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'n”  Production in x'd Interactions frem

Threshold to 2.4 GeV/c
" Robert K. Rader

- Lawrence Radiation Laboratory -
University of California

Berkeley, California
ABSTRACT

We héve studied 1 production as part of an experiment
using a n+ beam incident on deuterium in the 72—in; bubtle
chamber, with beam momenta from 1.1 to 2.4 GeV/c. Then' is

A , g _ R .
produced in the reaction w d — ppn/; and we observe the decay

‘ + - +
mode N — x x n. The reaction n n — pn/-is studied by using

the spectator model. The cross section fo: nfn - pn/ is
observed to rise to a maximum of about 100 b at 2.2 GeV c.m.
energy. The' production angular distribution develops peripheral

peaking with increasing energy.
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I. INTRODUCTION
We have studied n' production in xd intefactions:as_a part

of a 250 000 picture bubble'chémber'ekperiment;-perfqrmed in the

72-in. deuterium filled bubble chamber, at the Lawrence Radiation

vLaberatory, Berkeley. A separatedvnf beam frem the Bevatron was

used, at beam momenta from 1.1 to 2.4 GeV/c, in approximately‘
0.2 GeV/c'steps. In this paper the 5+« and 6 -prong events are

used to study the reactlon 7 d—appn ' n ~an+n n,.n-4 n+n <° or

n+n 7.' The data avallable from the 3— and h-prong events on thls

reaction;'where the n decays into only neutral partleles, is also
preeenfed.

Thls experiment was des1gned to study the productlon of the
known I = O nonstrange mesons n, w, and n', in n+n 1nteract10ns
from 1. 7 to 2.4 GeV center of mass (c m.) energy. .These processes

cannot be analyzed in the charge—symmetrlc e D 1nteractions

c because,then there:arevtwo heutral particlee=in the final state.

The observed n and w production is reported in ref. 1. - Strange

partiele production has been studied and is reported in ref. 2.

For further references to work published from this eXperiment, and

. other n'd studies, see the compilation in ref. 1.

: . s . + . s '
Interest in n' production in s n interactions was generated

in»eariy i966, when it was observed that the reectién q"—>n+n-7

 is'a good place to look for a violation of charge-ednjugatidn

invariance in electromagnetic decays. To plan an experiment using

the reaction n p - nn', one needs to know the cross section for
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_this.proceSs. ‘Thié reagtion_cahhot be analyzed in a bubble chamber,
aﬁd the cross section Was not known. Since thévchargé;symmetric
' feacﬁioh i 5 ' één be observed and ahéiyZed in xtd interactions
in a bubble chamber, the present experiment wasg deéigned with the
'oﬁservatibn of this reaction as.bne of:ité ébais.(.b’ |
The gathering and redﬁcﬁibh of thé.datéviﬁ‘thigméxperiment

are descfibéd in Séctiqﬁ iI.” The final states and seﬁatafion of
hypotheses in the 5- and 6;:Proﬁg-evénts”are diééuééedviﬂ:‘
~ “Section III. The deteiminatibn of final state crbSé SeétiOns is

‘discussed in'Secfiohtlv;ﬂand n' production is diécuésed in

Section V.. The results are Suﬁmarized in Section VI.

v

-
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II. EXPERIMENTAL PROCEDURES

-A. The Beam

The - separated n+ beam used in this experiment was designed by
W. ChinowSky, G. Smith, and J. Kirz (see the Bevatron Experimenter's

Handbook, Section C, Bevatron Secondary Beam 1B, December, 1965).

The major modification of the beam for our experiment was the use

of a nsfepperﬁ magnet. Bubble chamber pictures.are more easily
scanned.and measured iffthé beam tracks are separafed by a few
centimeters iﬁ.space; Tolaccomp;ish this, a narrow "pencil' beam
wa.s producéd, and then stebped acrbss the chamber by increasing
the‘current in a specially-built magnet each time a beam particle
wés counted eﬁtering the chamber. The stepper magnet was used ih

the experimental runs from 1.3 to 2.4 GeV/c.

B. Beam Momenta and Pathlengths

The experiment was run in eight beam momentum settings,

nominally from 1.1 to 2.3 GeV/c in steps of 0.2 GeV/c. Due to the

 Fermi motion of the nucleons in the deuteron, and the 40 MeV/c

momentum loss in péssing through-fhe chamber, this would give a
complete coveragevbf c.m. energies for the reactions on a nucleon,
from 1.7 to'2.k Gev. |

The actual beam momenta were measured approximately as we ran
the experiment, from small samples of film and a’r§ugh_fitting
program, and were later determined accurately for use in beam

averaging in the fitting program. The median values of the beam



Table 1. - Beam momenta and pathlengths.

k-

" Beam
Momentum
~ (6ev/e)

1.10
"1.30
- 1.53

1.58

- 1.70

1.86

2;15

2,37

Pathlength

(events/ub)

0.45
0.4k
2.53
0,43 
5.05
2.92
3.09
0.84

Error in
Pathlength

(events/ub)

0.08

<«

)
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momeﬁté at the center of the chamber were determined by using a
1arge‘samﬁle of fdur—constraint fitted events'from'thelﬁ—prong
events meésﬁred on the Spiral Reader. The béam moﬁenta are given
in Table 1.

We:ﬁsed a special cross section scan to determine.the total
number df interactions, by topology, on .a sample of film. The
actual-lenéth of track was also measured. From these data the

pathlength has been determined in several ways. The final values

‘are given in Table 1, by momentum. These values agree with the

~ 3,)4'

several pathlength determinations.

C. = Scanning and Meaéuring

The film was scanned for non-strange eventsv(i-, b 5,

- and 6-prdhg eVents), and events with one or two visible neutral

5

parti@le:decays (vées). The scanned events weéere measured either
bn a Fraﬁckensfein measuring pfojector, or on the Spiral Reader.
Thg 5- and 6-pr9ng events were all measured on fhe Franckenstein
measuring projector, and the 3~ and.h-prong events were all measured
on the Spiral Reader. Figure 1 shows an example of a 6—prong event.

The number of valid 5- and 6-prong events found in the scan is

given by beam momentum in Table 2.

D. Geometric Reconstruction and Kinematic Fitting

Three picturés are taken of the bubble chamber from different
angles each time the chamber is expanded, to make possible the

geometric reconