates the
prOJected t distributions quite well.. Then the deviation away from this
vdiatribution of the remainingvprojections of the'Dalitz ﬁiot is
attributed to pure ﬂ-ﬁ.scattering. It should'be noted that the form
'factors can be dlfferent for each cofficient modifylng the helicity
amplitudes, as displayed expliciting in Eq. (25). A number of
c011aborations have also attempted to parametrize the ﬂ+ﬁ' final state

13

in this.manner.

A commoniy uSed.form factor for dipion production cross—sections has
‘the torm o ' L !

£(w, s,t) _ ea( s)(t - ). J% - - (29)

B oM '
where a is usually chosen to be a constant over the‘energy range of
the fitted data.' It is; of‘course, not necessary for a to be constant
for the.form'factor'method to be valid. It ahouid be noted, that thi;
tunctional form, in a crude aense,‘attempts to take into account
deviations away from the one-pion exchange model by representing

absorption by the exponential fall-off of the form factor.

A form factor that often fits the data well, has the form

£ t a(t - tmin) t .a(t Ly ) -3a(tmin - )
(t,s):-—ge - =—é'e‘

H : o

(30)

: s) . - ;
where t ., = t(.) is the minimum momentum transfer possible for a
min min : .
given valuevof*s. In this case
339 1 . 2 2 t e

— =~ la'] g7
atagénﬂn _ , 2 e iab J;‘_ | _“2; (t - 92>2

a(t - tmin)

£(s)

and going to the pion pole we have

-

e
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e e
 !Bﬁﬂ|2 =e (tmin' " L(s)‘

but not

B_1% 4 £(s)
as might 5e ekpected.

More comp1i¢éted formjfaéfqrs have been iﬁtroduced by Dlrr and
Pilkuhrl,lLL Kane ahd ROSs,15_and otﬁers, to take into.accouﬁt threshold
effecté, ;ngulafrﬁomentﬁﬁ barriers, and kiﬁematic éihgularifies in the
t-channél;.'For é descriétion §f thése pérticglér t&pes of form factors,

one should refer to the literature.

.’ . ’ - . . ’ ) 3 ‘c iy s s ‘ - Y oo
T. Parametrization of Dipion Production in the Reaction n p 2 ® m n

Following the previous section, we write

- (t - “E)QIA(ﬂ-P —9ﬂ0ﬂ0h12 = §: : E: F(s, t;4mA\";£ "'m"kK")
. .. zmz |m‘| n=o R .
MPk?
X -ah(s,w;-ﬂm?\?\';ﬂ'm"KK')(t - H2)n’

X.dzfé'(e)dib(e)ei(m - @')ﬁ,'

For c.m. energies in the dipion rest fram below 1 GeV, we may truncate

~the series after 2 = 0 (since odd /. states cannot contribute to the

vﬁonon final state and we have assumed that only £ = O and £ = 1 partial
wave amplitudes contribute in this energy range).. We then obtain
(t - u’g_)glA(ﬂf-p - :rowton)]‘g = Z Z F(s, t5M',kk')
. i . - n=o )\)\" v . . ‘. ,
o .2n.'KK'," L :
X aﬁ(w,s'kk',KK')(t - )_
Performing the summationvovef the nucleon: helicity states, We may recast
this equation in the form (by redéfining_variablés'if necessafy)
. 22, -~ o002 ¢ o ON-No
(e - E)T]A(xTp = 1 n)|” = Z f(t,s)‘an(w,s)(t.- u)

‘(wheré_f(t,s).f H%%' F(t,s; N\ ;KkK') neéessarily)b_ '

Kk' R
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It should be noted that the only aséumption we have introduced so far

~is the one that only £ = O states contribute to the final state. Hence

. . )+ v. .-.. . . 5 \j-s_ 1 E<t ) He)c . 830 | : o
ORI I o A R P Cr Tl -
o - o ot
. | 2‘ 00 - 5 n :
=B ()" + § a(ws)(t-u7) (31)
n=1 .

1f we also assume that the series terminates after n-= 0, we
‘immediately obtain ,Ier(s,Q)l2 from the data, provided we can obtain

a parameterization of f(w,s,t). In this case, we have

3 o . O'o . ) : . : .
o%g(n p—omxmwmn) T 1. 1 : 22
J SO0 T2 L2 PP ’vfs—qulg“.
S (BT T MR
£(t,s) 1 L 2.6 .2
2 , - = sin" (& -.57) (32)
(t - l.1'2)2 lq'I2 9 0. 0
where . : S o
' f._l_ lA(ﬂ+ﬁ-'—>n°n°)|2 = ——lﬂél——‘ | Tm(S:Q)Ig
T lq||2 ' | (83) s]ql o =
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B. Experimental Status of m-m Scattering Amplitudes

The invariant isotopic spin'amplitudes fI(s,e) of m-nt scattering
.are usuélly represented, below 1 GéV,df the dipion mass, by the first

term in the partial wave expanéion, yielding

.. 0
o 160 o]
f = 2e sin 60
1 isT 1
£ = be lgin 57 cos 6
.2
i3 5
f2 = 2e 9% sin o)
‘ o

so that each of the ampiitudes is completely specified by avsingie phase
;; Considerabléefforthas been expanded over a ten year period

to measure the 61

Z's as a function of the invariant dipion mass, these

measurements beihg mainly derived from production experiments.
 Examination of Eqs. (1) - (4) of Sec. I. A. 1. shows that 5 _ can.

. . + + N
be unambiguously obtained from n n elastic scattering experiments.

Unfortunately, no experimental determination of 60_u31ng this interaction,

or the corrésponding pfoduction reaction ﬁ+b —éﬂ+ﬂ+n, has been»dohe. .On'
thevother hand,'Baton'et“alglé'haVe recen;lyleitracted the I =2, £ = 0
phase shifts.as a'functi;n»of'the_ﬂoﬂ;'méés (seé Fig. 3) from'thé
'éroducfién_reaction.ﬂ;p —>ﬁ°n-f. It igvfelatiQeiy flat and stfuéture-
less and alSofnegative‘in the dipioﬁ mass region below 1 CeVr

. , : . 1
_ From the same equations, it can be seen that &, can be obtained

from n"n~ elastic scattering by a partial wave analysis of the angular

distribution}of the final state (the corresponding production experiments
R N ' i ' o .
being 5 p — % 7w p). ‘It has been easily observed that w % production is
dominated by a resonant state of mass 760'MeV, subsequently named the p,
even without using the more'sophisticated extrapolation or form factor

'téchhiques. An examination of the pion angular distribution’in the

.dipion rest frame revealed:a’forward-backward.asymmétry that ghanged
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Fig. 3.  The s-wave phaée-shifts;  The down-up and ﬁp-down soiutions .
of Schlein et al. (9) and the solutions of Gutay et al. (v) are .shown
for 80°g_]The two. solutions of Baton et al. for 802_are also shown

(;):é)" C
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'»sign as i£>passed thrbugh the p region. .fhié astmetry.has been
attributgd to tﬁe intérferencé of fhe fl witb the f2 émplitudes in the
K#ﬂo scattering. The>p barémeﬁefs (mass énd'ﬁidth)'obtained.using
extrapolation and form factor teqhﬁiqﬁes onvthé producti9n amplitudes
can be_directiy compared to fhose obtained in p photoprodudtion

-

(e+é *fpv+9ﬂfﬂ-) thus yieiding a measure of the effectivenesé of

obtaining w-x édatteringvinformatioﬁ from production experiments. The
. S L 17 '
results are in reasonable agreement.

The p meson can also be observed to dominate w ;t elastic scattering

. L . | o - _ T e
[Eq. (3)] as observed in production éxperiments of the type n p - x = n.
In this case the pion deéay distributions in the dipion rest frame show
‘a persistent forward-backWard aSymmétry that retains the same sign as it
passes throughvthe 0 régipn. This -asymmetry has been attributed to a

o T S s 1 , . o
resonant fo-amplltude,'1nterfer1ng with the f amplitude in the proximity
of the p mass.

s . N . : .vv . B o .

It has been the fQ amplitude, and consequently 50, that has been
the most difficult to extraét'from-the experimental data. The phase

. o . I S e - )

shlftv60>can be measured in n m. elastic scattering (in the production

s - 4= + + - » . .
experiments ®x p >t * n, = n 2> n p) and charge exchange (1n the

- . . - 0o + 0o o ' . : | ,

corresponding experiments ¥ p > ¥ ®x n, ® n = X « o). Since the elastic
scattering has charged pions in the final state, it has been more
amenable for bubble chamber analysis than has been charge exchange
scattéring. A numbef of groups have collabbrated'to analyze the world's
sample of n =n bubble chamber data. All these analyses, however, have
been plagued by a number of'probléms.
. - . . .
. Upon examination of Eq. (3) again,

do («'n" >x'x) L (D 4D

cos 6 + D cbse 9)-: : ’(3)‘.

2. 3

5
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| 4 2 o0 1 .22 L o .2\, .o . .2 '
D, = 5 sin 5, t g sin 5 + 5 908(60 : 60)51n 5, sin & (3.1)
1,0 1. .. .0 _. 1 7.2 1. 2 . 1
D, = L cos(Bo - 51)31n 5, sindy +2 cos(6O - 61)31n 5, sin &7
‘ ' (3f2)
.21 '
D3 = 9 sin” 3] (3-3).

we observe that the cross-section is dominated by the p meson in the

p—wéve'(D3).- The/s-p interference term, D2, however, can be used to

obtain 62(5), if we assume that 5i(§) is adequately represented by the -

o) resonance Breit-wigner and that.ai(s) is correctly represented by the

data of Baton et al. This proceedure, however, yields two ambiguities.
. | .

- ) o o . . . . .
(a) 1If we set 60 = 60 + 7, then D2 is invariant under this substi-

. o o . . . ' -
tution. The correct choice of 60 in this case can be made by a careful

18

‘0 0, + + , , . L
study of the 7w 'x /n'n’ intensity ratio for low wx masses.’ Cline et al.
s L O o I
have studied this problem and have shown that 60 is initially positive

; [ ¢ ! : ,‘" ey oy / N -
4 i

and remains positive if we assume the Si(s) phase shift of Baton et al.

f(b)_ 1f we make the substitution

. o'' =& o 1, | : i ‘
R R AT I | (33)
in Eq. (3.2), we obtain _ _
AR x_ 0" 1 N 2 (- R SN |
D, = L cos (2 (60 ( &l) 61) sin (2 (60 - 51)) sin &7

2 Ly .2 .1 0
+ 2.COS(§O‘f Sl)S}n 5 31n.61

. .o"! o 1y, .1 L2 1 2 1
=14 sin 8 o qos(aO - 61)s1n>61 +2 cos(6O - 6l)$1n_60 sin 37 -

2

is not invariant under this substitution of variables. It has been

19

and we see that D, is invariant under the transformation. Dl’ of course,

argued by Gutay et al.”” and generally accépted by othets, however, -that"

the .observed D1

'depélarization of the p due to absorption. Hence, it cannot be used to

is strongly affected by incoherent.background'and the

resolve reliably,the ambiguity inherently present in D2;

i




-

-25-

.

| . 1 .
From Eq. (33), we see that for 6l(s)j= g (at s = mpg)
) 2 o't 2y
60(3 =m ) + 5, (s - m ) = =x
e e o o' o ' : -
If, in addition, 60-= 50 , then 60 = E,vand we have a resonance in

£°(s,0) at mpg as-well. In fact'the ﬂ+ﬂ-‘data'indicate'that the various
solutions for 62 do cross at approximately the mass of the p meson and
hence fq‘dpes resonéte'at‘thisimass.' Figure 3'illustrateé the experi-

L . e g K : L 4 - '
mental situation for the measurement of 60 (as obtained from x w data),

‘showing explicitly the vériousipéssible‘soluﬁions. Since the various

. T ' B O j‘t . l.‘- . o . a .
solution curves cross at 5 _ = 5, within experimental error, they canmnot
be connected unambiguously (using continuity arguments) above and below

thé_éroséiﬁg'ppint. Thus there are four possible solutions in all for

the I = 0, £ = O, phase shift, picturesquely called the up-up, up-down,

down-up,. and down-down solutions. Furthermore if the solutions are

interpretéd to represent a resonant stéte at the mass of the meson, the

width of the resonance depends on which of the four possible solutipns

R S T : R 4=

is favored to be correct. Despite many attempts, at present the = x
S o o . . o ) .

data has not yielded a convincing unique solution for the 60 phase shift.

Two major compilations of the world's s x bubble chamber data'have 

'been analyzed by Gutay et al.2O and Schlein et al.,21 The two anaiyses

differ in their'method of extfacting fﬁe =17 séattering.amplitudes ﬁrom
the productiQn interaction data, éhd §ﬁbséquent1y di ffer in their four
possible solutions for Sgo Thus there exists,knot only a fourfold
ambigqity_due tp tﬁ¢ fﬁnctiénél form of fhe ﬂ+ﬂi sqattering cross-section,
bdt.aisb,'é disCrepéﬁéy in:the_:ésﬁlts of the fits to the data (in many
cases, the Samé'data), yieldiﬁg differeﬁtvresults féffthé'fouffpossible
solhtidnse | | | |

Gutay et:alogo calculate their x> scattering amplitude in the Borm
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approximatrpn (one pionhexchange.modeld_and epply absorption'correctioné
ae outlihed‘in.Sec.I.A,h.to take into accohnt the.t dependence of the

observed crdss—sectione. Keeping only svand p wares and u31ng the dlplon
decay dlstrlbutlon for only small t values (on the ‘assumption that these
amplltudes extrapolate correctly to the n-7 scattering amplitudes in the

1imit ofut = m2 ), they fit their data to the ratio D, /Dye  They use a

3"
Breit- W1gner resonance correspondlhg to the p.to represent the 51 phase
shift. Obtalnlng 62 from other experiments (or neglecting it'entirely)
they are then able to get 6 from the ratio D2/D3. |

Schlein and Malemud,g; on the other hand, assume that the helicity

.amplitudes of Eq. (8) factor, so that writing

Y2 u,s50)k(a)
Lm :

-~ A(xN - nxN)

they obtain

0,07 (0)

A(nN - 7N) %Bﬁﬁ( —

(a(t) +‘b(t)eCt) where a(t)iand b(t) are polynomials

They then set Bi
in't, while c is a constant (it may be zero) and extreet the |Bi%(3)l
'frem the”moments (Yﬁ(Q)) of the n-x decay distrihutions,

Gutaylet al. favor their down-up SOiﬁtion fdr 60 while Schlein et
al..favor their up=-up soiution. It should be p01nted out that the up- up
solution of Schleln et al; is con31stent1y 15 to 20 deg greater than the
down-up solution of,Gutay et al.'in the dipion‘region below the 0 mass.

. The two solutions appear to agree'ih;the region from 750 to 1000 MeV. It
should be emphasized that 511 these anaiyses assume negligible COntri-‘
butions froﬁ p AR te the data. An analysis similar te the one eutlined
has been carried out by Schlein et al.22 for the,reaetion n-p-—éAn%n-

with similar results. |

In summary, all these efforts have had to contend with the funda-
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mental.amﬁiguity bf the’fourfold éolﬁtion for Sg as obtaihgd‘frbm n+n—
scattefing_data, aﬁd while the varioué analyses havé favored various
solufioné (nqt.necessarily the same), néné has prévidea a convincing
unique soigtiqn. To_bvercoﬁe this problem one must isoyate the fovfrom
the f1 émplitude, by sfudying_a n—n-reaction in_thch the p does not |

' + - 0.0 o Lo T .
occur, mamely ¥ ¥ — xw ¥ . Because the final state pions are identical,

the dipion can.only have the quantum numbers I = O, or 2. Thus

do (x'n - 1)

b sin® (82 - 82)

L o
—K2 L] 9 L]
for evehts belbw 1 GeV in'thé dipion méss. ’The'corresponding prodﬁétionb

v . . .. 00 . ' . : s '
- reaction is x p » mx n , having a completely neutral final state. Each

16

§f the ﬂois deca&é into twé.gamma rays with ﬁ’ﬁééﬁ life of 0.76 x 10
seconds in its own rest frame.' Thus, to observe the reaction unambig-
uously we have’to detect a meutron and four gamma rays. |
A number of expefi@éﬁté ﬁave béen done to obsefve the reaction
X-p —éﬂof?n (of n - noﬁop). These ééh be gréubed iﬁto»thfee>Ca£egories.
(a) oOnly fhé gaﬁma‘raYé ariéing frém the ﬁoné final’staté are

detecﬁed ihvthe course 6f:daté‘takiﬁg; If both énergy and direction of.
aliffour photoné caﬁIBe ﬁeéSured;.thenAit is'béséible tq.recbnsﬁruct the

entire final state. - Usually, it is difficult to measure the gamma ray

" energies very accurately and atjthe same time obtain good angular

resolution on the gamma ray directions. It is; however, possible to
reconstruct the final state. without obtaining the.photon energies_(and
hence, the entire final state).. -

If é-particle;‘liké thé no,vdecays;isotrdpically iﬁto two massless

:particles in its own reSt;frame,.then.from'kineméticé,'it is possible to

show that in any other feférenée’frame'in which the particle moves with

abveldcity B tﬁere,is a minimum 6pening angle between the decay products.
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It is-a.fuﬁétion 6n1y of tﬁe rest ﬁéss 6f'the.partiéle.aﬁd.ité Qelocity
in the‘giQen reference frame. Furthermoré,'the prébability distribution
of opeﬁing angles peaks éharply at minimum opening éhgie. In additionm,
at miﬁimﬁm opening angle, the direction and energy of the parent
particie cén be uniquely deﬁermined from the direction of the decay

23

- products. Thﬁs, if it is assumed that all opening angles are minimum
opening angles, in the c.m. frame, say, then it is possible to recon-
SR, L . » ‘ S S
struct the n four momentum by using only the gamma ray directions.
0.0 .. . - : . - 0y

In the case of the n %~ final state, there are in fact two 7w 's
that have to be reconstructed from the gamma ray directional information,
so that three possible pairings of the four gamma rays exist, which will

's, and hence, different

yié1d differeﬁt>mdmenta for the final state x
dipiéﬁ invéfiant mésses.' A criterion must bevestabliéhed, in this.case,
té,chqbsnghich of‘the paitings is appropriate (the ieduirement that the
‘heﬁffoﬁ“energy, by momehtum coﬁsefvétion, be positive, is usually not
enough). The priteria are ail? more oOr iess, arbitféry. A choide'fhat
is Sémetimes.made requirés one ?o‘seléct that pairing of the gamma rays
lwhi;h will &iéid'a diéidn having its moﬁentuﬁ as similér to that of
the incident'ﬁ-‘as possiblé. This choice feflects the peripﬁefai:nature
of the_iﬁteraction (but méy tend'to-forcé the data to apbear‘mofe
peripherai than it.agﬁually.was, in fact).

The pairing gmbiguity'ean still exist if.the'gamma'fay energies'
are meésured.Qith>1arge'erroré,.although in thié céég_the‘ambiguity
shouldvndt occur as often. |

In addition; the method of detecting only four gamma rays cannot
aistigguish_those_events which have six gaﬁmas; sa&, in the final sféte,
onI&ﬁfOur of which afe 6bsefved.l,(Tﬁié procéss wé wi11>ca11 feédAdOWn.)‘

Thus'thg-final results depend hea#ily on'Ménte,Carlb calculatibné_
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yieldihg the cdrrect backgropnd'distributidns for-ﬁulti-gamma events
that are détected as four'gamﬁa events (br ignoré.this possibility
enti;ely).

(b) The gamma rays>as well as the neutron afe‘detected, but only the
neutron time of flight aﬂd.directibn:are‘measuréd. Thié type of experi-
mént'is, in éssence; a missiﬁg mass experiment for four photon évents.

It cannot reconstruct the éntife final state, énd; in'particular, caﬁnot'
.estimate the amouﬁt of A(1238) background that may be present. It also
sﬁfferéifrOm the problemvthat mulﬁi—photon_eveﬁts that are detected as
four.gamma events will be treated identically to‘the'legitimate‘data,
yielding é”(pdssibly) large‘and uSually'unknowh béckground..

"(e¢) All four gammas and the neutron are detected and measﬁred yielding
a éompiete measurement of the final state. Unfortuhagély, all experiments
that have.attémpted to ﬁeasure the total finéi stafé'suffer from limited
statistiés:(a feW_hundfed éventé); |

The exberiment of Wahligvet“alq?u'Corbéttfet al.25

26

and the first
experimeﬁt of Sondéreggér et al, fall'within category (é).
Wahlig et 5111.21L observed~the gammés.bf fhévfinal state'usingﬁbrass
.vplate'spafk.chamberé, but‘did not bbservé the recoil neutron. Using a.
 form factor'of‘theAtype of‘Eq.'(29), and assuming:that:the‘production
amplitudes facfor, they‘were,able tb_detgrmine a bréad resonance in the
ioﬂo méSs.spectrum‘céhtered at 600mi IOO MeV With a'full width of
Loo + 100 MeV. Their mass resolution Qas bf tHe Qrder:of'1OO MéV;.'The
daté“wasvtéken at én inci&ent beam:maﬁehfum 6f 1Qi¢év/éi and bepéﬁsé of
. their‘rgstricted géometricaluacééptance thgy could not oBserve tﬁe nﬂ'bv
channél Belbw 1.5 GeV thus limiting any A(1238)>eVents5

: 5 .

Corbet et al‘.2 _had incident ﬁ-’Beam'momenta-of 1.7, 1.88, 2.1, 2.3

and 2.46 GevV/c in their experiment. They obsefvéd the four gamms of the
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final state in a cubical array of thin plate Spark chambers, but did not
detect'tbevrecoil neutroh. The final state was reconstructed using the
minimum opening'angle assuﬁbtioﬁ,:giQing a (ﬂono)vméss resolution of
100.MeV, Rejecting all events‘in thebA(1238) region (1.2 < mNﬂ2,< 1.7),
their data was coﬁsistent with a broad resqnance at~6OO MeV with a full
width ofbHOO MeV.‘ Although it.was never‘steted, the statistics of the
fit is comsistent with a total.sample 0f 100 events.

-Seﬁderégger et_ei.26 haVebobSefved the nﬂéﬁoifinal staté in two
different'experiments using a single stack of lead plate spatk chambefs
e#posed to a beam momentum ranging from 3 to 18 GeV/c. Tbey did not
observe'tbe.recoil beﬁtron in tbe first of their experimeﬁts, but
.obtained an estimate ot the gamma-ray:ehergies by counting the number of
sparks in each showet; " Obtaining a three constraint fit to the kine-
matics {they assume that.the partic1e recoiliﬁg against the %x° system
is a neutron), they saw no A<1238) contribution in'their.final state,
1but did find'thet their estimate.cfbéz isbconsistent with the.up—down
solution of Schlein et'al;.>Theytassumed that-the‘form ofvtbe cross-
section was the same-as that-ﬁsed‘by Wahlig.et al.

. . . . o7 7

The experiment of Deinet et al.

Feldman et 31.28‘fa11 within the second category;

and the first experiment of

Feldmaﬁ et al.28 have done two experlments tc look at the nsc Ox©
final state at incident x momenta of 1.52, 1 53, and 1 o7 GeV/c. They
used spark chambers conSisting of four_radiation 1engths of lead and an
annular rlng of neutron detectlon counters at a laboratory angle of

2k deg with respect to the beam llne. ,Ip;the;r'flrst_experlment they
measured the time of flight of the-nectrcn, but did notifit the'entire

final’State. Iﬁstead- they observed 1f they had i four gamma event in

the spark chambers and then 1ooked at the tlme of fllght dlstrlbutlon of
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the neutrons, in esSence'doing a missing.mess experiment for‘four gamma
events. This prevented them from observing A(1238) background. They
did observe a narrow resonance at a dioion mass of 760 MeV and a width
of 50 MeV. - They did not observe‘it‘in their Subsequent experiment.
Deinet et al.,27 observed the nr°x°® final state in a cubical arrey
of sperk chambersrand a system of neutron detection counters, monitoring
the neutron time of fliéhtvas well. However, they did not fit the entire
final state doing only a missing mass experiment for four gamma‘events.
Again; as in the case of the first experiment of Feldman et al., this
prevented‘them’from observing the-A(1238) content of the'final‘state.v
Their data was consistent.Withba'reeonence near'the 0 mass with a width
of 300 MeV.’

28

In'the third category fall the second exoeriments of Feldman et al.

‘and Sonderegger et a1.26.and .a bubble chamber experiment of Besinger et

al. 9 studylng the 1nteract10n 7 > x%%° Do

Feldman etval.28 repeated their first experiment bnt‘aoded more
neutron connters so that the neutron detection system consisted.of two
annular rings at 20 and 40 deg. They then did.a kinematicvfit of the
entire”final-stateiWithutwo constrainte (not measoring the energies of
the gemma rays ). They foundvthat therr distributions were consistent
with a large A(1238) contrlbutlon and a (ﬂ 7 °y resonance centered at
715 + 3 MeV w1th a w1dth of 150 + 150 MeV.~ HoweVer, thls f;t was based'
on only‘250;events that passed the two constraint_fits,.out of an |
initial 113,000 triggers. - | | |

Sonderegger et al. repeated their first experiment, edding a. set
of 32'neutron connterS-énd an‘LMN polarized tergete They then attempted

a 6C fit to the data, assumlng the target to be a statlonary proton.

Because of 1arge background effects, they analyzed the nﬂ °x° state. for
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aSymmetfj due to the p61arization of the target only.

Aﬁ.éxperiment using ténfalum~pié£eé.inla hydfdgen bubble_chamber
‘fof gammé conversibn'ha; beeﬁ‘doﬁe.by ﬁesinger eﬁ ai;29'iﬁ an attempf
to Qbservé the pﬁoﬁo'final state. They however ﬁefe unable to extréct
phase éﬂifts suc¢essfu11y'from their data because of low statistics and
_ pobf gamma Aetéétion efficiency. 1Ii addition they observed énl& a smali
contfibﬁtion of A(1238) tovfhe final’state.

‘in_summary, there exists diségféement on Ehé measured valueé for
Sg(s)vin the region below 1 GeV of'thg dipion mass, and there.ié a large
. discrepancy as to the amount of A(1238) présent in the nx°x® final stéte;

: : o : . . . - oo
It would appear that an experiment observing the interactioniw p —» n n n

with high statistics and good resolution would fesolve these problems.
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IT. bESCRIPTION OF EXPERIMENT -
..Af‘ Genérai |

Thé‘pfoduction reaction 7 p —>nﬂoﬂo‘wéé studied at the Bevatron of
ﬁhé Laﬁrendé'Radiétion>Laboratofy atherkeley. A 1 beam Qarying in
momentum from 1.6 to 2.k éev/c in 0.2 GeV/c steps was incident on a
1iquid'ﬁydfogeﬁ'tafgef 20 cm 1bng. Thé beam'éfoss—éection was defined
by‘afthreé-éounfér'beam_telescofé, whiie:the difectionAof each incident
beam pérticle wéé.defined Byna set of_scintillétién countér'beam

hodoscopes. Beam contamination of u 's and e 's was monitored by a

‘threshold Cerenkov counter (see Fig. 4).

A neutral final state was assured by anticoincidence counters

' surrounding the hydrogen target that vetoed any interaction in which

charged ﬁarfiéles were observed.
The gamma rays-frém the decays of the tonxo's Were detected by

‘photographing the showers producéd'by their‘convérsion into electron-

‘positron pairs in’thé lead plates of the spark chambers. The spark

chambéré coﬁtaiﬁed ééveﬁ tdféighf fadiation iengths of lead and formed
fivé'faces3of-a cube %urrOuhdihg tﬁe-h&drogenﬁtarget., The non—iﬁtéract- R
ing beam particles énd‘theThéutroﬁs»Had £6.pas$ thrpggh thé spéfk
chambers. Géﬁma detection couﬁtefs,bcbnétfuctéd bf»lead scintillator
séndwiches, and placed in the upstream face of the cube, detected gamma
réys.escaping‘the spark chamber volume in this difecﬁion. In this manner
3.7.ﬁ étéredians were sensitive.tb gamma-détection. The energieé of the
gaﬁma rays were estimated by qéuntiﬁg_the nﬁmber of éparks observéd in
each chamber and_cémparing_tbis numbér with eMpirically deter@iﬁed curves.
| The neﬁffohfﬁés de£éé;éaiby”éo.iérgefscintillation counters, and its
time éf flight ﬁeaéu?éq:_the-fifSt 5eami¢Ountér‘aefining the Fiﬁihg origin.
The neutron detectiohib§ﬁﬁteré‘ﬁéré biééed'rdﬁghl? in a semicircle 15 ft

=
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from the center of the-target, such that they:coveréd a region of 12 to
72>deg of the neutron pfoddction angle in the'labofatory.

Each of the neutron counters had a veto counter in anticoincidence
in front of it to prevent aﬁyAchafged particle triggers that could
result from electron production by gamma ray conversion in the spark
chambers sufrounding the target. The veto counters also prevented
charged paftiClé triggers in the more unlikely case of neutron inter-
actions in the lead plate spark chambers producing charged particles that
¢ould escape the chamber volume.

An accéptable event which triggered the spark chambers consisted of
the beam counters in coincidence with the neutron counter signal, and
no count in either the target or heutron counter antis. The neutron
time of flight also had to lie within a predetermined timing gate approx-
imately 100 nsec wide.

" . Possible neutral final states which have sufficient cross-section to
be non-negligiblé at these nf energies are
. ) ' .
np——)_]‘(n
N
wn
n'"(960)n (if the 7' — yy decay mode exists)
o o . ' '
TN n
o000
TN TN
00 0
TR RN
All the‘mesonS:in_these'final states decay SQ'rapidly"thatbthey_do not
emerge from the target and only the reaction’
Tp-on+oy's
can be ObserVed. Thus an nr n° final state:was observed as ‘a neutron

' . . ' ' ) . 0.0
and four gammas in the final state. Background events to the nx
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final stafe arise if not all the 7's'froﬁ the events that“have.more than
foﬁr géﬁmé rays &n their final state ére obse;ved_(3ﬂ°'s; uﬁo's, efc.)
or if'éISingié'shower is counted as mére than one showervin events that
have fewer than fQUr gamma rays in"thevfihai stafé-(w,'ﬁo; n)-

‘In this experiment all the fouf'gamma events at all momenta were -
kinémaﬁicélly fitted.tb'the ﬁypdtheses nfp - 7°x°n using thé kinematic‘
fitting program SQAW.3Q HSihce the four.moment# of all the particles
in both the iﬁitial‘and final state are kncwn,'é'Si# éonstraint fit was
obtained. The résulting'kiﬁeméticallyvfiﬁted events were thén'fit to
Ivarious'theofétical_models.usiﬁg the ﬁakimUm—likélihood maximization

program OPTIME.S!

1. Feasibility Studies

The deployﬁent of the neutron cduntérslwas motivated by the desire
to get as large a épread of the in§ariant mass of fhe éipioﬁ éystem
aréﬁnd é céﬁtrai value qf 700 MeV as pbésible. Aléd it.was desiféd‘to
get as high a mass of the dipion.system as possibie, ' This meant that
ét leaSt'GO.deg of théibolar énglé had to‘be subtended by the neutron
vcounterésih the 1abdrafory,iand fhat the firsﬁ néutron counter should be
pIaced as Clbée to zefofdegrégs‘ésﬂpract{céi. It wés decided fhét 20
cylindricai.neutron counters 8-in. in diametef place& at 15 ft from.the
hydrogen target would satisfy the requirements (with this gQOmetry each

neutron counter subtended approXimately three degreesvin the lab with a

timing resolution of 2/3 nsec). The relative timing error, At/t, would

have been improved'ﬁy increasing the distance of the counters from the
target; but this 1oﬁered,both the solid angie:sﬁbtended and polér angle
subténded in the lab-by a single counter necessitating a larger hﬁmﬁér
_vaéoﬁnﬁérs to cover the samé kinemgtic‘regiéj. The kinematics of |

dipion production in the reaction ﬂp'fQﬁoﬁon;'for_é beam momentum of

-4
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2.& GeV/c; have been diSplayed in Fig. 17a (page:85a) both as a function
of laboratory production angle andvc,m. production angle. :The neutron
COuntgr cylindrical.geometry was choéen because of the existence of
well—téstéd programs to calculate théir detection efficiency for this
geomet;y.- |

The size of fhe hydrogén target‘Was chosen to maximize the inter-
agtion'rate along with goqd resolution of thevinteraction point. I; was
found'By Monﬁe Carlo studies that, given fhévdirectional resolution of
ﬁhe neufrdnHCOUnters and the showers in ﬁhé'spark chambers, an'8rin long
target did not significiantly'alter this resolution when doﬁpared to
that ob;aiﬁed for a 4-in. target. However, when even larger targets

.wgré contemplated (12—in; for:éx;mble) it was found that the resolution
did gét sﬁﬁsténtially wo;ée; Hénce én B;in;.long cy1indfica1 target,
L-in. in diamefef, wés,chpseh.'

Tﬁevﬁaximum beam.momentum;‘and>hénce oBfainablejdipioh mass, was
dictated by‘the physical 1ayo@tvof the ekperiment; The large lead piate
spark chamBers were alreadyvin positioh when tﬁe experiment was being
planned, and hence ﬁhe Eeam line had to be such thét'beam could be
brought to.tﬁe chamber:Qolume from the Bevatroﬁ.’ It was fOund that with
the béam elements évailable at the Bevatron,‘E.h'GeV/c was . the highest
beam momeﬁtum that could:be obtained.

It was decided to édnduct thg experiment at five different beam
momeﬁta to investigate thg poééibiiityvthat the dipion amplitude.was a
funétion'of the three body_finai staté gentgruof mass energy. It‘usually_
had_bgeh‘assumed in mést'theoreticai discussionélfhat:ﬁhiévﬁés not tHe

caseo
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B. 'AEEafaﬁué :

Mdch of fhé'détailed désgfiption of thé appafétus empldyed in this
experiment has aiready been pfesentéd elsewhefe;32 It is included in
thisﬁ&fﬁtefup for éqmpletenés’s°
1. fﬁéﬁﬁéam |

. Thebﬁ- secoﬁdary béam was collected_from an aiumiﬁuﬁ internal travel
targe; in the Bevatron of dimensions'l/&-in.'veftiéaily, 1/2-1in.
hofizbnﬁaliy; énd idéiﬁ;.along the intérnalréiréulafing'p:oton beém
directibn. * Aluminum ﬁas éelected as the tafget material tqbtry to
minimize fhe electron cbntaminafioh of the beam résulting ﬁrdm gémma ray
convérsion wi;hin the tafggt which resulted from the decéy of 7°'s
p;oddced'withinrthe_taféétg'_Iﬁ addition aluminum has a high cross-
sectioﬁ fdr £- bfoduction for the'purfdses of this‘éxﬁgfimént. The
field values of the beaﬁ glements ($ee Fig. 5) weré predetermined using
the;program OPTiK33 ahd'wérewwithin the expected'errofs>of thé.finai
settingé.' |

| The beam line could be divided into two halves at the_ﬁomentum
defiﬁing slit'(Sl),_vThé beam was taken from the target at zéfo'dégréés,
was steéred into‘the,firét Quadfﬁpble doublet (Qi) by a:bendiﬁg magﬁet
(B1). Ihe quadrupole doublet focussed the beam on the momentum defining
slit;,located betwéen twovvaagnets (bending.ﬁagnets), The first of

these H magnéts (B2),. ruﬁ_ﬁith:éaé;in; gap,'did SOmé‘ﬁoﬁedtum selection
before'the méméhtﬁm sliﬁ, aﬁd‘bént:fhebbeam onththé_Brass.collimating
slit.__Thé seConé}H magné£ (B3)é'§Hicﬁ‘had é.h;iﬁ;“gap; completed fhe
moﬁentum sele;tion. ‘fhe final focus on the h?drogeﬁ £érgeE was acﬁieved
by a quadrupole triplet (Q2). |
| The beam lineithrough fhe second and‘thifd bending magﬁets,‘définéd

upstream of the H magnets by the axis of the quadrupole doublet and

ey
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downstreaﬁ byvthe axis of the quadfﬁpole triplet was wire orbited for
thé fivg central‘momenta‘of the experiment, such that the Beam line
passed through the cehfef of the”momentum defining slit. Each Qf thg
H mégnets was wire orbited ihdividually, this measurement agreeing very
well Withvthat obtained when the two magnets were wire orbited in taﬁdem.v
Ak by 4 in. 1ead collimator was placed dOWnstream.of thg‘final triplet.
but weli before the hydrogen'target to minimiie the beam haié;

The u-‘andAe-tbeam contamination ﬁas.mqnitoréd through out the
experiment by a threshaid Cefenkovicouhtér.‘ Thé.compiéte‘beam compo-
sition was also measured at the outset and the finish of the experiment.
It was‘fouﬁd that the electron contamination was 8;5%; 5.6%, 4.6%, 3.0%,

‘2.3% while the p contamination.ﬁas 2.69, 2.0%; 1.0%, 0.8%, 0.5%, at
1.6, 1.8, 2.0, 2.2,vand‘2.4 GeV/c respectively. | o

Beam profile studies indiéated‘that the angulér"divefgence of the
béam was less than + 1 degree. The ﬁomentﬁm dispersion was Ap/p = +0.015.
To minimize émall angle multiple'scatteriﬁg the beam was run thrbugh a
helium bag sysfem for mést of the beamvpafh;v The final beam cross—se?tion
at the target was roﬁghly elliptical in shape,.sdéﬁ thét_the area,
within whiqh-tﬁe beam'intensity ﬁas half of its méximum valuevor greater,
had a-ﬁajor axis, horﬁzontally, 6&‘3 in., aﬁd é'minor axis, vertically,
of 1/2"in;

_ The average beam intensity was 250 * 103'piéns.pef second'dﬁring a
Bev#tron spill'fangingvfrom 0.8 to 1.2 seconds. ﬁough1y§25% of the beam
particles Were'vetoed.by electronics designed to rendér.the data
collection_independent of the beam raté (seé the section on electronics).
As a result thevﬁetfuseébléfflux-was of the order.of 190 x 103 pionsv
'ﬁef'pulse; The daﬁa'taking_ragé waé_abgut two]piétures_pé; Bevatron

pulse.
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2. Thé Cefenkov Counter

The Cérenkov>countef consisted of an aluminum cylinder 72-in long
and 8-in. in diameter, with explosi?ely fqrmed‘dqméd'aluminum.entrance
and exit windows 3/6&-in;>thiék. Inside thé’cylinder, at a distance of
about 12-in. from thg downstream face of the gdﬁnter was place& an
aluminizéd ﬁylar mirror, 1/4-mil in thickness and incliﬁed hs dég:to
the axisvof the tube. The Cerenkov light produééd by an incident beam

particle would be reflected by the aluminized Mylar mirror through a

3/4-in. thick quartz pressure window into a sinéle-Amperex XP10O40 5-in.

photomultiplier tube placed in contact with the window and run at a
positive high voltage. The countér, except for the'domed windoWs, was

completely lined with Alzac to aid in the light collection efficiehcy of

the counter. It was filled with Freon 12 (CCléFz) and was run at

preséurés_rangingvfrdm 0 to 50 psig. Dﬁring data taking the.Cerenkov
counter:ﬁés run at pressufeé of 32, 22, 18, 14,'énd 6 psig_for a beam
moméntﬁm of‘1;6, 1.8, 2.0, 2;2, and 2.4 GevV/c reépectivély.

A schematic of theVCerenkov couhtef hés been digpiayed in'Fig;b6;

3. Liquid Hydrogen Target -

The»liqﬁid hydrogen target ﬁés a nginder of'O;OO75 in. Mylar,

8.0 in. long and 4.0 in. in diameter. The flask was placed in an

evacuated jacket of 0.030 in. spun aluminum, the beam passiﬁg through -

enttanée:and_exitvwindows éf 0.01 inf Mylar. A long.pipe was connected -
to thé.fe-enforcéd ﬁpsfréam ehd of the aluminum jacket. 1t served to
support'thé targét and the counfers sdrrouﬁding it, as'well as contain- -
ing thé delivery lines 6f 1iq§id hydrogéﬁ to and from theAMylér.fiaska
The;re-enforced sectibn of the élumingm jacket.had a re-~entrant

hole of h-in, diameter, allowing the placement of the last beam counter

unusualiy near the liquid hydrogen fiask° This counter (M3) consisted of
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a scintillator mounted 1;7-in.‘from the flask and an air light pipe
through which the beam passed.. (Sée Fig. 7.)

Beam particles éould scatter in the last beaﬁ coﬁnter, the Mylar
walls of the hydrogen flask, and the Mylar windows.of the éluminum
jacket, as well as the hydrogen contained in_the flask. Counting rates
with and without hydrogen in the fiask were measured. Defining the

ratio R

_ (Counting rate without hydrogen)
~ (Counting rate with hydrogen)

R

;t wasbfbund that for the proceés ﬁ-p.—a(neutrals), R ranged from 0.11
té 0.12. If it was-réduired that a néufron was aeteétéd'as well, this
ratio increased, presumabiy, because of foom’backéround, and rangedv
from 0.13 to 0.16 as the incident # moméntum chénged'f:dm 2.4 Gev/c to
1.6 Gev/e. |

L, 'Spark‘Chambers and Optics

The spark chambers ahd opticé were constructed for a prior experi-
ment.ViA complete description of the physiéal layout can be found in the
publishéa reports on that exﬁeriment.3hv Thévspark chamber‘pulser.and
discharge gaps have also been described eléewhere;35

There were five spark éhambers, each forming one face of a cube,
which énclosed a free volume of éﬁproxiﬁately.pne cubic meter and which
_contéineq the liquid hydrogen ;érgef,  Each sbark_éhéﬁber was viewed in
'or;hogoﬁai stereqf A system ofuh6 mirrors bfought:all'lo views to a
‘'single Flight Reseérch camera. An array of data'ligﬁts and a clock
recording PST Werebﬁlsp incldded in the photégfaph;j

Each'ofvthé four side chambers coﬁtaiﬁed h271eéd_and.12 aluminum

plates of dimension L by'5 ft. The back chamber contained 48 1lead and

13 éluminum plates 6.5 ft. square. Theée-plates_were separated by
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optically clear Lucite frames with a gap spacing of S/l6-in.» The lead
plates were iﬁ reality a lamination of 1/32—in,“1ead between two sheets
of 1/64-in. aluminum. Bécéusé of the use of such véry_thin lead plates;
the detecfion efficiency fpr low energy showeré wés quite high. The
threshoid»ﬁbr detgcfion was E7 z.10 MeV, Whilé‘the prbbability of
detectfi_on' f_of E‘7 of 20, '_h'o,- 60 and 80 MeV was 0.35, 0.75, 0.90, and
0.95 résﬁéétively; Howévef the use of such thin plates meant that a
large.number had to be used to aéhieve—thevdesifed radiétipn length of
~ 7 in the side chambers, and ~ 8 in the'back:;hamber.

Bééause'the‘détection efficiengy for a single photon was high, the
nuﬁbéf of photon eVents héving j-gammas in the final state that would
be observed as k-gamma events, where k was less thén j (becaqse the
miéSiﬁg gamms failed to donﬁért in the 1ead'pléteébof the spark éhambers),
was réiatively'small. V{The‘process’of a jégamma:event being detected as
a k-gamma event, k < i bééause:some.of the phofons failéd to convert
wiil be callgd-feed-den.)_.

The first five plafes of ea¢h chamber were 3/64-iﬁ..aluminum. The
prdbability‘of.gamma rays converting in tﬁis fegion wéé vefy small,
since it constituted a'gotal'thickness of ohly_O.b? radiétipn lepgths.
It was thus ppssible to agSure‘that'a particle with anisible track in
the first four gaps of the cﬁamber was charged. Espe;ialiy in the back
chamber, this aidéd in ;heeglimination_of éiecfroﬁ'showérs prpduced'by

the electron contamination in the beam. It also aided in the identi-

fication of Qld non-interacting beam trécksfpassing thfough the back

chamber.

Figure 8 shows the arrangement of the five spark chambers in space

and on film, while Figs. 1lha,b (pages 56a,b) show.an actual photograph

of a good four shower event.

v
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Fig. 8. The arrangement.of épark chambers in space (top) and the
‘ - arrangement of the spark chamber views .on film (bottom).



-

i,

5¢ . Scintillation Counters

All scintillation counters were made from '"Pilot B" scintillator

- consisting of poljvinyltoluehe doped with p-terpheﬁyl and p, p'-diphenyl-

stibene;

| Ihé beam defining cbﬁnters'(Ml, M2, M3).and'the-anti-cqincidénce
counters surroundihg the h&drogeh garget (AL, A2) were all viewed by
RCA8575>pHotomuItiplier.tubes; and, all, except for M3, had twisted

Lucite5strip light gﬁides. Sinée M3 was'very close to the hydrogen

- target, being physically buried in the targetijacket_stfdcture,_the'

pion beam had to pass through its lightguide. For this reason, the

light guide was an dir filled cyliﬁder of aluminized Mylar, with thin

'(0.0005 iﬁ{) h59deg mirrors;_also of aluminized.My1ar, reflecfing the

1ight‘t§ a photomﬁltiélier'tube‘6ﬁ£9ide fhe beaﬁ region (Figs. 9, iO).

" Each ofvthe fﬁreéygeam defining édﬁhtefé was avbléne disc of
déSceﬁding size, defining the ?ohﬁérgéhée of‘the'Beaﬁ.dnﬁo‘tﬁe target.
The*coqntéfs ML, M2; and M3'wére.hfo, 3;5, and 3.0 in. in diameter B
respectiveiy.'.Ml was 1/2-in. thi;k‘producing a pulse of.good s:abiiity
for tiﬁing burébsés,'while M2 and M3 were each_l/lé—in. in thickness
to mihimiie scattering. | |

A beam hodoscope systém Qf two arrays of éight écintillgtors'eaph,
arrangedvin four by‘four banks,'was also included. The eight_scintile
lators wére 1/8-iﬁ. thick, the dimensions of the upstream counters
being 1.5 x 6 in. Vhile>those'of}theiddwnstfeaﬁ counters 3/4 X 3 in.
They_weré uééd fo'éefiné the éiréétion of the beam, butvwere'nOt
reﬁuifed in the béam.triggef.J Physicéliy théy.straddled;thé“béém.»‘
éouﬁter M1 . | | |

' 'The veto'éouﬁtEr sﬁ:founding tﬁe.h&drogeh térgét.(A1)_was a 1/k=in,

thick hexagonal cylinder viewed by three tubes (Fig. 10), while the
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veto couptér downstream of the target (A2) was an i-in., l/h-ih. thick,
square. :The vetd'sysfem was more than;99.9% effi;ient since thé neutral
counting fate.with»the target_empty was‘of the ofder of.O;Q3% of ;he
beam réfe. | |

'Théineﬁtron cpunters (ﬁi) were cylinderé_df écintiilator‘8—in. in
diameter and 8-in. long. Amperex XPLO4O photomultiplier tubes (5-ih. in
diaﬁeter) viewed the scintillator througﬁ_truncated cones of Lucite
Fig. 13a, page L5a). 'Theventrant.face of each neutron counter was
covereé'by é 10-in. square scintillation ébﬁntér (Vi) viewed by
twisted'light pipés and‘eithér:Ampéfeg 56 AVP's orvRCA 6810Afs;

Four gamma ray detectioh_counters,.partiéliyvcovéred-the open
upstream face of the spark éhamber systemv(Gi - G4). Each was a multi-
layer séndﬁiéh ofxljh-iﬁ..sheéts“of scintillator alternating with 1/8-in.
shéets'éf_lead. There were eight such rectahgular sheeté of each
m&ferial. The dimehsibns of éach.of'thé counters ﬁefe Gl = 5.5 X %9 in.;
G2 = 26 x 12.5 ine; G3 = 7 x 20 in.; Cb = 25.5 % 12 in. G2, G3, and Gh

" were each viewed by two Amperex 58 AVP's placed diréctly in contact with
) Amp : 5P

the smallest side of the sandwich, while Gl used a single‘photomultiplier |

similéfly'mdunted. These tubes wefe 5-in{ in diémetér; The exact
position of each of thése counteré has been sden invFig. 11.

The gamma ray detéction counters were calibrated to respénd to a
minimuﬁ‘ioﬁi;ing parpicle passing:throughvany.one of thé eight. sheets
of SQintillatpr. During the'céiibration prqceédure, each of the fohr.
counters was plaéed in:the pion beam éo:fhat éhé pions were normally
‘incident on each of Ehe scintillaﬁorbsheets. The.éounter was ﬁhen
plateaued with thé signal attenuated by a factor of eight at thgr
discriminator input. In normal operatioﬁ the éttenuatién was disca;ded

and the counter responded to 1/8 of the energy deposited by a minimum
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ionizing particle tfévelling through eight sheets of scintillator.

6. Electronics and Trigger Logic

The first coincidence required was.déthed‘by B‘(fbr beam) in
Fig.le and was a simple.triple coincideﬁcebbetween Mi; ME, énd M3. The
timing was such that the output of the coihgidénce unit was determined
by M1l and the‘beam péftiélé timing was as accurate as thé'timing'of'Ml
(+ 0.25 nsec).

::_Theléigﬁal ffbm B was then fed inﬁo a sécond‘cbincidehce unit M
(for monifof) where it could be Vetoédlb& a DT (for dead time)’pulse.’
Tﬁe'DT signaiywas genérated from;the‘Ml outpuf puiSevaﬁd_ﬁas designed
tQ pr¢§ent jamming 6f the System.by beam pafticles too closely spaced in
.timé; 16 accomplish‘this; Ml generated a pulse iﬁ‘a:special'nobdeéd-time
disctiminator, DT1l, 52 nsec garlier than in'the~regular‘M1'diécriﬁinator.
One output of DT1 waé delayea and then used to trigger a similar unit
DT2. The outputS'bf DTivand DT2 werébtheﬁ added,  and Wﬁen appeariﬁg at
the input of M, theyfcoﬁétitutedvthé.DT signal. This pulse began 67l
. nsec before Ml (at M), ends 2 nsec ngoré M1, reéumes.E nsec after M1
haé fermiﬁated, and persists for another 600 nsec. Each Bbéignal was
thus aécomfénied.by i&siowh early and late DT signal which.wés used as
a veto at the M coincidence unit. It could not eliminate itsélf, but
it would veto bgam particles néarly coincident‘in time. This arrénge-
ment prgvéntéd thé’jémming of eleétroﬁics at the experimental beam
- rates, reduced the possibility Qf.findiﬁg beam tracks in the back
chambqrs, and lowéfed the ratevof accideﬁtal triggéring.

ﬂx The'rétetindépendent output of M wés fed iﬁto aﬁother COinCidénce 
unit, GO, where fhé targétvﬁefd coﬁntefé wéfe,inﬁénticoinciﬂéhEe
(A = Ai + A2). The output‘of5this unittrepresentéd a "neutral final

state“——a'reaction'in'which a béém partiéle, suitably spaced in time,




-53~

FVI-4  Fv5-8
FHI-4 M| FH5-8M, M3

%’ - Beam
Nj
From
FIRE
Data B
lights N;
' From
, o FIRE "
¢ Ay '
M orherNj 7. = .
m Data
light
GO '
PP NC
Yey N
Legends:
- R = counter -
O = hydrogen target
S ' *»D-‘=discrimino'ror
: : — N :
- ' —] = coincidence
- Fire spark - ' -_«,D‘ v .
chambers,etc. | | -ADC _y}mnh—commdence
I % )= fan-in
‘ Data o

' Fig. 12 The electronics.

' XBLE99-3789 p,




-5k

entered the target region add no charged particles emerged;

In'addition'to the '"neutral fihal.state"'Signel; a:signal from at
least one of the neutron counters in'anti—coincidence with its.own veto
counter'was.necessary to trigger the‘spark chambers. The neutron
counter signal had to satisfy certain timing criteria es well. The
coincidencekbetween GO end‘the neutron counter'signaleas labelled NC
(for neutron counter ). The GO‘pulse wasblho nsec wide at this unit and
arrived uell before the mneutron signai, thusvpreserving the neutron
timing at‘the output of NC.

Another signei,.logically equivalent to GO, uas clipped to a width
ot four_nsec, and suitebly deiayed, was used in coincidence with (ZNi)
at PPK. The 27 nsec wide'PPK output pulse was then used in anticoinci-
dence.at ﬁC to Veto_events for'which B = 1 particles (gamma”rays) may
have triggered the neutron counters. vThe use of the coincidence-anti-
coincidence combinationuensured that no slewing in timing would be

observed. The PPK (for Prompt Peak Killer) was effectively used to

reduce the number of background events. The time region of the time of
flight spectrum before the prompt peak represented neutron events having
B > 1; and, consequently, had to be accidental background ‘ These events

were recorded and photographed for p0331b1e use in data analysis.

The output pulse from NC was all that was logically required for
triggering'the sperk chambers. In‘practice, however, thedsignal froﬁ
NC went to another discriminator, N, (for neutron) to be stretched into
a 31gna1 of length sultable for time- to-amplitude converter (TAC) Ihe
TAC. determined the timing from the overlap of two 1ong (> 100 nsec)
pulses.A In addition_to N it had to'receive'a s1gnel, such. as B, -
repreSenting the timing of the beam. For this purpose, a circuit
paralieling B and called FIRE was used. FIRE consisted of a fourfold

coincidence between ML, M2, M3, and N, with A in anti-coincidence. Tt
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had its timing determiped by M1 and was logically equivalent to N or NC.
FIRE,Ifatﬁer than B, was used for the‘beam timing in order to avoid
extraneous '"start" pulses to the TAC. The TAC determined the timing
differéncevbetween.FXRE, which preserved the.timing of Ml, and N, which
preser?édvthe timing of the individual néutrQn_counter.

The.FIRE unit‘perforﬁéd a variety of tasks: (1) it fired the
spark éhambers, the fiducial lights, thé event number 1igﬁfs, and the
data light array, (2) it advanced tﬁe caméf;,'(3) if proﬁidéd one signal
to fhé TAC, and (4) it initiated an 80 msec gate.to shﬁt the whole system
down HQring pulsing»énd'fecovery of the Spérk‘chambers, (5)'it'provided
interroga£e pu1ses for various bits df ipformation to be displayed on

the daﬁa‘light.array.,

The'TAC output went to an analbg-toFdigitalbcoh§erter (ABC) where
vit:wésrtranéformed into a binary number appearing'on the datavlight
arrayg‘ The TAC and ADC had a minimﬁm‘time resolution of * 0.17 nsec.

| " The défé.light érray diéplayed the ffaﬁe numbef in binary form,
which neutron céuﬁter fired, the ADC number (thé,ti&e of'flight of the
neutron in afbitrafy‘Units),"which:gamma detection_éountér had fired (if
_any),‘wﬁich beam hodoscope counters had fired;'és well as an indicator,
if aIFIRE'signal had been given to the.chambers,‘if the frame in
question Was_phe first éf a series of events for:qbparficular béam spi11;
‘and a pérityﬁlight'(to'maintain the parity‘ofifhe'dat; light array
'always_évgn); The data iights were Xenon fiaéh_iamps} When a counter
._ér some'éﬁher informationél sigﬁalrwas in coincidénce with FIRE'the
. pertinent 1ight was enabled;' Each time fhe,spark chambers were fired,_
all the enabled ligHtsv@ould régeive a.high_voltage pulse and were

flaghed, thus recording them,on_film,



Te The Neutroh Ceunters

The neutton countere detectedlfhe neutrons ihdirecfly--scintillation
1ight being produced only.when the’neutron intefacted with a ndcleﬁs
in the scintillator aﬁd produced a charged.recoil.v Such recoils varied
greatiy invenergy and hence the.amplitgdee of the photomultiplier pulees
had a-ﬂroadvrange. A description of the physical construction of the
cbuﬁtere”has been presented in the‘sectioﬁ'onvscintillation coudters.

In this experiment,'puisevehape etability of the nautron‘recoile
was achieved by proViding a tapered Voitage dividef in the photo-.
multiplief base,'thqs avoidieg spece:charée shieidihg With the growing
electron cloud es it eascaded from dyndde to dynode. There then was
little distertion of the pqlse Shape.

The eoneept of "zero crossing' was used fe obtain accurate neutron
timing, independent of the amplitude of the photomdltiplier pulse. The
anode sigﬁal was deiéyedvby 6‘ﬁéec and was added to an iﬁverted énd
attenuated (6 db) sighal‘frem thevlhth dyﬁede of the pbdtomﬁlfiplief;
The'additionvwaslddne_by a paseiVe:miXer_ composed of 2k dhm resistors
and HP2303 hot carrier diodee, the letter being'presedt to liﬁit the
vpositioh and negative excursion of the puise without affecting the slope
near zero. At‘thedpoiﬁt ef anode-dynode mixing, there was also added a
-100 mV bias pulse from a THRESHOLD discriminator triggered by a seeond
pulsevffom the lﬁth dyﬁode. This combined pulse was fed into a second
discriminafor,-the TIMING diécriminator whose threshold’was set et
-120 mV, so that'ag the bipolar pulee, biased by a -100 mV, passed
through ~ 120 mv, the eecdnd discriminator Was:triggered._ The tfigger
point was 20 mV below the poiht of ierovcrossing?_sblthat if the
croséing slope was steep enough, it was independenf bf.the amﬁlipﬁde of

of the pulse.
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The oueput of the_THRESHOLD diseriminatdr was also'reqaired in
coincidence with the TIMiNG diseriminator ard anticoincidence with the
néutron veto eouhter aignal'to censtitﬁte a valid neutron_couhter
signal. The signals from the 20‘neutfon eoanters were then fannédvin
by a series of OR.eircuits to edhsfitute a singievinpae to thé.
eoincidence unit NC. (See figs. 12 and 13b. )

In the experimentai setup, the neutronbcbuﬁters were placed‘roughly-
in a plahe 30 in. above the beam line, such that each ef the neutron_
coantera pointed’tewards ;he center of the target. ‘Each countef_was
approximately 15 ft from tafget.center and subtended and angle of
3 degrees. The neutron bfoduction‘angles covered by the neutron counters
ranged fron112 to 72 deg in the 1aboratory.

Spec1al care was taken to ensure unlform eff1c1ency for neutron
detection fro all neutron counters.and to maintain this detection
efficieﬁcy constant for the duration of the experiment.32 The effieien-
cies were‘calculated‘using the pregram TOTEFF,36 the calculaﬁion |
depending on the coﬁnter dimehsions, the mean fﬁreshold'fof the
»detecﬁion df.a'neut:on.of minimum kiaefic ehergy To’ and the ffactional
reeoiufioan‘i O/T¢: where c_mas the standard deviatioﬁ of the minimum
threshold setting. The calculated'efficiencies were of the orderwof
vEO% + 2% and d1d not depend on J very sen51t1ve1y (see Fig.16b.for the
.neutron counter eff1c1ency as a function’ of the neutron kinetic energy)

.The mean»threshold was set uniformly for all counters to twicevthe
maximum energy of -the recoil electron (é.37 MeV) from the Comptbn
scatterlng of 2.62 MeV gamma rays (obtalned from the decay of an

excited state of Pb208; the end product of & and E decays beginnlng with

238).

the parent nucleus Th The_threshold-setting was achieved by setting

the THRESHOLD discriminator at -the Compton edge of the 2.62 MeV gamma
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rays and theﬁ attenuating the signalbby.6 db af_the'disériminﬁtorvoutput
to raisebthe corresponding‘neufron détectign‘thréshold by a factor of two.
It was-fouhd that thebthreshold'had fo‘be set ét'tﬁis.levél to prevent
the éccidentél triégering éf tﬁe neutron counters by low energy gamma
rays.
Once the thresholds had been set for all counters, a secondary

calibré#ion was obtained by monitoring the ;ounfing‘ratevwhen all

238 -

counters were exposed simultaneously to a standard Th source. These

‘counting rates were monitored at least once 'a day to compensate for

fluctuations in the gain of the photomultipliers. These counting rates
were then maintained at a constant level by slightly adjusting the
threshold settings of the discriminators. This daily recalibration

appearedlto keep the thresholds to within + 2%‘Qf their nominal values.
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ITI. DATA COLLECTION
The experiment to investigate the reaction n p — (neutrals) was

conducted ét'the Bevatron of the Lawrence Berkéley'Laboratory. Data of

the interaction were collected from October 29, 1969 to February 25, 1970.

This period inéluded approxiﬁately three weeks of,shutdOWn'of'the Bev-.
atron at the end of December of 1969 and at the Béginning of Januafy of
1970. Sef-up_timé, before actual data céllection commencéd,'took a.
period of twb and a hélf months.

Data Qere taken with and without the neutron céunter coincidence

in the spark chamber trigger. The data without the neutron counter

. . ) . . o N . . ) fo]
coincidence in the trigger were taken to obtain a complete sample of nx

final state events, which were mainly eliminated by the angular and

PPk¥timing cuts in the normal trigger mode. -The comparison of the data

" for the two trigger modes inythe case of the charge exchange interaction

proved to be a vefy sénsitive"method for tbeicaiibrétionvof systematic
effeéts,in the normal triggér modé.data.- The daté without the neuﬁfon
countég inrcdiﬁéidencé inithé trigger were also used to obtain the total
nre r” crosé-éection fd éliminate the angular'cﬁts and ﬁiming cuts intro;
‘duced by the‘neutfoﬁ counter trigger>requirements.

The amount of data accuﬁulated at each momentum, with and without.
the,neutron counter coincidence in the spark'qhamber trigger has‘been

tabulated in Table 1. A total of 496 x 103 pictures were taken in this
‘ ] : i :

3

experiment, with 281 x 10 of the pictures being taken in the normal

‘running mpde and 215 x 10 Qf the pictures being taken in the neutral
final state trigger modé (no peutfoﬁ.¢ounter coincidence in the spark
chamber ;riggér). Tﬁeyamégnt'of data taken at gaéh ﬁéaﬁ ﬁomentum; énd
the relevant normalizatioﬁ.to the incident beam has‘béen displayed in

Table Ia. The amount of data that has been analyzed is pfesented in




Table Ia.

Data accumulated.

Neutral Final States

Normal
Target Full Target Empty . Target Full Target Empty
# of # of inci- # of ~ # of inci- ‘# of # of inci-  # of ‘# of incident
pictures dent beam  pictures .dent beam pictures dent beam pictures beam
particles ' particles particles ’ particles
2.k 77.7.xv103 h.9 x 1o9 2.3 % 103 2.9 X .1o9 h3;3’x;1o3 18.7 % 106 1.8_><_1o3 6.5 x 1o6
2.2 5LEx100  9.3x10° 2.2x100 3.0x 107 k0.8x 105 153 x 10° 1.7 x 105 5.5 x 10°
2.0 558 x10°  10.2 x 100 1.8 x 10° 2.k x.109 45.1 x 103 154 x 10° 1.8 x 107 5.5 % 100
1.8 567 X 1o3 9.6 % 109 1.7 x 103 1.7 X 109 38.5 % 1o3 12.3 x 1o6 3.5 % 103 8.9 x 106'
1.6 30.0 % 10° b2 x 107 1.3 % 103 1.2 ><_1o9 37.6 X 103 10.7 ><_1o6 0.8 x 105 1.8 X 106
Total 271.6 X 1o3 9.3 X 103 205.4 x 1o3 9.6 ><7103
Table Ib. Data analyzed,
Normal " Neutral Final States
. Target Full Target Empty ' Target Full . . Target Fmpty
£ of -~ # of inci- # of 3 of Inci- # of # of Inci- # of # of Inci-
pictures dent beam  pictures dent beam - pictures dent beam pictures dent. beam
' particles particles particles _ particles
2.4 62.0 x 103 12,0 x 109 »1,7 X 103 3.1 % 1O9 18.0 x lO3 7.8 % 106_ 1.8 x lO3 6.5_x 106
2.2 37.3 ><1103 7.2.x 1O9 0.9 X 103 1.2 x 109 19.2 x lo3 T2 X 106 1.7 % 1O3 5.5 X 106
2.0 32.8 % 103 6.1 % 1O9 | ‘ 17.9 x 1O3 6.2 x 106 1.8 x 103 5.5 % 106
1,8‘ 31.7 X 103 5.6 % 109-.0.8 X 103 - 0.8 x 109 17,9 X lO3 5.7 X 1O6 1.3 x 1O3 5.5 x 106
1.6 26.9 x lO3 . 3.8 x 109‘ 1.2 x 103 il.l X 109. 17.7 X 103 5.0 X 106 0.8 x.lO3 1.8 x 106
Total 190.7 X 103 h.6 x 103' 90.7 X 1o3 | 7.4 x 103

e
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:.[Iable IB. It should be néted that data was obtaiﬁed both with the.target
Yflask filled with hydrogen (477 % 1O3 pictures) and also with the target

flask empty (18.9 x‘103 pictures). H

| TaBles Ia and Ib showed that 70% of the normalAtrigger data and

419 of the neutral final state trigger film had been analyzed.

'
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A. Data Analyéis
The film takgﬁidqfing'the Bevafroh é#périmental’rdn of x p —
(negtfals)'ﬁasmseaﬁﬁéd:and méasdréd by>thé LﬁL GroUp A scanning and
measuring staff. ihe‘dafa'fr;m the’film'that was‘takén without the
-néutron éoincidence-in thé'spérk éhaﬁbér.trigger were used to obtain
the total cross-sections for Eherfeaétion ﬁ—ﬁ.;>ﬂoﬂon; The normal
trigger data (i.e,vwitﬁ thefnéutrOn countérvcoincidencévin the trigger)
were kinematically fitfed‘aﬁa‘those événts-satisfying the nxx® final
sﬁate»hypotheéis‘wére exaﬁined‘aﬁd thep_utiiized to obtain various
paramefrizations of the nn°£° produétion_ampliﬁudes. The normal
.trigger data Délitzvplot~was alsb_comféred’to:tﬁat 6f the neutral final
state trigger data fdr:consistency'both.in the case of the reaction
ﬂ_p —;nﬁé and n_p —¥nﬁqno.‘ This cbmpafison represehtéd'a sensitive
calibration of‘pOssibIé systeﬁatic:effécts which could affect the
. results, andbyieléedvéﬁ'empiriéai’fésfjbfrtheéé effectsvas compared to
the more usual approach of relying solely on Monte Carlo simulation.
| The data on film were scanned'by»§Canners who recorded the numbers

of observed gammas in each frame (thé'humber of showers in the chambers
plus the number of gamma,detECtionbcounters triggered). In addition,
the séanners recorded the initial point df‘each.shower in the spark
chambéfs-in'termS*of a cqarse'grid corréSponding‘to-a spatial resb-
1uti§n of 3 in. by 2 in. as wgll as the appropriate pairing of showers
in the two stereo views ofweach>chémbef.‘kaé film was aiso processed
automaficaliy by théJSASS Systém,37~;.p;ecisidh.cathode ray tube and
photomultiplier system linked to a DDP-2k compﬁéer- SASS digitized the
position of all spafks, fiducial»lights; and data béx lights for each
"framé and Stofed‘this informa£ioﬁ On-tépe via the program FLICKERS.38
The FLICKERS output gépéEiﬁfp:métioﬁ,_in prihcip1e, could h;§gv

et
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been used to reconstruct the showers in threé dimensi6na1 space without
any of the Scanning information having been ﬁsed; In:pfactice, however,
it waé fQﬁnd, because of the very complex geométric'copfigurétions of

multi-shower events (in the energy range of the experiment), that it
wasﬁ&ifficult to filter.éhe FLICKERS_output ﬁape information té.obtain
su%ficieﬁt aécufacy in grouping the observed spafks into their corres-
pondihg showers without any additional informatibn. Howévgr, by adding
the SCapning information on the grid paraméter of the initial spark of
each:shower'(appropriately specifying the pairing éf the two stereo
viéWs),‘élong with the total number of Showers in each frame, it

becaﬁe relatively easy to reconstruct the gamma ray directions in three
space. The LBL program DHARMA-HS39 was developed for this purpose. This
program, utilizing the scénning'information, foﬁﬁd the shower directions
with an average error of + 3 dég, as well aé the location of the first
spark‘of each shower with an error average errot'of + 1 inch. The
.angular error arose mainly from the lateral spread of the shower, while
the first spark error was due to an ambiguity in the selection of oné
of the sparks within tﬁe_grid zone identifyiné‘the shower as the first
oné.» Usﬁally the spark closeét to the target of the densest cluster of
sparks within the grid zone was chosen. Some of the érror aiso could
be.éttributed to local optical distortions.

DHARMA-HS included a first order.trapeZCidal optical correction to
take iﬁto account distortions due to the mirrof;lens system in the final
shower coordinates. The number of sparks iﬁ~ea¢h shower, later used
for énergy'estimates, was also obtained.

The gebmetric recohstfuétion and kinematic fitting of events froﬁ

DHARMA- HS output‘was then performed by the LBL Group A bubbie-chamber

fitting program SIOUX,LLO suitably modified for the use in spark chamber-
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counter experiments.
The status of each event was stored on tape, called:the'Master_

List, using the program SCALP.41

on the.SCALP output was fecordedbthe
progress of each event as it was écannéd,'digitized by SASS, measured
by'DHARMA-’HS, and _kinem‘avticalljy fitted Ey SIOUX. -'i‘he SCALP tape also
contained the daté box infofmﬁtibp as oB;éineﬁ from ﬁhe.FLICKERS tépe;
as well as the”scanhing infof¥ation. From the Master List one could
alS§ determine, for each frame number, the beam‘moment@m, whethe; or
_not the hydrogen.ta#ggt.wag fuli; énd whether or not'thé picture‘was
tékén with all the apparatus functioning prdpérly; '

A it was the SCALP dutput tapéfthat was used t0'obtaiﬁ thé tbtal
7°x%n cross-section from the>$amp1e of}déta which Was obtained without
a ﬁeutron.counter §§inciden¢eAin the spark cHamber tfigger. From'this
data; for whiph the neutrons were produceq for_ali aéimuthal angles, the
total croSs—éeétibns‘wére obtained by édd@ting'the ﬁumbér of gamma rays
(showers and gamma couﬁters-triggéred) fd? each event.

Cn»ﬁhe 9ther=hand, it was the SICUXvoﬁtpuf-fqr the four shower
events .in fhé normai frigger dafé;:tﬁat was used:tb obtain the'paramé—
trization of.the ﬁﬁonoff;nal staté.‘vThé.pérametrizétion Qas éﬁfained
utilizing the maximum.likelihood fi#ting‘pfogram OPTIME.hg‘

i The'kipemaficaliy fitted data wérebobserved to have peripheral
bghaViqur,‘as ﬁ6u1d Be_é#ﬁectedbif thevreaction‘prbceededfby simple
exchange mechahisms; | B o

.  The;Dalitz»plof;projections,-in_addi;ion,-showed a large A (1238)
contributidn.td the finai staté. |

THé analysis Qf.theiﬁoﬂ?ﬁ'final state was first done ﬁith‘a'cut in
the invariant mass of the pi-neutron"system;éorfegponding_to the A(1238)

region (1100 MeV to:13dQ MeV). This cut ensured that the final state
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would contain a clean sample ef (ﬁono)‘evehts which'could easiiy be
telated to n- scattering amplitudes; Fits to-the observed final etate
data wefe:then“performed using one of the theoretical'models discussed
;in Sec.eI.A.7 which seeﬁed'te fit the data welif

| The eorrespeﬁding ﬁ—ﬂ.phase shifts were extrected (this, by ne
nmans;-ensured that-the =gt pﬁase seifts ﬁefenmeningful butvthat, if.
‘tbe date was to>be intefpreted in terms of -7 scattering, they were the
best parametrizatieﬁ of»theldata). | |

7Fiha11y.the relative amount oflﬁ(1238)vpreseetfin the final ‘state

was 6btaiﬂed.‘ The A(1238) amplitudes and the‘ﬁFﬂ‘scettering‘amplitudes
Qete'assuﬁed te'add incoherently. |

1. Film Scanning

‘Each,frame;cf fiim Aisplayed two viewé ofveach‘bf the spark'chamb-
ers in orthogonal stereo as well as the_dateelight'erray in the upper
left hand corner. Thevorientetion of the_chamberé'in space and on the
filmxhas beeﬁ shown in_Fng 8.

The scaﬁner first recorded the gamma detection_counter informatien
(from'theedete light atray) and extraneous.charged track informetion.
.(e.gf beam tracks or neutron tecoile)f .He then seanned‘the.ftame for
showete?.pairing the two views of.the eeme'physical shower appropriately,
ahd reco:ding,tﬁe coarse gridvinfermation fot both views. Eech_shower
.fecord ﬁas.anﬁoteted'by one of the folleﬁing coded statements (yielding
more information about the sﬁower):

a. Thevshower Qas "ﬁormal.“ That is, it’began'in the active
region ofvthe chamter (but not in the flrst four gaps deflned by the
aluminum chamber plates), had more than two sparks, and pointed towards
the hydrogen target° | | '

.b; The shower converted in the corners between two chamberso Such
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a showér couldvoriginaté in the dead’extfemitigé of one chamber and
first‘appeér in anothef‘chamber (iﬁ this case ﬁhe;é could be sparks in
the fifst féur gaps of the sécohd chamber énd fhé shower sﬁill be.av
validwbné5._'

Ce 'Theishower'had_only‘two S§arks,

d. ‘The shower'did‘not point to the hydrogen'ﬁarget[

e."fhe shoWef.was probably a fragment of anothervshoWer rather
than én independeht'one. |

f. The.shower.&éé-probably an old beam track fragment.

'fg.b The shower was probably~produc¢d by the same photon which
triggered-a gamma counter.

In ca$es a, b, and g we would call the track observed a valid
SHGWér, tﬁe'ﬁumber'of tfiggered-gamma cbuntérslbéihg:added to the
nﬁmber.bf_ShOWers to obtain ﬁhe total number of detegted gamma rays for
: that’evént;'”ihfthe-spéciélbcése‘éf showers of ‘type g the gamma detect-
ion cbuﬁtér responsible for producing the showers was not counted. |

'.6h the‘average the 3cahneré showed gobd jﬁdgement_in separéting the
éhowérs into fhe‘seven‘éategdriés, most events falling into categories
"a And b; Some difficulfy‘in scanning waéAenéountefed, however, invthe'
relativély unusual cases listed as d and g.

In particular, in the case“of.category.d, too stringent a criteria
was génerally exercised.in 1abe11ihg»§hdwers as having Vvértex prqblems,"
that-ié, not7ppinfing towards the hydrogen tafgét.f Showefs_that'firsﬁ
maferialized in dead spaces of the chaﬁbers cou1d have oniyva péftial
bfaﬁéﬁ iﬁ an ;djacent chambér.whi;h-wouia not ﬁecessérily point towards
the;hydrogen tafgét.v Aléé Sbowérs tﬁat first.météfiaiiééd-inbgaﬁha
counfefs,wouid ﬁot point towards the‘target for thé éame‘réasons.v In

addition the gamma detection counters themselves consisted of dead
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regidns (the sﬁppért b#écketsj in wﬁich showers 6Qu1d havé converted
withbﬁt triggering the gamma countersithéﬁselfes? but_would then enter
;?tﬁe chémbérs; the observéa éparks pointiné towards the countefs and not
";fhé t;rget. -
| In the relatively rare case of showers tfiggering both the gamma
countefs and being observed in the chambers (3% éf the déta), it was
found that if the gammabevent was labelled as a "doubly-detected gamma, "
iﬁ Wés doné so reliably. However, not mény shpweré were thus Iabeliéd.
It appeared that the scahﬁérs oftén failed to recognize céses whereAthe
gamma éountér was triggéréd and-thaf a éhowefidetected in a chamber
adjacent to fhe codnter was aéSociated with it.

‘In the case of f? the béam tréck'was‘not;vof cburse, associated
with the event. Since thé'actiVe time of the SPafk'chambers‘ﬁasrapprdx-
imétély 2.5 psec, a beam pion (or muon), passing through the downstream
chamﬁérs up to one usec before ﬁhe occurence 6f theugvent triggering the
spark chambers, would appear as'a.very straight track with sparks in
every gap. If such a beam particle passed I;O to 2.5‘gsec befofé the
triggering event, it would appeaf disjointed and dispersed,'énd éouid
be ihté;bfetéd as a fofwardiprOduced gamma ray Showgr;

Thirty-fi?e percent of the scanned film had:a bégm track passing
through chamber five [~ 14% of the film havihg.a "new" traék_(léss than
1.use§ old),vaﬁdVEI%iéf-the'ffameé.héﬁing an 61d.tré§k (1 to 2.5 usec’
old)]; ‘Three types of beam tracks were obséf&edf-nonﬁinteracting pions

~or muons (~ 52%),1électrons (~ 22%), and pions which interacfed in the
spark éhamber plates (~ 26%).»

The'non-interacting pions and muons produced straight well-defined

tracks and were easily distiﬁguishable from showers. The beéﬁ electrons

caused éhqweré in chamber five, these being well-collimated and passing
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completely ﬁhfough the chamber for "néw" trabks,_bﬁt, again, being
dispersed for "oldﬁ track#. Hereé the criterion, that valid showers
could not materialize in the first four gaps of‘the chamber,.proved
quite véldablé in diséarding electron showers.

Approximately'6o% of the intéraqting pions scéttered elastically,
“the remaining ho%véhafgeFexchanged.: The iatter évents often consistedb
of a Sgam track_abruptly'ending in‘ﬁhe_éhamber,_with the resulting
shoﬁéré:péinting 5ackbto the éndpoint of the:beém track. New charge-
exéhangé fracks were easily recoénized3 while 61d and dispersed ones
were harder to‘distinguish ffom‘target éssociated showers.

It waé the old charge-exchange and electron shower tracks that
caused thé;most difficulty in scanning, the only_épecial feature of the
tfacks_ﬁeing the 1éfge splotchy and diSjoiﬁted appearaﬁce of the sparks
that constituted the tracks. Since 61d:beém tracks occurred in a
1oca1i2ed'regidn iﬁ chambér.five;:tﬁey.were Weli'isolated by the scanners
who éxeréised special care when scahningAthis regidn.'.

:'éhéwers'Withvonly'fwo sparks (categoryvc) were ﬁot counted.‘ This
meaht fhat some,génuiﬁe low energy gamma‘rays were‘not.recorded; oﬁ the
other h;ﬁa, it prevented bfehmsstrahlung'produced gammas associated
with the cOnversion.offhigh énergy photons ffom'ﬁeing considered as
separate showers (often having "vertgg pfoblems”), The fgct that true
two_spark showers Wére dropp¢d cqula'adequatély bé bémpensated by the
féed-dpﬁn cofréctions‘épplied to the.data. “ “

Figﬁre 14 shows a typical fogr:shawer éVent, Figure 1lha shows
it as it Was‘fecorded on filh,‘while Fig.. ihb"hgd the spark chamber
boundériés superimpbéed;,.Tﬁé shower labelled as (2) in Fig. kb |
COnverfed ih the 1ucite betweén cﬁambéré 3 andlhuand:was a good example

of a corner shower.
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Fig. 1hb. The same -four shower event as in Fig.:lha with the spark'chamber boundaries
The interaction point and gamma ray trajectories have-also

been displayed in each view.
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2. Scanning Efficiency and Corrections

‘Twoirolls at each of the incident momenta were independehtlyvtfiple
séanned.' To détermiﬁe the.scanning efficigncy for the experimeht, three
of théée triplelséanned folls-were also scanned by thg most competent
of the scanners és‘well as a éamplé cfossféhecked by a physicist ih an
attempt to r¢so1vé.the discrepancies among Ehevthfee sans. (This so-
cailed cbnflict scan was done for normally friggeted.data and data
wiﬁhqut the nedtron ééunter coincidence requirement.)"lf all three
scané'(ekcluding the éonflipt'sqan) agreed'onbthe'numberlof showers, their
type, and théir grid 1ocations, the event was considered to have been
correétly scanned. CIf é»conflict:appeared between any two of fhe three
scgns:for a given event, tﬁat event was scanned for the fourth time and
aﬁ»attempt wasvmade.td resolve tﬁé discrepancy émong tﬁe previous three
scans and to define, within thé scanning criterion; a CGfréct scan.

It Qés-foundAthatbthe largést discfepéncies in_scannihg arose in
mislabélled grid zones (adjacent ones beihg confuséd) énd,lless often,
}_misiabelied chamber:number.r.As long as the‘gféd labels were not
vinédfréct by ﬁore than a zone, phé measuring program DHARMA-HS could
étili IOCate the shower éorrectly in the chambers, thus intrdducihg
little efror in the anélyéfs in this case. Mislabelled chamber ﬁumber,
however, lost the event compieteiy.4

A.much.moré‘imporfantvdiSCrepancy'arosevif fhg triplé scans dis-
agreed on the'nﬁmber of gamma raYs'presenf; jThis'disagreement occurred
at,thé 10% level fpr the low muitipiicity showefszuf becéme'és high as
35% for evénts héQing six or more showers in the final state. Ip
scanning a true jfgamma.évent (i.e. an event with (j—g) showers in the
chambers and g triggered gamma counters) the écanner would geqerally

observe the proper number of gamma rays. If he failed to observe the




_73.‘
correct;numbef of gaﬁma éounﬁérs that had triggeféd,‘the SASS systeﬁv
woﬁld'invériably pick them up from.the film, so that in all cases it was
in the shéwer ﬁiSidentificatidh‘that-the wrong numBéf of gamma events'
would be entered on tﬁe Master List. Somebfracﬁiqn of the time the
scanner'?buld'faii to noticgloﬁe'or.two‘showers'and the event would
appear as a (j-1) or (j-2) gamma event on £he'Ma$ter.List.. Simiiarly,
the“scahner could mistake oné or th old beém'track fémnants as
showers and the Master List would show.a (5 + 1) or (j + 2)’gaﬁma event.
Thus,,giyén a true j-gammé event, there was a_probébility'Eij that,
aftér scanning, it would_be_recdrded on the Méster List aé an i-gamma
event. Hence
517 BigTy

wbefe Si wés the recorded nuﬁber.éf‘i-gamha‘eyenfs on the Maéter List,
thilé Tj7waS the true number of-j-gémmé‘events. IF was the matrix Eij
that was obtained from the conflict scam.

fpefi@ing gij to be;thé numbe? qf true‘j;gamma event$ as estabiished
By'thé cohflict'scan.whiéh héd beenirgéorded By fhé ééanner as an i?gamma

event, one obtained

% ij
so that - - . E..=mn,.
In, .
Tij

 It shdﬁid be pbéervgd fhat the columgs 6f Eij wefe.normalized_to 1; The
—normaiizatiqn could be easi1y underé;ood’if it were feali@ed thaﬁ_if"
there:ﬁere Tj trué ngaﬁmalevents5 thg.numberwof jfgamma-mis-scénﬁed a
eveﬁfs plus ﬁhe numﬁer‘of j~-gamma céffectly,scéﬁned eVgnts had to édd up
-to Tj;  Invadditioﬁ - |

zsl = E,.T, = 23;(2: E
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and the total number of'obsefved events equalléd the‘totél.number'of
true events, This equality expresses mathematically the fact that in
this experiment every event wés scanned, and thére ﬁas no possibility
of losing an event,. only‘misreporting'it.
The scanning efficiency matrix has been diSplayed in Table II.
The event matrix, nij’ frog which the SCaﬁning efficiency matrix
wgs‘obtéined has been displayed in Tab1e.iII, It pfoved useful in the
estimatidn_of possible béckground‘fof the fitted data as well as for
ﬁhe calcﬁlétion of the scanning efficiency.: ' |
To obtain thé true_numbgr.of'j—gamma events, éne sélved the matrix
equation
-1

T. = E,. "Si
J- Ji

To obtain the error in the estimation of'Tj, one wrote

and differentiated

5S. = 8E, .T, + E, T,
i SR T S e B

sielding . . E. BT, = &S, - SE,.T,
y e » ‘ iy 3 i i37 3
Making the assuﬁption (6Si6EjK) =0
One finally obtained | o
N, | 2 : -1
(STKBTj) = EiK. (asKﬁsz) + Tm (BEKm§EEm) Ejz

:,The.érrbr in SK was assumed to be purely statistical, so that
| <SSKSS£> = 55,

To ‘obtain the error <5Ekm6E£m> one considered nﬁ true events being

distributed with some probability & into a finite number of bins. One -

standard deviation away from having € en™n events (no summation over m)

in bin K was . » s e Vn . Thi  faker '
in 1n’K was then given by_eKm(l .eKm)/nm Th;s_was takgn to be the




‘Table II.

The scanning probability matrix E
'}‘dbserved number ~ °_ True number of gamma rays - ~
of gamma rays o 1 2 3 b 5 6 1 8 9
- 0 .okl .066  .003  .002  .002  .003  .002 005 .003  .005
1 .0k0  .871  .033  .007 | 001 .00l o |
| 2 001 .056 .939: .12k .012 .065 |
3 .0k .02k 820 .09 .02k . 006 .008
L - -.003 02 .ok .87 .2k3 .06 .23 .005
5 007 o .003 'q;026 . .675 196 - .088 BRSTY
6 003 ',061 . .003  .OM7  .696 27 .20 .03
7 | 003 037 509 272 08T
8 | 006 .00 .53 .273
9 ool Lo 601

=G



‘Table Iilf The event matrix nij' (Note that the average of three scans was. used for the observed

-:.number of'gémmaé.)'

~ Observed number

True number of

gamma- rays

' of gamma rays 1 i 3 & 5 5 .'? -  ;" 5
o 61.0 8.7 o 3.3 1.3 23 1.0 1.3 ’:o.z .3 3
1 1.3 - 160.7° | 52,0 3 .3: .3 3
| 2ff. .7ff ‘13.0 1631f3' 121.6 18.0 :2,7 ' T
3 o T k1.7 »755,3_ .ius;j o 2.3 Lo
N e 3.0  L41.0 1382.0 133.3 23.3 3T
5 T T 27 kT 30 9h3 13 330
6L'. .3 ' .7 5.7 - 29.3 331.0  50.3 - 17.0 1.7
T | 3 L3 207 8.0 367 6.0
k8i . 23 1.3 67 22.0
>9- . T 3 6.3 5.0 .
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error for bin K. To obtain the correlation terms between eKﬁ and e,
, | ‘ . 2T ! ' ©m

one considered the sum

e +e, +e=1"
Km Im :

Fbllowihg the usual teChniques of différentiatioh, squaring, and
aVergging Qne'could obtain

(e be,) == e

n_
m .
So that finally

(BEKmSE

i

1, |
£m> nm‘<eKmPK£ N eKmeEm>
This calcuiatiqn yielded errors for the diagonal terms of the efficiency

matrix between 1 and 2%.

3. Gamma Ray Detection Efficiency and Corrections

V Qﬁce-tbevséaﬁning éfficiency corféction had been‘obtained the
saﬁpié:Tj:of true j4gaﬁma events did not'neceésafiiy représent the true
number of j-gamma evehtssprOduéed.by théibeaﬁ in‘thg target. |

fheté ﬁaé sfill=a'pqésibilitybthat so@é'indiyidualléaﬁma rays Cbuld
havg_beén éouhte& as tﬁ6 gémﬁas (legitiﬁately.Within'the scaﬁning
criteria) asvﬁéll as that-there Wefe:prgsgnt ainﬁmber bf non-event
asspciated (real):tracks_ih.ﬁhe chamber that looked'like'showers. Thus
mére.gammas‘could be.present after thé scanniné effiéiency.correction

than were actually'produced’by.the partiCular T-p interaction in the

\targetQ This”process'of;ébserving extraneous gamma raysiwas termed

feédup.i‘.

v;In,éddition, ndf‘all gémﬁa.rays,produced.in‘the interactibn,coné
verted iﬁ.theichambérs.br gamﬁé depe@tibn copntets. Thus,a.fdﬁr‘Showér'
_évenﬁ could‘be oBée:vedéaé-a three showgf eventvbecausg one of the gammas

failed-to convert or was lost through the upstream opening in the gamma
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detection equipment. The_process of‘observing less gamma rays than
ptodﬁced by the beém particle interacting in the terget was terﬁed
feed—dewn.f |

The feedup precesses were cdneidered first. There was a small but
nonQ%erb_probability that éhowets could be dbserved from a previous
event beeeese:df the loﬁg activevtime of the chamBers_(2.5 usec). A
study of thie possibility had beenvmade in a previousfexpetiment with
tﬁe eame-apparatus,3?.tfiggering the:sbark chambers rendomly and
normaiizihg'this data.Ey eouhting the number of:eccidentai beam tracks.
At the momentum and inteneity of that experiment (716 MeV/c) it was
found thet there was a eingle showerriﬁ 2% of the frames, two showers
ihﬁd.S% of the frames,.and three showers in 6.2% of_therftames. Thus
there wés an aecidentals;feedup at the level of'2.7%.” This effect;
howeﬁer;’should have been beam energy end beam'ihtensity deeendent and
therefore different at'higher beam intensities aed energies:- Unfortu-
.hately, no.film was taken‘in this mede at the higher'beam‘momenta,
preventing a study of theipossible change in the'neﬁber of obeerved
showers in the cﬁémbers dﬁe to noh-eveﬁt'éseociated’traeks; ‘The
absolute_pumber of extraneous tfacks should haVe,increased with the
higheribeam intensity, but decreased»ﬁith_the total scattering cross-

section at the higher beam energies. Also the multiplicity ratios should

‘have tended to favor larger numbers of extraneous showers in the chambers

at'_the highet beam erier’gies‘.‘ ‘

Thete was aisq the probability that within theidefinedfscanning
critetia thére was toqm for miSidentifieatiqn of.a j-gamma event as a
(j + 1)-gamma eVentvor (3 + 2)-gamma.event; :Theee could.result fromba
gaﬁma ra? triggering a gamma counter ae well es'beiﬁgiobeerved-as a

shower in the chamber and not being properly associated with the gamma
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detection'cdunterg a doubie”gaﬁma'countér'trigger--a ga@ma ray triggering
two gamma counters; shoWe£ ffagmentétiqnj-oné_Jreal" shdwar Being
'cénsidefed as"tﬁo showers; and, misideﬁtification of'old beam ;récks at
a level higher than coqld.bé corregtéd by the coﬁflict scan. It was
found impossiblé.t6 cb£rect any of thééé casés‘adequéte1y, for, if they
escaped detéctioh.in thé conflict scan,ﬁit meant that they satisfied
any'reasohqblé éritérié.fof a j-gamma event.

Td»furthef study thleeedFdﬁ précess‘the thréé aha four gamﬁa
eQéﬁts'were fit to the hyﬁqthésié ﬂﬁb —;ﬁyy and the:ﬁo region'studied in
the‘77‘opghing anglé>dist:ibucioﬁ. It was fouﬁq that there wa§van'
ehhangéﬁeﬁt'ébéve background in the threé”gamma gvéntst(Sée Fiéa 15a)
at the‘no opéﬁing aﬁgle, ?hich aléo éérfeépbhded to the Cofrect'no mass

e , . L ' S 1
and timing. distributions. ' For four gamma events no such enhancement was

fodnd,. Ihé total number of.eQeﬁtszabove background'inbthé thfeé gémmé
data wés.esfimated.to‘be 16% of thevtﬁo shower events in the.éame fegion.
Thébscahﬁing efficiency e&éntvmafrix sﬁdwed-that 6nly 3% of fhe‘tﬁb
shower events,Weré mis-scanned as three showersv(this ratio could be -
obfaiﬁed from the fraction n ;/ﬁ{ 'ofitbé‘event mafrix'nij).so.that'a

o’ Poz

large ffaction of the three gamma events iﬁ»thé~openiﬁg apgie region
‘were still unaccounted for. Thése evéﬁts were fescanned.aﬁd it was

found that indeed,‘in_most cases dne of the showefs appeared of dubious
‘naturé (an old‘tréék;'é‘fﬁb spark shoWer;.or possibly a éﬁargéd‘ﬁrack)
which within the scanning criteria constitpfeﬁ;aﬂlegitiméte shbWer._ This
»feedfuﬁ; howéver;vapﬁeared;to Be.Beam éssociatedvand hence a fuﬁcfion_of
the beam inten;ity.b It could not Be interpretéd_to‘be a single shower
appearing as*two:showers.. Héhce moét Sf ﬁﬁe events abovg béékgfouﬁd.
Qeré a§tributed_t¢vconstant‘feed;ﬁp per evént; ‘It wésAéxpéCted that

this large feed—up'would'nét'bé seen in the data taken without the"
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neutfon counter coincidence in the sﬁark chambgr'friggef‘since these
data were taken at much lower intensities (a faééor of 10) than the
normalstrigger data. | |

Thus no estimate of feéd-up per shower could bé unambiguously
defermined from the loé-gamma ﬁultiplicify events. .Sinée iﬁ was
suspgéted that some of the feed-up was dqe to'difficuities With the
gammé detection counter triggérs for high.multiplicities the data was
not inconsistent with a’small feed~up of 0.5% to 1% ber shower. This
method of the feed-up depending on the shower multiplicities would
reflect_the fact that higher multipliéities also had-a‘higher probability
of £riggéring the gaﬁma'detection counters, being confused with old beam
traéks;_or appearing as unassociated fragments..

Io“correct for the feed;up due to non-eventvassociatéd gammas, the
matrix_equation was fo;mulated Wherénsifwésvthe pumber of 6bser§ed5% 
i-gamma events (after scanning correc;ions) and Tj was the number of
j;gamma events associated ﬁith an interacpion in.the target. The matrix

Uij_wés displayed as

where'u1 was the probability of an event having one shower too many,

while u, was the probability of an event having two showers too many.
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If it was assumed that there was a nod—ierd'pfoﬁability’per gamma

ray that it would be seen as two gammas, then we again obtain the matrix

équation
S, = V..T
i ijitj
where .
D1 —
3 (]_ - V) O
L v (1_~ v)2
V = . . 2v(l - v)

) (i'— v)n_er ,‘ o

‘ 1 -'(1 - v)n'-2 | :'1
The entrieévin the nth column and (n + mj;tﬁ:row of V is jd;t‘fhe mth
termvof‘thé binoﬁialuexpahsidn'of [(1-~v) + )" _‘1; The final row
of V is the sum of therpfevibusbenéires in the appropriaté colﬁmh
'subtraéfed from 1. The term was interpfétéd'as the probabilityrof
obsérVihg.an n—gammé évent:aé an (# + k)—gamma e&ent;' |

Thus by applying the scanningvefficigﬁpy corrections‘and the
-feed-upvéorrécpiohs, the‘statistical gamma muitipligitybdistribution.of
targetiassociated éventé‘as'realiy'exiéfea in the‘chamﬁgrs,vcould Be
obtaingd; bHowéver, this.ﬁid not as'yet'repfesent the_trﬁevgamma_
mﬁltiplicity'distributidﬁ'pfoducéd:in the targét'becaﬁsevofISHOWefs not
convéftihg in thé chaﬁbefs. Thereforé the 1ast.c§rrecti6n to be ﬁade;
was for feed-down of events into ibwer gamma»multiplicity categories.

Two approaches could have been used to determine feed-down. An

elaborate Monte Carlo progrém‘eXiéteduu taking intd account the spark
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chamberigeoﬁetry and a detailed semi-empirical model for shower prod-
uction.ﬂbThe program could'have been used to determine the amount of
feed-down of the various gamma multiplicities.;

The'seeond approach assumed that (1) there;was'some (unknown)
average gamma ray detection efficiency, d, and (2) that the probability
of a'Single gamma not being detected,i(l - d) did not depend on what
happened to the other éammas. In this case the prbbability of'detect;
ing n’gammas when m were produced ceuld be given by

D= _ml .. d%1-a)

Dnm-=o | n >m

The first assumption elways had_to be true siﬁce it wasbonly the fraction
of gamma rays detected. Thelsecondg'oﬁ.the other haﬁd, wes”only
approx1mately true, for‘iffsowe of thelgamma.rays were to escaée‘upstream,
. then the remainlng onesvwould certainly have a smaller probability of
doing,soﬂ ﬁowever, if,the*probebility of detection were large, then the
relatipﬁship'for,Dnﬁ_wbuld also be a good approximatibﬁ for the feed-
down correction; ‘The Monteiéarlo ealculetienS'for feed;down also agreed
well with the binomial coefficient estimatesi

| It was found that the shower detection eff1c1ency could be estlmated
»at &9% per shower agreeing closely with ‘the results obtained in a
wprev1ous experiment using the same apperatus,sg' it was.found however,
that ior chargelewchange (ﬁfp —>ﬁ0n)'tﬁe ﬁrodﬁction'distriﬁutipn of the
gammas w??-sufticiently different’froﬁ:tﬁe ether Higﬁer gamma multi-
plicity>produetiep,mechapisms'thet e_feed;down_ofbpnlyES to 6% had-to
be usedjto exblain the*observed retie:of twq tpioﬁe_sﬁower'events. (1t

should be noted that the shower detection'efficieney as calculated by
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the Monte Carlo programs was very sensitive to the dynamics of the
production mechanism of the gamma rays.)

4. "Geometric Reconstruction of the Showers

fﬁé‘filmAwaévprbcéssed automatically'by the'SASS systein,37 which
digitiéed the position éf all_sparké, fiducial 1igh;s; and data box
_1ights'for each fréme, and stored the_ihformafion on tape via the program
FLICKERS, | _

The_pfogfam.DHARMA?HS used the FLICKERS output tape»ahd the Master
Liét'to locate and then reqonstfuct‘tge»sh§Wer.difections and energies
iﬁ three épacé. The.reconstruetioh pfogram associatea the scaﬁning
information on the Maéter List’with‘thé éppropriate record on FLICKERS
-and then ﬁsiﬁg the grid zone informatioﬁ grouped.the digitized spark |
positionvinto the aépropriate shOWersg Eachwstéreo view was treated
independently,vand then later combined to yieid avcompleﬁe descfiption.

The gonversion‘pbint of a gamma ray and hence the initial point of
the shower was found by searching for dense diéjoint clusters of sparks
within an area defined by a square of sides épproximately 1 1/2 times
the éize éf one of the scanning gfid zonés. If one or mofe such
disjoint clpsters was found, the one néarest'thgvgfid zone center was
~taken to be.the initial part of the shower, and its leéding spark--the
conversion point of the gamma ray.

In most_¢ases the éroéram Qas able to locﬁte]the.conversion point 
rathe; readily. _HoweVér,’if the shower:convertea near the center of‘
chéﬁber.five (as do 50% of the showers of.mﬁlﬁipiicity greater than
three), the conversion'pqint was éssociéfed with aﬁ old'beaﬁvtrack
rather than the initial point of the shqwgr 10 to 15% of the,ﬁime; .In
‘the rarer casevof showers converting in the lucite between chamber edges,

the program would systematically pick the point that occurred first in
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the SASS séan for that fegion. Both of these fai1Ures.éontributed to
the lafge-error of +1 ihch for the cbnyérsion‘point fhat had‘to be used
for the.éubsequent‘kinematic fits. |

The_number 6f'spérks cqnstituting the'shGWef was then found by

forming a cone beginning at the gamma conversioh'pqint. The axis of the

. cone was defined by the nominal target center and the conversion point,

and the area by a‘three'degree 6pehing angle. The area around the
fifét”spark was slightly enkarged to allow more sparks in this region to

be allocated tb the shower. All sﬁarks lyiﬁg Within_the cone were

assigned to a single shower defined by the conversion point. Since the

spark allocation occurred in the order in which the initial‘points of

the showers were found, in the case of overlapping showers; the second

‘0of the two would systematically have fewer sparksiassigned to it than

nominally fequiréd; ‘This debletioh bfrspafks could have led to small
biases in the shower directions,'since sparks would have been prefef-
entiaily dropped from certain areas of the shower development. " The

underestimating or' overestimating of the number of sparks per shower

‘also led to the large errors in the determination of the shower energy.

' To obtain the direction of the gamma ray, a least squares fit was

made to the slope and.the initial point of the shower. A set of

éoofdihates-un and v measuréd perpgpdicular_aﬁd paréllel to the
chamser facé aﬁd corrected for first order optical distortionms, were:
obtaiﬁgd for eéchvspgrk withiﬁ a éhower’from?FLICKERS oﬁtput tape
inforﬁatién; Then, if any point on the best straight line approximating

the direction of the gamma ray was givén by (u;v), the distance from a

spark (ui,vi)jto the straight line,:as,measuréd parallel to the chamber

‘plates, was obta;qed po»bew(viif.v) = (vi - vd) - m(ui - u0)5 (uo,vo) ;

being the conversion point. It was assumed that the best estimate for
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the direction of the gamma ray was that line which minimized the
parallel displacement of each of the sparks in .the shower from the

ceﬁtralvvélue. A quadratic function of the form

e (4 - 2 : - v ) -m u,_.u 5
- Zni%gl)_z %[( - »‘.;,)2 ( ‘ »o)]

n
was constructed and minimized with respect to v and m, giving the best
fit to the transverse coordinate of the conversion point and the slope

of the gamma ray in that view.

Defining = A = )3 —1—2
' o : n ¢
. n
n g
n
2
vn
=L
n o
n
(u - u)
Bo - v}: | n 20
n o
n
. - Vn(uﬁ _,uo)
B1 = )
n S
B (Un'- u )2,1
: o
¢, =Y :
o 2
n ’ O"D.
The minimization yielded
BB - 4%
V°=}32v-'Ac
0O .00
217 B
_"Co ,
with the errors o C
: dv 0
2 o) 2.
(v “Z{av 9 TAc -3B°
i i 00 0 B
o v T o
: 2 Om . ————
dv B = .. 0 g, Bl = -
.< o m>.: EZ _5vi i avi . AC. -8B 2




& '2> = ¥ [am)® o2 I R

(5;~} L ac -7

’ 0 O‘ 0
Only the'transverge‘coqrdinate of the-convefsion.point was allowed to
vary in - the fif, because, to first order, it wéé more sensitive in
determining the shower direction with respect to ‘the target than was the
perpendicuiar coOrdinaﬁé; This method also had the importanﬁ attribute,
that it maintained the linearity of the fit.
The error for each spark was written as

2

g f.g? +’tan2(9 /2)/cos2¢(u. - u P
(o] \O 1

)

n o
The first.term in the sum, 002, represented.é éonstant error per‘spafk,
-.while-the second ﬁerm diverged as the shower length increased, reflect-
ing the spfead of the épérks away from th¢v¢ent;al vélue.' Tﬁe‘angle &
mgasured the obliquity of the shower with respgét to the perpeﬁdicular
tO-fhe phambér élates, While‘éo Was a measure of-the opening angle of
the conicél spread of the shower. It was found that the best fits were
obtaiﬁédffor g = 0.2 and 90'= 2% deg: - This_farge opening angleQ 0,
reflected_the-fact that.the.showeridirection was most accurately
obtained from the first four or five éolinéér'sparks of‘the shower.

The inforﬁation3frdm thé two views could easily be éombiﬁed, to
obtain the direc;ion cosines

04

where = - p2

i

+1/p B = ml/p oy =_m2/p '

Il

2 2
1+ ml + m,

and m

1 ahd{mg_werégthe slopes of each of the prpjectioné of the shower.

The errors for thefdirection,COSines'for the shower in three space.
could easily be calculated

) [ e enf]
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2} = :%* [(¥ + m22) (6@12) + m12m22<5m22>}

\\ )
2. 1 2 2, 2. ., 2y, 21
<67 ) _gg {ml m2 <8,m1 > + (1 +m1 )<8m2 >.J
I1f the same shower was observed in two differént chambers (corner
shower),iits direction coéinés, a;_weré'found frqm the diréction
coéines 91 and gg:of tﬁe'twb shower segments, as determined in the two

'chambers_ihdependently, by standard techniques. If the error matfices

for the two sets of direction cosines were El and‘Eeg while E was the

final error matrix, we could write

1 1
Ea-= E1 91 + E2 qE

Since:;hé direction cosines were not linearly indepéndéht, the outlined
_méthod'had télbevapplied'to fwo of the cosihes,'while the third was
v célcﬁiéted_ffom the othér two.
v >The-production;yersion of DﬁARMA—HS dsed to measure the daté.
saﬁﬁle:did,hbt inélﬁde mény ofithé féaﬁureé of;the‘fitting process as
previously outlined. Tt did not'obtain fhe béét”fit_ﬁovthe cqﬁversion .
point, but rathef, in tufn, éet it equal to the éoordinéfés:of the
first spafk in.the shOWer és'located by the spéxk search,,the coordinates
of the second Spark;réﬁd the average of the two. The fitvwas:attempted
for all thfeé combinations-and the slope for the combinétioﬁ having the
minimum “Xe was used. Howaver,.thé.coordinétes,vfetainéd for the

, ' v o o . X
conversion point itself‘fdf tﬁe kinematic fits, were thosé of thé first
spark;, énd nof‘of th¢ combingfibn}that minimizédLX2. .Thi§ c§ntributed
to the lafge error on tﬁe interséction'point;,

In the fit itself, the errors were set constant so that all sparks
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obtained équal weights. This meant that the showér direction was
determined by the preéonderance of sparks in the rear of the shoﬁer,
again leading to a larger error for the directionvof the showers‘than
neceéséry. The.errof itself ﬁas displayed as a.conétant angﬁlar error
for the shoﬁer difection inbthree space, and was set to b/Ns’ where b
was a chstaht and N, was the number ofISpafks.in the shower (an average
of the number of sparks foﬁnd in the‘two stefeo.views). ThiS'methbd
eliminatedbail information on the erroré of the independent fits in
fhe two sfereo views of the shower and téndéd tq'iﬁéreaée the size of
the erroré on the direction of the showers. In‘the'caéé of corner -
showeré, since no error was obtained until after the entire shoWef.was
reconétfuéted in three dimensions, the.directipn cosines fér the
segmehtsbof_the'shower obsefved.in.thetho different'chémbérs were
'abproxihately évefaged, but not combihéd‘using a method refiecting thé‘
goodness of the fit of each.constituent'segmenf. Again thié tended to
increase the angular error_for'thg shower.
~Ah experiméntél version Qf DHARMAFHS wés ﬁrittenh? correctiﬁg most
of the.diécrépencies of the produétion version bf”the reéonstructioh
prograﬁ} .Once thé errors'in the ekperiméﬁtal.ﬁersioh-ﬁad been optimized,
it wés found that no severe ﬁiases.existed in the prodﬁction version,
butvthatvthere wasva teﬁdeﬁcy éq 1os¢uinformatioﬁ'on the shower and
hence;inéréééé thé errbr_on:bpth Qhe‘conversioﬁ §oint and the shoWer
direction. Théée‘larger:e;rofs Wefé refiected in;;he]feéolﬁtion obtained
in the kinematic fits; |

In the. study of the teactioﬁ  ﬁjp —>ﬂ9ﬁ0n‘thevlargg directibnai
errqrs_resulting from the recohétfﬁctipn of the gammé'ﬁays.affected’
maini& the resolution of the (ﬁon) invafianc,méss;v Tﬁé dipion invariant

mass, on the other hand, was determined mainly,by?the‘direction and
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timing of the detected neutron, so that the large directional errors for
the gamma rays were of limited importance in the determination of the
n-7 scattering cross-section.

5. ;Kinémétic Fitting

;_The method of least squafes with constraints to obtain kinematic
fits to data has been well document:ed.u6 The LBL Group A kinematic
: S Lo S _ IR
-fitting program SIOUX ° was used to generate a set of kinematically

compatibié fdﬁr vectors for.the.reaction-ﬁ p ~>noﬂon with the subsequént
decay:ﬂ:-o 4977. A1l tﬁe initial and final fodr’vectors of the interacfion
in question Were measured, so that, with the usua1 assumptionsvébout
Gaussiaﬁ'errors for the measured quantities, the subsequent kinematic
fit had six constraints (a 6C fit in the jargon). It was also possible,
by excluding the neutron information, to do a 3C’fit'to the data and
compéré it directly'to similafly.fifted neutrél finél.sfaté frigger
data. |

.The.method_df least_gquares assumes Gaﬁssian:efrofs in the measured
quéntities, Sé/that'special cére had tb be'exercisedvtb ensure that the
Véfiéblé that wasvuséd in theAfit had a Scattér arouhd_a central
(fitted) value thaf came closest in ahproxiﬁétiﬁg a Gaussian distri-
butiqnf |

Since the SIOUX package (including the kinematic fitting'brogram
SQAW) waé originally wfitten as a bubble chamber.data:fitting'routine;
‘a mimber of variables that had'Gaﬁssian errors in measurements associated
with the bubble chamber detection‘techniques, no ‘longer did so in ﬁhe
preseﬁt‘experiment. - For instance, ﬁithin the étandérd SIQUX program
the variaple l/gi;(where'pl;is the=proje¢fion of ;hé momentu@ pefpen—
‘dicuiar:to the magnetic field in the cﬁamber) was considéredyto have

Gaussian errors, whereas, in the present case, since it was the time of.
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flight of the4neutron that was measufed and,the energies of the gamma
rays thatIWere eétimated directly, it was the Qelocity of the neutron
and the momenta of the photons that were considered to be Gaussianly
distribﬁtéd about theif éenttai (fitted) values. _In'all these cases
SiOUX was changéd aéCorHingly;-to'correSpoﬁd to these.différences in
meééurémént_techniﬁués;u7

_Iﬁ.addition, in this éxpériment avnﬁmbérlof the pafticle diréctiohs
were measured by‘a.sérieé of sdiﬁtiliatioh countefsf The particles.
could have traversed aiong any trajectory which‘was'cpmpétible with_alll
counters that were triggéred by it, but'certainiy_not along any other
trajecfofy. ‘This finite region of allowed trajectories with sharp
boundariés, with the trajgctOries having a flaf diStfibution ovér the
'_alloWed'regipn, seemed at first glance to be ihcompatible with the use
:of central trajectofies with Gaussian distributions aS'waé fequired by
SQUAW. To overcome this diffiéulty, ali‘initial‘vélues of particle -
directions as measuréd by counfers; weré taken ta be the central values
compatible with fhe counféré fhé;'had triggéfed.» Thé\éfrofs were
estimated to bé éQuél to thé sééond‘moméhts of a flat_proﬁability distri-
~bution défined by the size of the counter and zefé évefywﬁefe glsé..
Thus, . - for instanée, in deferminiﬁg the path of a beam particle through
'a beam hodoscope element of diméhsion b.x £ inches,vthe Eeam trajectory .
Qaé estiméted f&-pass‘througﬁ the ceﬁter‘of ﬁhat square with anverror.of
_ .
21 ./2 |

-2l

=3
in the horizontal direction;:pefpeﬁdicular to the beam.

. Xg('ix : % ‘Z}' (

The gamma ray directions énd éonVerSion points were obtained by =
the shower reconstruction program DHARMA-HS as outlined in Sec.II.A.l and

‘passed on to SIOUX, along with the data box information, on its output
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tape. |

Tﬂe SiOUX fit was done in two parts. The shower directions and
donvérsion points from.DHARMA—HS, aiong witﬁ theibeam tréjedtory,_as
determigéd”froﬁ the hddoscbpé infdfmatioﬁ,7Were employed'to obtain the
bestvihferéection point (and henéé interéction_point) of the rays. New
dirgctithIWere then calculaté& for.the gamma rays:and the‘beém traj-
ectory. The showers were constrained to pass through the intersection
poinfnandvtheif'réspective conversion pbiﬁts, whilg‘the beam trajectory
was defined by the intersection pbiﬁt aﬁd a pseudo—stationary point
cémpatiblé with the béam_hodoscope infofmatioh. I1f the beam hodoscope"
information was ambiguods--ndtyenough ér too many beam hodoscope counters
had triggered-- the initial beam'direction was taken to be equal to the
averagé beam direction and not uéed in the interacﬁion point calculation;
1t was these directions fof the particles, along with tﬁevadditional
energy information that was used in‘the ieast squares fit to bbtain.the
'jparticle fou£ vectors.
‘To obtain the intersection point,'thevquantity

- s .s, s s-1, s s, S
X - § (2% = 2% ME 570 - %)

was minimized, where we defined the variables

s _ o s
z =X, - X

i i i
L, © . s : -
xi = intersection point
g . - - . S v
X = conversilion point or stationary point on .

beam trajectory
AS = scaling parameter for thérlengthvof the
_showér

2 o ' s
X~ -was minimized with respect to A~ to obtain

i
j
i
|
|
:
|
]
|
!
i
]
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£.7E, .0 Tk,
r 13- 7
and with . respect to‘xiO to obtain
x, 0 = M.;—lb.
i ij j
where - : _ . : 
. : _ Z s=1 : s s
: M,, = L E. (sKj % )

1] iK -

and ': ' _
.o.s-1 s s s

b, = Z; E. . (ng o, Oéj : _)xj_

S Y-S RO L,
The .error matrix Eij - was obtained by considering

L. = 1qQ,

1 1
‘Differentiating 5L, = LdC, + .84,
i i i7i

Squaring, averaging, and assuming that (6388i) =0

5,<5“15@j ) + (5z_>aigj
= 2%A. .+ Aa.a,
i3 -7 1]

E. .
1]

By multiplicafion, if necessary, it could be shoﬁn that -
_—
E, =

Sij j

272 [(A,.v+ oz.voz'.)"1 - a!a}} UNER S
A Rt 5 PR | R A R
The error matrix for fhe‘intersécpion point waévobtainedvin'the uéual
manner; oo S 3x é RN -
g0 <5Xi%5xjo>_=,~§£; i g s 1

In thé,limit whenHAE = 0 the;expressipns Simpiified considerably to

yield | ' :
Coo-1 e i |
_Eij ..‘_.b_zv '[.,(A'ij + aiocj)‘_ - oziozj'

It was in this limit that thé_intersectibn point WaSlcalculatéd and ‘its
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error matrix obtained.

The previous method of obtaiﬁing the intefsectioﬁ poiht did not
include the.kpowledge'théf férva.good event, thé interaction point héd
to be withih{fﬁé‘tafget. Using the usual téchniquesrgf averaging, a
target évef;ged intersection point, xia, was obtainéd. Setting

a1 _o-1 t-1

E. . =E,. ~ + E,.
1] 13 1]
and
a-1 o-1 t-1
E,. x.a = E, . x_.O + E. . x.t
13 J 1] J N N |
_ t : : t .. . t
where xj was the target center and Eij its error matrix. Eij was

obtained from the second moments of the spatial coordinates for a flat
probaﬁility distﬁibution'oﬁer the leume of the target.

As already mentioned, fhe interéection point calculation required
a statioﬁary point on the.beam trajectory. If the beam trajectory
passed througﬁ the twd‘points whose components perpendiculaf to the beam

trajectory were given as (xl, z. ) and (x2, zg); then any other point on

1)

the trajectory could be found. Thus by geometry (similar trdingles)

zZ - 2 Zz - 2

y=3¥y YT ¥

"and one obtaingd _
1 .
A CEERRCE A |

- Making the usual assumptions, and calling z the stationary point, while

e S
z the target center, one obtained

v '1:

<S?052t> = — (v - 9, - v, {5z 2>
 '__;(¥2 f-yl)g [ "o }_vyt. :Y;.. 1
+ (?o - 'yl)(yvt - yé)<5z1>2]
Setfing (5éogzt> 3 O N :
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and solving o 5
:'_yl(yt =y Nez,") + vy, -y, )(02,)

o

(v, = ¥062,7) + (3, = vp)002)°

THen‘kO énd z could bébcalculated:from the known slope of the'trajectory.
The poiﬁf (xo, yé, zd) wgs interpreted to be that p9int which remained
stationary while thevtarget center was allowed to move. It was the

point used 'in the intersection.point calculatibﬁ fér_the statibnary

poiﬁt on the beam'tfajectory.

The leést squares fit to the target avéraged intersedtion‘point was
equivaient to é 2n cohstréint fit, where n was.the numbér of rays used
in the fit. The intefse;tion point fit Without'the‘target averaging was
equivaleht to a (2n - 3) constraint fit. Confidence levels were
'calculated.for-the fits'and were found to exhiBit the usual character-
isfics;-é'relatively sﬁoothvbehavibur above thé one pércent 1evei and a
sudden riSé iﬁ the number of événts having'a confidence level of léss
than 1% fdr the fit. 1In the data\sémple used fof the analysis of the
differential éfosé—sections; a 1%'confideﬁce 1eve1'cut on the inter-
actiop.pdint fit was imposed to bbﬁéiﬁ.avclééner‘saﬁpie of data.

The interacfion point as well as the first spark in.eaéh showér
were.then‘used to.define the gamma ray direction, while the neutrbn
direction. was determined'by'the‘interaction_point and the.éénter of the
neutron ¢ounter that ha& fired (if more thén oné.éounter had triggered,
thgmeVén£ Wasfdiscarded).' The difeétion&l érfors for the Showefs were
calculated from the errors fo?Ithe intéraction.pbint (n + 2 in.) and
for thé firét;épark of egéh éhower;(i 1 in,),,whiie the error§ for'the
neutroﬁ;direction‘Weré those obtained from'the ihtéraction'point error.
and the error introduéed by.aséuming_thét the neutron had interacted at

the center of the scintillator of the neutron-detection counter (these
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erroré.ﬁére again.set equal to the second momeﬁts of a flat prbbability
distribution over the volume of the scintillator)."

OﬁCe:the diréctions of fhe initial and final state particles had
been éstébiished, it only remained to obtain théif énergies. The ' energy
of thé ihéiaent'n_ was obtained from the wire-orbit information, already
ou;liﬁed in éec{ II.B;l.' Thé‘error in the,centrél value ﬁas taken to be
equal to ghe momen tum bite'OfAAp/p‘é + i;O%, while thé central value
itself/waé‘set to 10 MeV below the.nominal wire orbit data to account
for the energy loss because of the material in thé beam; i.e., the
sdintiilatidn counters, thevgaéedus freon éf the Cerenkov counter, the
liquid_ﬁydrogeh of the.targef.

The energy.of the neutrén was obtained from the time of flight

~measurements, while the gamma ray energies were'e$;imated from the number
Qf sparks'obserVed Qithin a shower. The abso1ute calibration for the
time‘df»fiight as well as the relationship of gamma ray . energies to thé
number of sparks in the corresponding shower was obtained from the charge
exchange data ﬂ-p ~?ﬁon.

"The time of flight measuremert yielded a number in-arbitrary units
(ADC units onpthe data light array) which had to be calibrated to yield
#rue timing information. Essentiélly one had to obtain two parameters,

s and no,.for each counter to yield the formula.

Emslnsng) = en - eng
The slbpé, s; wésva function of ‘the electronic-setup only,'and was
indepéndéntly obtained'ﬁsiﬁg:a-light:pulsér-ahd $uitab1e delays in fhe
cabling connecting the ADC uﬁiﬁ'to;the rest oflﬁhe electronics. It ﬁasf
found, asvekpected, that s wés the Same'fOr é1l counters. .The zero.
point;'sno, dgpenqed on'fhe geomé%ryf It was fbupd byvéénsidering the

PPK

position of the prompt pévak,vti , for each counter, assuming it
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tranlléd.with the speed‘of‘light; and calculating the ;iﬁe féken for it
'to:arriﬁe at the neutron éouhter under duestioﬁ, from the target center.
" A cross-check of the formula was obtained from fits to the charge
exchangéxdéta.'

The two shower events were fitted using'difeétional informa;idn only
to a 2C fit for the hypothesés % p - x°n and x° > yy. Since tﬁe‘neutfon‘
velociﬁy fdr this reaétion waé a unique'fﬁﬁétion of:the laboratory angle,
the poSitiQn of the nq.peak for the passing éﬁénté'determihed‘aﬁpther
point for the calibration of fhe fiming formula. The zero pbint was
adjusted tp yield the best value.for both the prompt peak and the ﬂo
peak. The position ofithe calibration points for the timing formula
-were considered to be sgfficiently.wéll determined? that the only error
cdﬁsidéfed,ih the time of‘flight meaSU;émehf was that introduced by
electronic jitter (i:2/3 nsec). It should be noted thaﬁlthe calculated
velocity of the neutrbﬁ from the timing forﬁula took into account fhe
variafion in the position of the interaction point aé Weli as the
péutran scéttering point in the scintillatoriéf the_néﬁtronvcountgr.

It even cbﬁSidered'#hé velocity of the lightvsignal-invthe écintillator
‘that triégered thé'phototube.

The raw time of flight:spectrum of the x° for charge exchange was
displayéd in ¥ig. 15b This time of flight spegtrum was‘bbtained from a
vprefious éxperiment32.using the same eqﬁipment as,the'preséht one,.in
.which allithe neﬁtron counters were sétraﬁathe same néutron produétion
angle. | |

The.charge exchange:reactibn was also used to oBtain'a:caliEration:
of the_gamﬁa»ray energiés asva'functiohjéf the;number qf»sparks,
depositedvin.the spark chaﬁbérs'by tﬁelShOWers; Thé,spark‘chéﬁger

system'was divided into four regions. In the last .of these regions,
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corresponding to backward going'gammas, nb'spérk-energy calibration
could be made, since most.of fhesé photons deposited their energy in
>fhe'gamma'countefs and not within thé active paft'of the chambers. In
all btﬁér sections a sucéessful fit waé made to the émbirical‘twov
paraﬁeﬁer formula‘
| E/cos.é = (E/éos é)o sinh (n/no)

where E wés the energy of the gamma'ray as obfained from the charge.
exéhaﬁgé‘fit; 6 was the oBliquity of the gamma ray'ﬁo.the chamber.face,
: and_h ﬁésnthe number of sparks in the shower,as‘obtéined by DHARMA-HS.
Thé'fécto;.offlléos 2] appeared in the expression because the gamma rays
travellihg obliquely to tﬁe‘chambef faces traveréed more radiation
lengths qf.lead.than those normally incident.

.Thé grrérs;VAE/E, obtained for this energy calibrétion ranged from
Lo to 100%, being the largeét.for the ﬁery energetic showers which had
a tendency Eo leave the chambers through‘thezbaék'face;

-The resolufion of the kinematic fitting was hest iliﬁstrated by
the iﬁ§ariant mass distribution oflphe (77> system in the fit.fo the
hypothesis_n—p'—fnyy forbthe two showér evenfs; The (yy) mass spectrum
diépléygd avno pegk Of.half width of 20 MeV.centered around 135IMeV
(see Fig.i5c). | | |

."‘It shquld-be‘noted,thaﬁ all errors used in the fits,.that were not

set by £he geometry;'Wére optimi2¢d us;ng the-ﬁethod of pu11 quantities
50 thétuthey repfesented a Qonsistent set of Gaussién'errors. |

6. Geometric Acceptance and Kinematic Cutsv

'The neutron counter- geometry distorted the phase space of the final
states of the reactions studied. ThiSvoccufred'becéuse each counter
subtended a small fraction of the 2% radian interval in azimuth and this

fraction varied from counter to courter. -Other factors which contri-
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buted siightly to the phase space distortion were the variation of the
neutron;counter detection effiéiency with peutron enérgy, and the neutron
fiming_aédeptance'gate}' In particular

(neutron flux detected Byﬁa counter at an angle 0)
"~ (area of counter) - (detection efficiency)

(total neutron flux at an angle )
~ (area of annular ring intersecting neutron counter)

Defining the symbols (seé Fig. 16a’)

Fn(@)‘; neutron flux detected by'a counter atﬁan angle
Ft(G) = total neutron flux at an angle
.v r = distance of'ééunter from the interaction point
D = diameter of the face of the couﬁtgr
:q = néutron_qounter_efficiency

we could rewrite the previous expression as

F(®)  F(®) . - F(0)
ﬂDQ 2nr sin @  rA® by 27nr sin' @ D
where - '
rA® = D
‘Then

T . fsino F (0)'= F (0) | |
Setting'the distaqce r to 15 ft. and D to 8 in. yiglded
80 ine F (8) =F (@.)'_ '

: The calculatlon prev1ously outllned did not account for the fact
that . the.neutron counters were not exactly touchlng one another anﬁ
'therefore some of the neﬁtrons could be 1ost in the small spaces
between the-counters. Another effect not.lncluded whlch was also
sﬁéll,‘was tﬁe variation'oﬁ.the ratip of.the neutfqn.counter area to that
of thé aghﬁlér ring over the fa§e of tﬁe counﬁér.- A'c6mp1ete Moﬁte

Carlo integration for the neutron counter geometry yielded
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Circumference of
annular ring =

i Neutron
27r Sin® counter
"Neutron
o direction
4 Sin@ , XV
xH':A'e
Beam direction
Fig. 16a. - /The neutron counter geometry i:.. the laboratory.
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2lz . : .
o sim ) Fn(®) = Ft(®)

Thus '(§%;> sinv®_was the geometric accebtance corfectibn factor
expreséed'as a function of the neutron_éroduction angle iﬁ the laboratory
frame; | |

.In.addition to ﬁhe disﬁdrtions introduced by'the,geOmetfic acceptF
anée, events with both small and very large heutroﬂ kinetic enetrgies
were'léét; | |

The.neut;on ¢Qunters had_ah:éfficiency, n; of 20% for the detection
of néutrops_of kinetic énergieé aboveSQO MeV (see fig..iéﬁ)., However,
below this energy cutoff, ﬁhe effiéiencies drbpped'rapidiy.so thét véfy
few neutrons could be observed of small kinetic énergiés. Ta prevent
uncertaintieg in the data-that cbuld be introdﬁcedvby the uncertainty
in théfraéid.Variétioﬁ in detection eﬁficiency,.é.cutoff in the timing
gate wésvéeﬁ $§ tﬁét nbvneutfons of B <vO.17 coﬁld be observéd. For the

. . - 0 o ' o '
interaction under study, % p = % % n, the momentum transfer to the

nucleon was directly related to the neutron kinetic energy in the

laboratéry, sd'thatvavcﬁtoff iﬁ tﬁe néutroﬁ'kingtic energy would -also

Yield'a éutoff in.thelmomentﬁm tranSfér.  The‘Cutoffiwbuld_aiso distort

thé_dipibn mass_sﬁéétrum_accépted by the syétem. .The B éutéff did'not

affect the fits to' the theorétiéal distributidné; sincé it could be

taken into accqﬁntrin ﬁhe fitting process.  It_did5 howavef, have a

small'affectbon.the calcﬁlatibn of'thé it xt scéttegiﬁg cross-section.
Tﬁeinéméf Peak Kiliet.(PfK).iiming cut to eiiminate.ﬁlz 1 partiéles,

also eliminated a numbet'of fast. neutrons associated with the.inter—

“action T p — 7°x°n.  This timing cut did not affect the dipidn mass

_spectrum of interest, since only peripheral events (corresponding to

slow neutrons) were under study. However, it did have an affect on the

- total number of detected events and hence on the absolute normalization
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of the m-mt scattering cross-sections.

Fig. i?a displays the neutron kinematics.in the c.m. and lab frames
> a.function of the dipion mass for a m momentum of 2.k Gev/c. TIn the
figure'the neutron‘c.m. angle was measured with_respect to the broton
diredtioh;‘ In partioular; it could bebseen that the timing cut restrict-
ing the nentron Velocities to B > O.lYldistorted the 1oﬁ end of thev
dipion.maSS apectrum, whereae the:PPK cut did not abpearvto haye much of
an affect. Invaddition the'polar‘angular region subtending 12.to 72 in
the 1aboratory restricted the obServation of the high end‘of,the'mass-
spectrum. Since phaee épace for the reaction,‘eyen at 2.4 GeV/c, was
rapidiy failing:in this region; the‘cnt did not canee much distortion
in the.shape of the_opeotrume

7. Neutron Scattering Corrections

The neutron produced in the hydrogen target by a interaction, at
a laboratory angle of ©@, had to traverse the lead and alumlnum plates
of the spark chambers before they could be detected by the neutron
detectionﬂcounters. This.meant that.part of the neutron flun seen by
the coontersVWas soattered because of_neutron?Pb and neutron—Al rnter-
actions.: The ratio‘of unscatteredvneutrons; N,:deteCted at an angle Q,
to the totalvnumber of.neutrons produoed at thatvangle, and for a neutron

- kinetic energy E, was then. o -
N(6,E) e“apbpr_(@)“Pb(E) NI A1(®) (E)'
NO 0,E) o R L

where X b(@) and XAl( ) were the amounts of lead and aluminum, reapect-

ively,'at'an angle ® between the interaction point and the neutron

vdetection counter; while 5 (E) and 0,.(e) were the neutron scattering

Al

cross-sections as a functlon of the incident neutron klnetic energy.

‘Since OPb(E) and 0, (E) both increase by approximately a factor of two
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as E decreases from 100 MeV to 20 MeV, the scattering corrections were
highly'eqergy dependent below ‘100 MeV. On the other hahd, above 100 MeV
-of neutron kinetic energy, the cross-sections feﬁain relatively flat,

and the corrections depended only on the neutron laboratory production

4 : : : '
angle. 7 (See Fig. 17b.) We could write

N Pp®pp(@pp(E) [0 (B) ] -ayi%,1(8)0, (B ) ro,, (E)
N, TS [“Pb(Eo) © | {OAIZEOJ

-4, (®) s (E). -£,,(0) s, .(e), '
Pb b "/ Al Al B = 100 ey

where
ﬂ(@) = ax(@)G(Eo') ‘
- and ‘ |
s(E) = o(E)/o(E,)
Hence , A ’
A (O)sg, (B) £, (B)sy, (E)
N '= Ne e :
o .
whereﬁéAl(E) = 1 for E gfeater than 100" MeV.

' %Figure 17c displays the ratibl%/N'as‘a function of_the.neuﬁrén :
prodﬁction,angle,VG, for boﬁh 100 MéV‘and 30 MeV'ﬁeUtron kinetic energies.

AY"fTﬁé nﬁﬁﬁer_of neutrons detected; héwever, increased, réthér.than _
decfeéééd Because of the neutron écatte;s invfhé.spérk chambers.A A
peﬁtroh.inelastically SCattéred_by a heavy nﬁcleﬁé,‘ﬁoqld often have.a
numbéfvééirélaéivély.épefgéﬁié'heutronsrandIprafénsjin thé fina1 state.
In fact the'humber éf neﬁtrons producedvof_simiiar kinetic enefgiés iﬁ‘
- n-Pb andjn-Al interactions ranged_from one to three as the incident
neutfon kinetic energies ranged.frdh 20 MéV'tb 7QO_MeV{u8‘ Aﬁy'one of
.these ﬁéucrons could trigger the neutron counters, éo fhat the nﬁmber’of
triggefs was larger tﬁan it would have bé¢n if no.ﬁeutfbnvineiasfic

scattering had occurred.
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The ﬁredicted aﬁount 6f'neutrbn sééttering in the chambersrwas
cqnsistéﬁt‘with the obsérved‘daté. Forvtﬁe inéident x- méﬁentum'of
1040 Mév; the two éhowé:~events fiﬁ.tO'theAhypotﬁesis.ﬁ_p = nno, were
coﬁpa;éaler both triggeringimédes (norﬁai and without the neutron
coinciééﬁce in-the final trigger) as a function of the laboratory angle
) for;the first -10 néutron coqnters. OnCe the'nofmal trigger mode data
had_beén corrected for the geometfic acéeptancevaﬁd neutron counter
efficiency,_and the data without the neutron éoinéidence_in the trigger
hadibeeﬁ.éubjected to the. timing cuts.of the normai date, the two
samplevqf evenfs, normaliéed'to the same number of incident beam particles,
'agreéd withiﬁfS% in predicting the neutron scéttering correction. This
confirmed Fhe,expeCtation.that‘the neutron‘scatters were reasonably well

understood.
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IV. TOTAL CROSS SECfIONS
The data for which there was no neutron coipcidénce in the.trigger'
were used to calcﬁlate'the total neutron crdss;éecfions and also the
partial'cross—sections‘for n—p;4 n + 7's.->Th¢ fouf gamma production
cross-section was then takeﬁ to be that-of ﬂ_p —>nﬁono, since tﬁis was
the only neutral final étate that codld be produced as a neutron and four
gamma.rayé. " (Recent measurémenﬁs of the decay mode n —>ﬂ077 had shown
that,if;wah_conéistent with'zero?2 )
The data without éhe neutron coincidence in the ﬁrigger were used

to detefmine the cross-sections since they did not have the drawback
of the geometric and kinematic cuts tﬁat wefe'imposed on the normal
trigger data. Furﬁhermore every final state was 6f interest and the
croés-Sectiohé could be‘oBtained by counting éventé of'é particular
gamma ‘ray multiplicity and applying known corrections to it. These
corrections could be_eaéiiy summarized: |

'_é.  Not allltﬁe'gaﬁma events resulted from,thé interaction of the
‘beam'with the liquid hydrogen. vSome=numbér of the béam'partic1eébinter4
actéd with'the targét casing.‘.This numbef was measuréd by‘téking'daté_'
with the ﬁargefveﬁpty'for.a certain nﬁmbér offincident beam particles
at each.momentum, and normalizing it to the numbef of incident beam"
particles of the target full data.

.-Biv The'numEef,¢f-obsérved mfgémma events,'mmy, had to be correctgd
for sganﬁing efficiency and gamma deteéﬁionvefficiency.

| .gﬂf'The-neﬁtral fiﬁa1 §tate requirementrin the triggef vetoéd'some
1egitima;e eventsybeéausé”Soﬁe pf the particles associated'withbthe
ﬁrimafy‘rgaction ﬁfpﬂ§ (néptrals).occasionallyiuﬁderwent-an”additidnai
scatter with charged particles in. the targetﬁqf target Césing.. These

scattered charged particles would then: cause the event to be vetoed.
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The corrections in this caée were small. and well understood.

In.Secs. 1IT.A.2 and III.A.3 we .obtained the scanning efficiency
matrix,.ﬁ;'the probability métrix, U, of oEserving one or two additional
showgrs;?er event because of the lohg actiﬁe time‘of the spafk chambers;
and fhe,ﬁrqbability matfix, D, of a single gamma'hdt converting or being
lésf-upétreaﬁ. (Thetprobability of bbserving é'single gammé ray asvtwo
gaﬁmas'wés'set to zero, since no concfeté’evidencé could bg found in the
data of this:forﬁ of feedup.) If mm7 was.the number of»m-gamha events:
after the tafget.empty.subtraction, we ‘had

o 1117' =D 1.U- 1E-.l my

Sincé ﬁhe correction matrices did not commuté, the order df applying
the correction matrices had to be considered. The maprices _D_1 and U"1
corrected for eifher losing 6r gaining gamma rays‘becauée:of the physical
_charaéteristics of the spark chambers; so that (UDm') was the.number of
gamma'fays that should have Been'obsérved in the spark chambers. on the

) P -1 . : v ! .
other hand the matrix E =~ corrected the number that was observed to the

‘number that should have been observed. Thus the order as indicated above.

was corrécf. ‘Tﬁevnumber.bf gémmé evénts that'wérévnbt vetoed by the.
neutral final state triggervwaé‘then‘g&'. H&Weﬁér,'a number of
'legitimaté eveﬂts were lost because df_the anticounters surrbunding the
target.

g.. The gamma:rays of the neutral final state converted in the'
térget, the target casing, or the anti-countefs, vetoing the event.:
-Thisfcprfebtion is_Of'theJordér of 0.9% per gamma ray in the final state.

b. The incident n which inﬁéracted to préduée_a neufral'final

.staté élso produced -at least onévdéita fay energetic enougﬁ_ﬁot to be

stopped»within the hydrogen target and was instrumental in the vetoing

of the event. A Monte Carlo study of this possibility yielded a
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correctién of'1.5% for.the hydrogen target geomeﬁry of this experiment.
c. The final state neutron elgétically séaﬁtefedeifh another

profon within the éarget, which then-eécapéd and vetoed the event. This
p;oblemﬂwas also resqlved using a.Monte Carlo méthod; apd was found to
yieldbaqufrectibn'éf 1%.

| d. Each.no:éroduCed in_the:final_state decéy;d by.the:mode

x° —§e+ef7 1.16% of the time, éo_that ﬁhevobservéd cross-section had to
be corféctéavby 0.0116 for each ﬁéiin the final sfgté.

| Tablés IVa through.IV¢ showéd'the:numbér‘of scanned events and the
correcﬁi§ns’ésbthéy Qere applied’tb the data. The gamma multiplicities
’ were obpained from four rolls Qf film fqr each moﬁentum. Théy were then
corrécted fpr non-hydrogéﬁ aésociéted'évents by.ﬁormalizihg the targef
empty.data to correspond to the same number of incident beam particles
as the.;argét full daﬁa, and subtraétihg the eXt;aneous eVénts.
'.'Thé“unceftéinties in the number of éVeﬁts'fbr each.gamma‘multi-

plicit§:és>presentéd iﬁ Tables.IVa‘thfough IVe wére purely stat{stiéal
resulting'fromvthe'Statistical fiuctua;ioh‘in the ndmber of observed
e&ents asﬂQé11 as thosé.in the sémpié being uéeé'in'the>scaﬁning
efficiéncy 6orréction'matrix. If the'céﬁversion effiéiéncy was mié-
estimated byil%, . an érror 1 1/2 times as_largé as the.one presented
inbthé_tables was }ntrodﬁqed. However, even a large errof'in the

feedup éstimétion (~ 50%) did not change ﬁhe é;fqrs.as presented in the
tébles_significantly. _Thﬁs:thé’érfof‘in the.nﬁmber-of events in each
gammé ﬁﬁitiplicity'éategory Qés aue to thebstatiétiéal fluctpatioﬁ of
the observea events és wéllfééithe étrqf»in‘theléstimation 6f'the
'.conveféiaﬁ‘efficieﬁcy; >Thé érfér'used'in the‘crbés—Section'calculétiénS 
Qas'll;/g-times tﬁe.stafistic31 éerr presented in the taSles. |

The cross-sections for xp »n + my's could be easily calculated,
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by setting
s oomy 1L
“my - n_ LpN K
_ o B » ‘
where n_ = total number of incident n s = (1 - _ql)nb
qu = the fréction'of u- and e; contaminatioh in the beam

= the number of incident beam particles‘_ _
£ = the effective length of the hydrogen target (19.75 cm)

p = density of liquid hydrogen at Boiling (0.0708 g cm—3)

N ; ﬁumber of particles ber moié (6.02 X“1023)

:Kvé'faétor to céffect_fér events lost‘dﬁe to the anticounters
The nﬁmber n was just the number of mfgammé evenfs obtained from the
number scanned after the target éméty subtréction% aﬁd the scanning
efficiéncy and‘gaﬁmé détectibn'efficienc§ cbfredtions{ In addition

K= (1= (1= ag)( - may)

where
9, = fraction of events vetoed due tdvénérgétic delta ray
‘production (0.015)
 @3 %ffraétion'of'events vetoéd'due.t§>thé écattering of the final

?Sfaté:neutrbn in the 1iquid hydrogen (0.01)

qy, ='conversion probabiiity for a siﬁglé gamma ray in the target,
farget casing, and anticounter scintillator (0.009)

' 'Hence for Ehevfbur shower events the'crdsé—séctibns ﬁefebgiﬁeh by

oo hy ' 1 - 1 1 1
by ~ nB(_l - q;) (1975)(0.0708)(6.02 x 10=3) * 0.985  0.99 * 0.96k

The scanning and gamma detection efficiency corrections were

- applied next. The scanning efficiency matrix, és.displayed in Sec.
was inverted and applied to the gamma multipiicity vector. No feedup
correction on a shower by shower basis was applied since no clearcut

‘evidence existed to substantiate its use. A non-event associated
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feedup of a'h% probébility for an addiﬁioﬁal gaﬁmé,.éod:a 1% probability
for an additiOn-twobgammas was used. This refiéctod the ratio that.waé
obtainéd by experiﬁéntal méans.and incorporated a maghitudo'that had
been found réasonable in a previous calibraiion of the detection effi-
ciency.32',Tho probability for a gamma ray converting in the ohamoers
was'toén taken to be 899, pér‘gamma ray. This wao'the.besi value
.consisteng for'all momenta and also agreed ciosély with a preﬁious
oalibrafion of the chambers for lower enérgy’gémoas that obtained 87%.32
It wasifOund By Monte Carlo studies, and "also optimization of.tho gaﬁma
‘multiplicites of the data that a larger conversion.probability of gkq,

had to:be.taken for the two shOWer eﬁents_bécaoso of the very speoiaiized
topology of theitwo body kinematics producing fhém.» Both these numbers
were inco?oorated in tﬁe deteo£ion éffioiency.correcfiohs.
—Table V shows the cross-sections for ﬂ-p ¥>h‘+ my's as well as the

beaﬁ cbnﬁaﬁiﬁation at each momenfum. 'Thereiwés é‘io% error in the beam

contamination measurements.) For o, the correction for gamma conversion

S x | . |
in tho-targetrand the surrounding anticounters was taken to be that for
niﬁe.gaﬁma rays in the final state.

u'To'oﬁtain'the totélxhéutralo CrOSS-seotiohé'the cross;éeotiohs
obtaiﬁed above ﬁéd to be corrected for the probaBiiity of balitz pair’
' productioo from the decay in.thé finallstate. In all coseé, exceptvior
the oaseoof the two gamma’events,‘it was assumoditﬁatjtho number of n's
in thé'fingl state was'eqoal to‘the makimuﬁ nuﬁber cbmpatiblo With toe
gamma mulﬁiplicity;‘i.e., even number of;gamﬁgé were assuﬁod to have
,ﬁ/Qﬂ?;s in the final'staﬁe; while tho omall odd number of gammaé,
(m - 1)/2ﬁ0‘s in the finai state. The two shower'events_ﬁere produced .
both'from:zt0 decay and n.décay,_@here thé‘mode ﬁ ~>e+e—7‘was negiigible,

Since about 75% of the two. shower events We:é'ﬁO's_the correction to



Table IVa. Gamma multiplicites at 1590 MeV/c.

No. of incident beam particles for target full = 3.4 X 10

f‘Nd. of incident beam particles for target empty = O.L6k4 x.lo o

6

B :

3T 0 R (O 1 S 1

Lex17

# of #iof éventé ”Z' # of.evénts_r'.Hydrogen v’:'#iof”évenfs affér*, # of-evehtsuéfter #-of*eVents.éfter
gammas  target full target empty - associated scanning effic- feed-up . feed-down
‘ - , events iengxﬂcorrections_ corrections corrections
o 190 12 o1 6esls 65417 50+17
1 815 e 617 528:h1 55343 -86+50
2 562 67 77l 480382 503287 5356114
3 1696 33 | s 1401263 1257468 5ph+121
L 2123 .33 . 1881 - 1901%59 1895+63 2789+145
5 681 13 | 585 5545k 49058 -25+165
6 ‘ 668, 12 o 580 - ’  706¢50»' 703%53 1389&187
7 151 3 129 11743 88:k7 ~13+156
8 B T | 89 12429 119431 1814117
-9

121+h8 -

AN



Table IVb.

Gamma multiplicities at 1790 MeV/c.

‘No. of incident beam particles for target full = 3.8 x 10

6

_.;:No. of incident‘beam partic1es for target empty =0.504% X 10

V.#‘of

"~ # of events

Z of events after

- 30£17.

# of events Hydrogéhi # 0£ events after # Of‘evenféﬁaffer
 gammas - - target. full - = target empty _associated scanning effic- feed-up. . - "feed-down
= L _events  iency corrections ' corrections __corrections
o 164 15 50 1312 . 14213 2413
1 640" 20 489 Li12+35 433+37 =8kl
2 B M571 : - 80 . 3967 ' 390176 L0o88+80 L1k5+107 -
3 1997 29 1778 177169 16877k 9Ok+13k
L 2577 . - 35 2313 2310£68 231772 3140+168
5 ekl 8 780 83064 761269 675+187
6 689 1k 583 618£52 59k£56 . 93211
T 208 208 250453 230£58 165:211
-8 119 - 119 179237 170240 3752145
 9- .28 21+18 59452

-CT1T-



Table IVc. Gamméﬂmultiplicities at 1990 MevV/c.

- No. of incident beam particles for target full = L4, 08 x 1Q6l
,_>'_ _ No,v§f incidentfbeam particles_for target empty = 0,596 g 106
# of # of events # of events  Hydrogen . # df‘events'éftéf "#.df events-aftéf ' #jbf;eVénfs'éftef
gammas target full = target empty = associated scanning effic-- feed-up o o feed-down
’ events _ iency corrections corrections __corrections
0 148 13 | 59 23:lI2 o130 12#13
1 530 . .10 461 394+33 | 13235 b7k
2 hosh 69 3502 3502472 3669+76 3719103
3 2015 33 - 1789 kT 1680+75 - - 583t1k0
b 2046 _v': 37 _ 2692 } :2720i7& o 2754+79 3884£185
5 966 . - 13 ' 877 89870 81179 - Lo7209
6 803 10 73k . 86060 - Blo+6h ' 51503i227
T 230 .' T 18 - 194#53. 160%58 . - 161#203
8 135 ok 107 C136#3% 127237 134139
9 e 3 5k . Theo | 121 191£59

-HTT-



Table 1IVd, -Gamma multiplicites at 2190 MeV/c. _ »
- No. of incident-beam particles for target full = 5.0 X 106 o
~ No. of incident beam particles for target empty = 0.661 x 106

- # of events after

141+35

# of events # of events - Hydrogen _ # of events after # of events after
‘target full ~ target empty associated = scanning effic- feed-up _ feed-down
_ : Co events __iency corrections corrections qdrrections
0 153 11 » 69 L3612 38:13 33113
1 u46’ » 12 - 355 275+30 289+31 - -159+38
e 337 %9 3490 3372471 3537576 3562410k
3 oo3h o 1976 1900£75 16848280 Log+15h
4 3609 - b1 3208 3337#84 3398490 k7622214
- ek 19 1100 1129483 1026290 - 560251
6 104k 15 930 1052272 1029+77 18651088
7 w8 283 277271 23776 551200
8 239 2 o223 302455 29459 - 39£231
9 . 113 o 113 155434 - hoe+101

~GTT



Table ‘IVe., . Gamma multiplicities for 2390 MeV/c.

No. of incident beam paftiples for target full = 5,2 x 106‘
, . _ No. of incident beam pérticieé'for target émpty = 0;737 % lo6, o
# of : # of eﬁents # of.eventS" Hydrégen ~ # of events after # of events after # of events after '
.gammas . target full target empty . associated scanning effic- feed-up N - feed-down
o : ' . events " iency corrections corrections corrections
0 s 2 10 1316 EEUSEIL AN | 134217
1 k1 20 335 o erhizr 282430 -7h35
2 3278 - 59 - 2861 - 2723%65 | 285368 - . - 2797%95
3 2059 3t 180 - 1790£71 1761276  hB1£1ss
4 3275 - 37 3013 . 3053t79 311028} 409201
5. ey 2k 99k 995478 ‘ 89885 | - b174238
6 . }948_' 8 891 - 1003+69 ‘ 985+7h 1680+278
7 331 7. 281 308469 27375 . 210278
-8 230 6 187 - 252150 . - 2hk1453 . 31620k
.9 102 2

& g - 105430 299485

9Tt
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combehéate for the production of Daliﬁz pairs was taken to-bél
l.O)[O{?S x (1= 000116)] for these'events. .The'total neutrals cross-
Séction;vﬁéré preséﬁtea.in'Table VI.' |
Tﬁe total néutrals croSs-sectioné could be obtained by summihg all
" the events after the target empty sﬁbtréction,'regardless of which
shower multiplicity cétegory they belong té. Also,iall corrections
excepﬁ'for gamma conversion in the.target.and_Déiitz pair production
could be'madé without knowing.the gamma multiplicities. Thus the error
in the total ﬁeﬁgrals cross-section arosevonly.from fhe statistics of
: 7/ ) . co
the Whéle_sample and not from the erroré'introduced by scanping
efficiency_corrections aﬁd gamma detecfioﬁ effiéiéncy corrections, '
eﬁcept for the error introduced by the final cbrréctibn dependingvon the
| : . N :
shower multiplicity.
.Tablé;VII dispiays the tofal neutrals érdss—séctién withoutvand with
the corrections dépending on the shower multiplicites._
Thévérrors for the total éross-sectidns cgrrecfed for gamﬁa ray
conversion in the target area and Délitz pair bfdduction wére then

obtained by writing

n
G = = 1 §f N o my
3 nopzN(l - qé)(l - q3) (1 ~ m 0.009)(1 - m 0.0116)
<5  -~ 1 | R o "my
o n eN(L - g, )(1 - q3). L. (1 - m0.0198)
) . 1 ’ s u . . . L
~ / ’ o+ s01k
n PEN(1 - q)(1 - 'q3) . ‘;n* m7(l.-fm 0 Ql?)
L (0.0148) A
Go i nopﬂN(l = ql)(l - q2) : > mnm')"'
'Theq'i ' v ‘
2 2 --(o."01!+8)2,

80° =50 7 + : - : o
6,g_ e [nopEN(l - ql)(l - q2>]2 e K< SnK75n£7> Y/



‘Table V. Cross-sections for x p > n + my's in mb.

‘iiitntum 1590 MeV/c 1790 MeV/c 1990 MeV/c 2190 MeV/c 2390 MeV/c
contanination 111 076 L0686 038 | .028
No. of gammas N ) . ' :
0 ' 0.020%.010 0.001+.006 © 0.00k+.,006 - . 0.009%.005 0.03éi.006".
1 ~0.035+.031 . -0.029%,023 0.015%.020 ,-0.0uOi;Olh"‘ -0.018+.012
2 2,158,069 L 1.438+.056. 0. 189%. 049 0.902+. 039 . 0.674+. 034
3 0.211%.073 0.314%,069- 0+ 186+. 067 0.103%.059 © 0.111£.052
T 1.124+.088 1,089+, 088 1.241+, 089 ' 1.206+.081 ©1.062+.072
.5 ~0.010£.,099 - 0.234+.097 0.130%. 100 0.142+.095 0. 100+. 086
6 0.543+.113 . | - 0.32h.109 0.480%.109 _,O.h?Ei.lO9‘ 0.403+.101
T ~0.005+.101 0.057£.110 o.o52i.097 0.01h4+,112 - 0.051.100
':8_ 0.073i;07l 0.130£.075 0.093+.067 0.088%,088 0.076£.07h
>9 0.049%.029 0.020+.027 0.061+.028 0.102+.038  0.072%.030

-8TIf



Table VI. .The partial cross-sections for x p - (neutrals) in mb.

Béam momentum | 1590 MeV/e - _._ 1790 MeV/c - '1199O*Mey/c - 2190 MeV/c

No. of gamma rays L
in corresponding
- m~gamma final state

o 10,020,010 . 0.007£.006 0.003%. 006 0.008%. 005

1 -0,036+,032 . -0.030+.023 -0.015£.023 - =-0.0k1#,01k
2 p.obbE, 717 1.495+,058 1.236%.051 0.938+. Ol 1
3 0.224+.077  0.331+.074 0.198+.071 10.110%. 062
o 1.20k+., 004 1.168+.093 1.3304.099 . 1.202+.087
5 =0.011£.109 . 0.256%,106 0.142+.110 0.155. 10k
6  0.601%.125 © 0.358t.121 © 0.531.120 0.522¢. 121
7 -0.006%. 11k 0.064:.123 © 0.058£.110 0.016+.126
8 0.083+.081 ©0.148£.085  0.049+.076 - 0.101%.100
5q

0.057£.034 © 0.023+.031 © 0,071,033 0.1192. 045

2790 MeV/c

t
o O

o O O O O = O O

.032+%,
- 018+,
.701%,
.118+,
.139+.
« 110,
L4 8+,
057+,
087+,
.08hz.,

006
013
036
056

78

oSk
111

113

o84
037

-6II—_
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Table VII. Total cross sections w p — (neutrals) in mb.

Total cross-.
sections with
out corrections

depending on y u.13i.o96 3.56+0.076 3.45+0.072 >2.99i0.060 _é;56io.o51
multiplicities ' : , _ .

‘Beam Momentum 1500 MeV/c 1700 MeV/c 1990 MeV/c 2190 MeV/c 2390 MeV/c

Total cross-

morating all | 4.38:0.103 3.8240.082 3.6020.076 = 3.2220.066 2.76+0.056

corrections

/

A comparison of the data on'thé total cross~sections for this
experiment and othervéxperiments has Peen‘presented in Fig. 18. It
could be seen that within errors the results of the present ‘experiment

49

agree with a number of previous ones. The data of Carroll et al. s

51

Crouch'et.al..SO Bizard ét al. and Feldman et 31;5? have been presented.
Sinée-a number. of the points hadftb bevobtained frdmrgraphical presen-
\’tatiohs in.publishéd works they may not be'as accurate as could bevv
desired.

| itﬁshouid be noted.that the total cfoss€5ections of Feldman,ef al;
have the Stréngé parﬁiéle pfoqﬁctidn pross;sectidhs subtracted from thé
data. vThe main ﬁéaes.of.straﬁgé parfiéle frpduéfion ére nnp —yAK?'and )
H—p »aZoKo;, The éross-sections for nfp - AKo_range from 200 ub to_175
b in the energy region of fhe experiment, while those for ﬂ‘p - 52%x°

range from 175 pb to 110 ub in this same energy range.53

~The subsequent

neutrai decays of the_pfoduced sttaﬁge particles that COuld contribute to
the trigger are’oply_~ 30% of tﬁé‘final sfate, S0 that ~ 3fté Ldg of the

data taken iﬁ the pfesént_eiﬁerimentiwaévof strange_particle production._;
In addiﬁion none of the decays of tﬁe-Stfange'pa%ticlésvéould_bontribute .-
ﬁo the cross—séctioﬁ'of.eveﬁtslp;bduced‘as four gammas in fpe final étate,
so that.the corrected four showér.érosg-ééction is'also_thevc;osé sécfion,'

' . - 0 0
for the reaction x p »nn n » .-
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V. PROPERTIES OF THE °n°n FiNAL_ STATE
Théfgamma events. for:ﬁhé data‘with the'neﬁtron couhtér coihcidénce

in;thé spark»chamber‘trigger wereifit'to the hypothesis ﬁ—p ~>ﬁoﬁon

(a 6c‘fit)..'(A‘samp1e of the data.without the neutron coincidence in the
triggef was fit to tﬁe éame hypofhesis'ﬁé a check on the ndfmal trigger
data. .Thé‘resolution for this sample was worse thaﬁ for the normai
trigger'dafa‘so that most of the.analysis'wés done on the data taken
with the‘hormal trigger. ) A 1% confidence level éﬁt was made on the
intersection point fit, as well as the overallAkinematic fit. F&f the
‘kKinematic fif; the confidence level distributigﬁJWQS'flat‘aboVé tﬁe |
5% point,ihad a genfle slope befweén the 5% and 1% level and then had
the usual largé increase in events below the 1% confidence level point.
The.déta ﬁere.examinédAboth with-the 5% confidénée 1ével cut and the 1%
confidence léﬁél cﬁt, without any.significant difféfenpes being found
in the fesulting deScription of the ﬁoﬂon'final;state. Tﬁus”to iﬁcrease
the statistics the 19 confidence level cqt was.chééeﬁ, although in the
vregidn'dffi to 5% there was a_slight'deviation from the -desired fiaf
dtstribution. R

'Examination:of tﬁerﬁonon final state disfribﬁtions revealed that

the diéion;was produced'pe;ipherélly énd that a.cbns;derable‘enhancement
. existed in.the (n-7°) mass spectrum in the A(1238) ;egion;' Thus to
_isolateiéhe,ﬁ;n interaépion a periphefai.cut ﬁas méae'éo ﬁhéﬁ the cosine
‘rof‘the’dipion production'angle in the c.m. Was:greaﬁér'than O.8,laﬁd a
cut was also made on the (ﬁ - 53'invariénf mass in the region 1100 to
1300 MeV to eliminate the¢5(1238) cohtribution_to the final state. To
isolate the I'='O;>J % 0 ﬂ-ﬁ'intgraction, the dipion mass was re§tficted
“to iﬁ&ariént_(ﬁfg) masses béldw 1'Gev;vsinc¢ a'Strpngvd~wave contri-

bution to the data was Obsérved-in'the'region'above dipion masses of
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Table VIII dlsplays the number of events remalnlng of the data
sample es a function of the_varleus cuts. Each column of the table
includes all of.the pfevious cuts, in addition.to‘the one specified.

It shdnld_be noted that the events are not normalieed to the same
numberxof incident beam partieless
%

The table indicates that 25% of the pessing events feiled the
intersectién point cut, indicating‘that the directions of.the gamma rays
and the‘beem particles:were not well deternined. The large number of
'fallures in thls category were malnly due to the reconstructlon program
DHARMA-HS. Another 25% of the pa531ng events falled the confldence level
cut for the kinematic fit itself.

Te nndefstend the 75% failure rate of the fonr shower events an

7attempt wes made to enumerate the possible types of failures and compare

- -

them tQ the number of_pasSing events. ‘The total number of events was

constrained to total 36,000.

PasSing events ~ 11,000
DHARMA-HS fallures (10% of passing events) ~ 1,000
SIOUX fallures (5% of pa331ng events) :- S~ 500
Neutron scatterlng SQ% of passing events)e) ~ 5,500
Mis—seanning (15% ef all events) .Ilv'f) 5, 500
.Gamma detectlon 1neff1c1ency (10% of all - .~_ ~ 3,500
events) :
Bad neutron tracks (5% of all”events) L ~ ’1;500
Non-hydrogen a35001ated events (10% of . -3;500
all events) -
..Randqms 10% of all d.ataj'_‘ | o - '3,500_
Otners o .'. | . '; o~ 500

The neutron scattering estimate was based on 25% of the total passing
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 Table VIII. TFour shower data fit information.

fNominal | Total numbér.df - - 'Passing eVenés'for fit to the hyﬁothesis ﬁ-p _;ﬂoﬁon
. momentum L gamma events ‘Total . Interaction ‘Confidence Peripheral = A(1238) invariant-
. o : ' - : point cut level cut “eut - mass cut '
1.6 . LBl2 161k o193 - 893 0 N
1.8 Cosekl. o7 118 882 . 52 183 85
2.0 . . 7029 235 o 16k2 . 1086 419 186
2.2 8320 2k81 - 1751 1152 - kes T 219
o 10b59 3056 2099 1334 501 oy
- 36261 10720 1861 5017 1828 o 798

2T~
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rate m@ltipiiéd by an estimated average muitiplicity‘of neutfons;in the
final state of,two.h“The bad neutrép fraéks consisted of doublg»neutron
coﬁnter triggers which were mainly attributed to soft gammas. The
randoms Qere estimated froﬁ thevpré—prdmpt'peék timing data and again
were att:ibuted fo a room'background‘df néutroné.".

1. The Data.

»'If the_étudy of the ﬁroducéidn expériment ﬂ—p.">ﬂ?ﬁoh were to.yiela
any inforhatibn on'the -1t charge ekchange sCattéring parameteps, it
should have_certain‘genefal features consisteﬁt with some modified form.
of the onefpipn exchange.model. This implied that the_dipion.should_be
‘Periphefaliy pfoduce& or that most of the observed:eVénts were obsérved
at small momeﬁtum'trather valﬁes.: Secondly, if oﬁe were particularly
intereSfed in-s-wave'effécts iﬁ.the iﬁtéfacfioﬁ, tﬁen, in the dipion rest
framé, the s-7x angulér distributidns.shouid be cdnsiétént wifh iSOtropy.
Additibﬁal'carevshéuld also be takeﬁ to‘ensuré'that otherppssibie effects
in the final state did not dominate and obséure ﬁhe gt interaction. Thus
va;ious n-i enhancements and resdnaﬁces ﬁad to beV1501atéd aﬁd their
effeéfs minimized. In particular the effect of the A(1238) had to be
undegstoéd. |

The momentum transfer diStributibn;{t = (pn'— pn)g} for the reaction
ﬁip - 1°:%n for all momeﬁfa combined is shoﬁn in Fig. 19, bbth.fér.data
corrected'and uhéorreé;ed fof.néutrdﬁ inelastic séattéfing effects. 'Thg
distributionvpeaks.sharply.at sméll,t values,_iﬁdicaiiﬁg that the reéctioﬂ
is indeed pefipherai; VFigure 20a displays tﬁe‘dipipn invariant mass
o (agéiﬁ'fof a11 momenté).fOrwaipion'c;@; pfodu¢ti§ﬁ angles having cosines
greater than 6.8. 'This:cuf,restricts the eveﬁtg to the peripheral region
enhancing‘the =7 interactionr A'phase spacé‘curve nérmalized to the |

total number of events and reflecting the neutron counter geometric

~
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acceptance has been'éupefimbosed.\ Figure 20b shoWs the njno invapiant
mass,.again for the peripheral region, and indicates alstronglﬁ(1238)‘
'contriBuﬁion. vTo isolate the -1 iﬁteracfibn in the further étudy of
the data, a cut was made on the nQnoinﬁarient mase from 1.1 GeV to 1.3
GeV. All data were in&estigated with aﬁd Without this cut.

The cosine of the neutron production engle in the c.m;vwith respect
to the pfoton direction is displayed‘inIFig. 21, while the t and
(t - tmin> where tmin was the minimum momentum transfer possible fo? a
given dipion mass, distributions are displayed in Figs. 22 and 23
respectively. Separate'distributions’afeIShown.fdr each of the incident
beam momenta, as well‘asvthe'totality offall the date._ A‘strong peaking
is observed fer Small t, and neutron prpdﬁction angles close to zero »
degrees, indicating that the 0ne-pion(exchange model had some degree of
Qalidity in deecribing the reaction.’ In Fig. éh is displayed the t-
distribution after a cut had_Been'made on the invefianﬁ ﬁass of the
(n-m) Syétem; This cut removed those eveﬁts'for.which‘either combination
of the (n—ﬁ) invariant masé Was befween 1100 and lBOOvMeV. The data
still exhibits its peripherai behaviour»after fhie;cuto,'

: v/ o e . s

Figure 25 shows the t &istribution'for the corrected data as a
functipn Qf the n-x mass for all momenta. It was noted that under 1 GeV
of the st mass the distribﬁtions appeared similar;'while aboye 1 GeVv
tﬁe distribution has a much less peripheral behaviour. The t distri;
bution for‘all evenﬁs having -a wx mase below‘l GeV'is displayed;in
Fig;_25f; Figure 26 shoﬁs'the“eamerea;e_with_e cut in the n-1 invariant B

mass straddling the A(1238).regién:.”
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*  The data displayed’a definitevchange in the production angle
Behaviour for the cosine of the neﬁtron'production angle in the 0.8
region;  Hehee a cut was made to eﬁhance ;he peripheral nafure of the
data at this point. '

The_dipion mass in the peripheral region is shown in Fig. 27 for
each of}the incident momenta as well as for all ﬁomenta combined. The
same distributions are’shewn in Fig;'28vwith the A(1238)>mass region .
removed.. It should be noted that the n-x phase.space peeks for large_ -
dipion-maéses because of the“geometfic acceptance facter.. Thus any

enhancements in the dipion spectrum should be considered with this in
mind.‘ Figure 29 shows the massJSpectrum for all momenta with and
without ;he neutron scattering andbneutron eounter efficiency corrections.
Figure 3b shostthe'Same mass spectrum elsd‘corrected for the angular
acceﬁténee.

Tﬁe'n-n invafiant mass for tﬁe-peripheralxregioh is displayed in
Fig. 31 fer each'individual mdmentum, as well aslall momenta combined.
Figﬁfe 32 displays‘the'(n-n)'inyariant mass speétruﬁ for all momenta with
add'withoﬂt.the neutfon scattering_and'neufron couﬁtervefficiency
correetione. A étroﬁg enhancement can be observed in»the.n-ﬂ invariant
mass spectrum at the mass of the A(1238):iﬁdicating’that reﬁghiy'50%

. . . : . , s, : - O 0 o o
of the final state proceeded via the interaction n p A n = (nx )x .

" The presence of the strong A(1238) signal made the study of the s-m

interaction more difficult.

AFigure 33 shows.the dipion.decay diétributien in the dipion reste
frame cofrectea for neutron scettering‘and neﬁtron counter efficieney.
Figure 34 shows the.éame~di3tfibutiens_withvthé A(1238) mass cut. From
Fig. 34 it was-apparent thet up to dipioh'maSSes’of i GeV the angular

distributions were isotropic and that the enhancements in the uncut data
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for aécay angles near zero degrees were due to the A(1238) background.
It should be noted that‘affer thé A(1238) cut isotfdpyxin the -7 decay
éngleé doés not imply a flat angular distribptiOn,vbut rather one th;t
is depleted for angles near zéro-degrées.» However; above 1 GeV the
angulaffdistributiohs méintain a strong3énhanceménf near dipion decay
angles of éero degrees, even after thev4(1238) ¢ut indicéting-a strong
d~wgve component. "This was tO'Be expected, éincé fhe'f0(1220), a'spin

2 particle, begins to dominate the n-r spectrum in this region.
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2 Parametrization of the Momentum Transfer Distributions

The data was parametrized in terms of the one pion exchange model.

The differential cross-section was written following Eq. (32) as

3. v
d”g 1 I f(t,s) do
o - \/ q| 24
dtdng h )2 2 M? 2 v(t - IJ‘2)2 dq

and a maximum likelihood fit to,the data was obtainedqur the form
factor defihed;as' ' o
f ' £(t) = l;% o a(t - Hg)
. _ 0 ‘

- where the factor |t|/p orlglnated from the p-n coupllng in the one pion
exchénge'model, and éa(t e ) was 1ntroduced to account for absorptlén
in an approximate way. ‘. <

_As.already statéd, it Was_dbséfved that the nx‘x° final state
contained a large A(1238) signal which also éppeared to be stronglyv
‘peaked fér_sméll t = (pn - pp)2 values. To obfaiﬁ the one pion exchange
parametérsAuncontaminated by the A background a cut was imposed on the
(nx®) invariaﬁt méss before a fit was made to the t distributions. ' In
additiod since only the mx écattering parémefers were desired, the fit
wés thainéd fqr the periéheral region only restricting the

events to the momentum transfer region for which-- 0.2 <t < tcut—off’

cut-off »
The LBL. Group A maximum likelihood fitting routine OPTIME was used

where t . = - 0.029 GeV, and was duglto the timing .cuts:

“to-obtéiﬁ the fits. The pfogfam did avfit on ‘an event by‘event-bésis
compéfing the'data’to a.sep of ﬁonte Caf1d four veépors for the nﬁonO
final state incorporating all the geoﬁetric and kinematic cuts of the
data. ‘In this way.if the’Monté;Cafld.éVeﬁﬁs éorrecfly reflected the
Hkineﬁétics of.fhe-da;a no biaSeé'Weré‘ihtroduééd_ihto the fits as a
consequence of the neutron counter acceptance.énd efficiency as well as

the timing gate cuts. Similarly the (n-w) mass cut and the momentum
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transfer cut did not bias the fit if the Monte Carlo integration points
were subject to the same cuts.

Fits were mide to the data in three different t regidns

a. - 0.27 <t <t
b. - O. 19 <t <t
c. - o.1o <t < t ’

\

and the reeults were compared. 1t was found that.for regions b ahd c
they were,qhite similar,-while forvregion’a they differed ffom those of
b and c. 'in additioh it was found that good fits te the momentum
transfef distribution h(tj,-where h(t) ='f(t)/(e é'hg)g were obtained
only in the regioh below l\GeV‘of the dipion méss, while-for dipion
masses 1arger than 1 Gebelts could be obtained to the funct10na1 form
h' (t) = ea(t E H ), where the dipion_pole.term had.been excluded. The
fact that'the @omentem transfer disefihution changed above 1 GeV
indicated ﬁhat the‘oheehion.exchange model was starting to lose its
vaiihity in thié region,.where the availeble kinetic energy was getting
smaller‘and peripheralzproductien was not neceseariiy'expected to be
validgv The results of the fit are shown in Table IX.

Table IX. Fit parameters for the t. d1str1butlons.

v ‘ m < 1000 HeV : > 1000 MeV
t region
‘ h(t) - (t u ) 1;| h(t) a(t ) u2)
_ (t - u ) B
- 0.27 -t a = 3.5:0. 6
- 0.19 - t_ Ca = 5.68t1.0 :
- 0.10 - £, a = 5.55%1.0 ¢ a= 1.0620.2

The'fit_Was.done for all momenta combined, and then the resulting
fit cdmpafed for eachhindividual‘momentum for normalization and for the
goodness of the flt.

, The results of the fit have been dlsplayed in Flgs. 35 through 36

+
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-Fig.>35.; _Fits to.the t distributions. The.data is for those events

having a dipion production angle'whose cosine is. greater
than 0.8. The parameters for the form factors were
obtained in the fit to the t region (- .19 < t < -.029)
and then the resulting curves using Monte Carlo points
.corresponding to the histogram data were integrated and
normalized to the number of events in each histogram.
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Fits to the t distributions.  The data is for those events
having a dipion production angle whose cosine is greater

~than 0.8. The parameters for the form factors were obtained -

in the fit to the t region (-.19 <t < -.029) and then the
resulting.curves using_MOntesCarlo points corresponding to
the histogram data were integrated and normalized to the

‘number of events in each histogram.The figure on the lower

right-hand side shows the |t -_tminl'distribution.
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For thésé figures, the.paramétrizétibn of the ¢ distribution obtained
for the t region (- 0.19 <t <»t;)‘have been.éuperimposed on a data
sample-corresponding to a 1arg¢r t interval, namely détavhaving a dipion
produdtion'angle-whose cosine was greater than 0.8. The poinﬁs for the
cﬁrves weré:obtained by a Momte Carlo integrafion-bf the momentum trans-
fer functions obtained in'the‘fit; and a smoothmcurve estimated from the
Monte'Caflo'points.- |
a(t - u )
The overall fit of h(t) = fL—f————;—— ( ) to the t distribution is -
t - u

shown in Flg. 35, the fit as a function of the incident T momentum.

Flgure 36_shows the fit as a function of the dipion mass. For masses

a(t - u°)

greater than lvGeV,_Fig{ 36 shows the fit fofbthe-fdrm factor e 5
with a set to 1.06. The t' - (t -t ’n) diétribution also was fit
”adequately by the same parametrlzatlon. The fits for this variable are

 shown. in Fig. 36.

3. _The ﬂ;n~ScattériEg;CrossFSéctions

‘The n-x sééttering matrix element énd_phéée shifts were.obtained
using the form factors found for m o o <1 GeV fof the peripheral region.
This did not represent the productfog distribution above 1 GeV very well,
but since-:he t cut impoSed:to extract the I = C,.J = O_scattering cross-
sections gliminatéd most of the high mass region, any discrepancies
introduced by using the. form factqrs,for.tbevreg%on below 1;GeV were
considered to be minimai.

Ihtegrating Eq. (32) over the sdiid‘angle, and accounting for the

Bose statisticsAsymmetry,'one-obtains

3% _ 1 2,2 (t,s)
Otds | '(h M? 2 [v.’CIlg (e - )A

2 o
(60 -
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ain?(5° - 52) = 380 o 1 a2 [Prav | (¢ - %) o
! (o] o 2 . > o . /____,‘ lql f(t’s) Tedt .

and éetting

=2Ys dnm (where m = m )

. oo
. T
rreie ‘ Ja' Pl 2] .. 2@ 2
sin2(60 _ 82) ~ 18y L lab™!' (£ - v )" dg
T Yo o’ -2 s |q] f(t,s) dm_Jt
2 W S ’ Tt
v ,
Furthermore N i
3% - , | §
BEE;SE_— = total - Am 1iFO - L {n(m-+'2$&tt + At) - n(m,t)}
total -

At -0

where n(m,t) is the number of events with mass m, and momentum trans- '

fer t; while ntotaf is the total number of events observed in the

reaction at a given momentum.

Hence

o 1‘6512 s a £(t,s) Am — 0 . AmAt

total
' t -0

and changlng the order of taklng the 11m1t, and settlng

JL—— £, (F 0.0822)
32ﬂM?
sin2(6° - ;% Ttotal .
. f2 Mtotal Amt -0
' At. -0
- ‘ : : ) v
1 Z 1012 1Prapl” (& - @)

: Am.At, events in = s|q| f(t,s) J
- o ) amt ' : o

where we summed over all events in ith mass bin and the jth momentum
v . ‘ ' v .2, 0 2. .
transfer bin. ‘Then an average value of sin (60 - 60) in the region

{(ml,tj ).,v (.mi + Am, tj + At-)} could ‘be bbi:ained by removing the limit.

sin2(5§ -5 ) = 2 1 »lﬂ,J 1ab .(t 4 ) tOtal{ilim 'An!mzt%}.
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_ 2 g
, 2, 0 2 9 1 %total A‘dij(m’t)
51n_(60 B 6o>ij 16 2" n , Am, At
' ’ f2 total T i
where :
. ' 1®py |7 2y2
A'Qd (myt) = y : lab. = (t -y )
R 1 A (. s |q] _ f(t,s)
> o ~ The data with the‘neﬁthﬁ couhtef'éoinéidehce in the spark chamber

triggér ﬁas used to'calculatehﬁhe ﬂ—ﬂ‘scaﬁteriﬁg crossjseétiéns; As
aiready O§tlined this data ex;ludea certain‘cétégofieé of evehts:

a. neutroﬁs with Bl<_o.17"1 | ”

b. ' neutrons with B > O.85I(the PPKHtiming cut)

c. neutrons with prdduction éngles 6utside;the aﬁgulér region

subtended by the neutron coﬁnters (12 deg to 72‘d¢g in the lab)

In addition évents were excluded becauée éf | o

d.‘ neutron inelastic scattering in the spark‘éhambers

e. geometric accebtance'bf the neutron counters |

'f, effiéiéncj for”fhé detection of neufroﬂs by thé.neutfon counters.
Finally a cut was impoSed on the data CbrreSpéndihg to the.A(1238)‘region‘

g. if the invariént masé”df either éombinétibﬁ of n~n° was in the

 region I.l'tg 1.3 GeV the,eVent §as not considered.

Sincéithe confidence 1e§e1 cuts (see Sec. V) eliminated a

1argé sample Qf the events passing the kinéﬁatiq fifting'routihe SIOUX,

* it was felt that the absolute normalization of the data taken in the

normal trigger mode was unreliable. However, since the total cross-

¥

. . o o_ . ST, . , :
section for mp — w x n had already been obtained (seé Sec.IV)
it was felt that the data could be normalized to this measurement.
To account for the timing cuts and'ahguLar cuts corresponding to.

a, b, and c the total cross-section was normalized to the fraction of

events with these cuts imposed. This was done by taking the kinematic-
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ally fittédvsamplébof the data.withéut the neutron céﬁntér coincidence.
in the ﬁriggqr which did not include-thése-cdts,(after the 1% confidence
lé%é@}cuts fof fhis daté)itO-obtain the réﬁio'bf events with these cpts
iﬁﬁéééd to those without the cuts; It was felt that, although the
events;'without‘the neutron parame;efs_being determined,‘had poor
resolution; the data was still acéurate enough:to yield the required

ratio to ~ 5%.,'We set

number of events (velocity and timing cuts,: angular cuts), NFS(cuts) -
‘number of events (no cuts) : ~ NFS(no cuts)

Tovcorrect for neutron scattering, geometric acceptance, and
neutron counter efficiency, the number of events was wWritten as the sum
of the weights v

. 212y . sc
Ttotal = -2:( n )'Sln@ w

. i

where i ranged over all the data with the neutron counter coincidence

included in the trigger, and where

n = the neutron counter efficiency

N (8,E) .
sc o) _ . . L :
W’ = NT@?ET_ = the.rgtlo of events produced at- a neutron lab anéle
of ©® and energy_E,'to those unscattered for the same ®-and»E.
Hence . ‘
.. 2,.0 2 1 NFS(cuts) - 1
s’ (6 ,-a)—%‘— - :
o f2 “total NFS(nQ cgts)v N otal
AL, M. .(no cuts) '
v i ij
X AmAt, . M, .(cuts)
i 13 id
AL - Z s '|® IPlabl (¢ - °)P° 212 win ouS
ij = : rs-[q[ f(t s) ' 7 '
: Am1 . : 2
AtS

where Adi, included an (n—n ) cuts as well as the. t1m1ng cuts and the
angular cuts 1mposed:by”the geometry and the electronics. ‘The repop-

ulatioﬁ of the'numberlof events in each.Am&'Atj biﬁ-tq dccount for the

"
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(nn®) cut, the timing cuts and the angular cuts, was obtained from the
Monte Carlo events by considering the sums
PR Y L
Mij(m’t) = o sin 6

rmae, s ldl
iT

with aﬁd'without'ﬁhe (nﬂo) cut'and the4timihg'cﬁtS'imposéd. '(The‘

anguléf cut was not considered sihce it main1§ affected the high mass
region,'which_was of little interest in the_analysis.)
' The expression for sinz(Sg - 62) obtained by the method outlined

above, was correct for each individual momentum. - To obtain a weighted

average for all the momenta combined one took the average

: | . 2,.0 2 -
'2( o 2) o E: nip sin (50 ~ 6o)ip T

801- 69 = §:‘nip.

where the numbers nip'were the number of ﬁeighted events at each

~si

momentum -for the normal trigger data.

. . S92, 0o [o¥ . . ' . B
The error in sin" (8 - 57 ) arose from the error in o and the
: S o o S E < - total : .

‘statistical fluctuations of the various sums forming the resulting

matrix element calculation. In particular, because of the normalization
to the data without the neutron counter coincidence in the trigger, the
error due to the neutron counter efficienéy was not present. This
resulted from the assumption that the errors in_the efficiency arose
mainly from the calculation, which was not ‘detailed enough, and not from
the:method in which the neutron counters were calibrated. . Thus the
errors scaled in the same manner.for all counters and could be elimin-

v . 2)
.O.
- The square.of the matrix element was obtained using a single t

ated by division in the determination of sin?(Sz -5

region for the calculation for each mass bin of holMeV, since there was
N

not enough statistics in the final sample for a good extrapolation' to
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the pion pole (t = H2).\ The palculatioﬁ was done for At =.(— 0. 19, t;)
and At = (F‘O,i,'tc) with the samé form factdr, ea(t T “2), a = 5.57.
it‘was.fouﬁd that the resulting square of.the matrix element agreeﬂ
cloéely for both calculations indicating that if an extrapolation could
be que, it would.probably yield similar reéults. Table X displays

sing(Bg-ﬁ Si) as calculated for both At intervals, while the results

have been graphically presentéd in - Fig. 37.

Figure 38 cdmpares the present solution withvfhat ofVSohderegger_et
ai?6 and Shibata et alfzh It can be seen that the square of the matrix
element.doesvnot reach the unitarify liﬁit, but does agree with these
previous solutioms for the giQen form factors ﬁsed in the defivétidh
above TSO‘MeV of the dipibh.mass{'

If/it was assumed that the unitarity 1imit waé not achieved because
§f the liﬁitations of the form fécfor model, and that it was but a mere |
scale factor that prevented the‘unitarity 1imit]from being attained, a
cofrgction'could be maée.by multiplying each.point of'the;matrix element
by a qonstant factor. Tﬁe resulting pHaSe shifts could then be compared
to the solutions df Gutay et al. 19and Schlein et 31.21 The solution
for 52,isupresented in Fig. 39 and shoﬁld'be compared to the results
bresented in Fig. 3. It can be seén after the normalization (which ié
_ difficult.to jﬁstify) the»ﬂoﬂo spectrum is compatible'with_the’down—up
solution as shown ih Fig; 3. | |

| -

| , - | o galt =)

Figure 40 displays the function ———%——2;754
. o , (t - u)

normalized to the dipion mass spectrum at each incident szt~ momentum for .

257

-t , 2,0
‘ME,_SIH (60‘ 5,

those events having a dipion production angle whose:-cosine is greater




o5

 sin?(83-8%)
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Fig. 37.  sin (5 -8 ) as a functlon of the dipion mass.

for two dlf_ferent At regiomnse.
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Fig. 38. Comparison of sin (60 -_50) as obtained in this
experiment with other experiméntal results. (The '
- point with the large error bars at the K mass has

been obtained from Ko‘deéay.) .
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Fits to the dipion mass spectrum (after a A(1238) cut).

The data is for those events having a dipion production
angle whose cosine is greater than 0.8. The parametri-
zation for the fit was obtained from the calculation in
the t region (-0.19 <t < -0.029) and then normalized

- to the approprlate region of -the mass dlstrlbutlons.

Note that the fit does not include the high mass
region since all of these events lie outside the t cut.
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Table X. 'sing(sg - 8(2)) as a function of mr‘x°

" oo -gin?(az - Bi).for sin?(ﬁz.-‘Si for
| ot = (- 1.0, - 0.02) At = (< 1.9, -'0.02)

280 . 0059£0. 0060 .00930. 0061
320 .011420.0115 .0551%0. 0210
360 . 0615£0. 0320 034 120. 0242
400 - 14630. 0641 . 11520. 0428
kho . 1007+0. 0532 . 146640.0485
480" . 1157£0.0562 .09430. 0361
520 .2858+0.0970 .3416+0.0853
560 .2064£0.06Th <2386+0.0637
600 . 1346+0. 0560 .2137+0.0605
640 .2562+0. 0817 ~ .3120+0. 077k
680 1841£0.1103 . 44230.0898
720 . 3452+0. 0877 . .3271#0.070k
760 . 5229+0. 1109 ;4978io.0913'
- 800 .3476+0.0818 . 5232+0. 0939
840 . 3734£0. 086k .4035£0.0755
880 . 2617+0.0696 .2627+0.0559
920 . 1942+0.0588 . 3377+0. 0692
960 .10210. 0377 .2913+0.0635

1000 .0799io.o361 . 17660.0472 *
1040 .005920. 006k .0580+0. 0225
1080 .0 %0.0 . 0759£0.0288
| .0332+0.0150

;0127¢o.0098
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than 0;8. It will be observed that the cufves‘dovnét extend past 1080
MeV in tbe‘dipiOn masé, since this regibh lies putsidelthg'At>binning
region usedlto obtain the ﬁﬂ scéttering parameters.-

b, The‘A(1238)'Contribution to the Final State

Once the parametrization of the ﬂ-ﬁ‘scattéring vertex had been

. ’ - o - . .
obtained for the reaction = p — x« ﬂon, a fit was made, using the maximum
likelihood fitting routine OPTIME to all the peripheral data [including

the A{1238)] band to the square of the matrix element

1s]% =ag; + b,

1,
a(t - uz)' i .
P f2=9—*‘e)T(‘5')si“2€63<8>‘6§<?>)

1 2(m - m 2 -u )
[( J ., (e - W |

and ‘f, was justzzBreit-Wigherbfor the A(1238) of mass 1220 MeV and full

1

widthAof 130 MeV{ while fé was therparametriZation of thg i scattering
as established in.thé present,experiment. Good fits were obtained and
the relative -fractions of each proCeQS'calcuLated. The partial rates
were found‘fér each momentum from the.Monte_Caflo intégration of fhe fit
to the détévof ]slg, b& considering the integraIsA

A i JURE T
s_l._:_a‘zf1 -Sg“bz_,fg

and from the fractions -

The results have been tabulated in Table XI.
Figures 41 and 42 show the results of this fit to the nrc®
inVafianﬁ mass distributions and the dipion mass distributions,

respectively, both for the‘peripheral fegibn.'

@
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Fig. L41. Fits to the (nﬂ ) invariant mass spectrum. The data is

for those events having a dipion production angle whose
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(=0.19 <t <-0.029) and then normalized to the
appropriate region of the mass distributions.
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Fits to the dipion mass spectrum. The data .is for those
events having a dipion production angle whose cosine is
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(-0.19 < t < -0.029) and then normalized to the appropriate
region of the mass distributions. Note that the fit does

‘not include the hlgh mass region since all of those events

lie out31de the t cut.
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Table XI. Fraction of A(1238) produced in n p —>ﬂ°n°n

Momentum . ) .
(GeV/c) ,Fraction of A(1238) Fraction of (mx)
1.6 0.47+0.06 0. 53+0.06
1.8 0.Lk2+0.07 0.58+0.07
2.0 0.45+0. 04 00550 Ok
2.2 0.66£0.03 0.34£0.03
oL . 0.62£0.03 0. 38+0. 03
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Vi, CONCLUSIONS ,
| The total cross-settibns for the reaction 7 p ffﬂonpn. at incident
T moménté of 1590,.1790, 1990;‘219O,Iand 2390iMeV/; were féund to be °
u.38¢o.1o3, 3.8é¢q.082, 3.6o¢o.o76,:3.22io.o66;»é;76¢o.056 mb respect-‘\
ively. | | | | .

It.was found thatvthe dipidns were more peripherﬁlly produced than
indicéted by the -one pion exchange model.and‘thaf ~ 50% of the events in
the reéidn (- 0.2 <t <.-d.029) were tﬁe dééay products of the intef—
mediaté’étate Aoko; i.e., ﬁ-p ->A°no f’nﬁoﬁom- _Ihé dipion préductiod
distriﬁutibn was parametrized and a fit obtained fop the distribution
. of the fdfm | A .: |

o .Itl éa(t X u2)
2.2

5 — (with a = 5.68+1.0).
H (t - u '
Sﬁbsequently ﬁsiﬁg the parametfiZAtion of the t diétribution the'off-maés
.she11 matfix element for séattering.wés ééléulatéd. It was found that
using.thié médified 6ﬁé bi;n'exchange'ﬁodel the 7 matrix element did
not achiéve,ugitarity. It, however, did'exhibitbé very'rapidvfail above
856 MeV and, if interpreted in terms of‘nﬁ phase‘shifts,‘indicated a
répid variation of the I = O, i = O phase shift in this region. The
fact tﬁat the_solu;ion.preseﬁted here fell below the unitarity limit -

may be indicative that the preéent model for off-mass shell nx scatter-

Aing is = inadequate to describe the on-mass shell reaction. It may also

reflect é'pdssible overall normalizatioh problem in the data, which'wpuld_

alter the absolute value of the square of the matrix element, but not

its shape as a function of the nx mass.
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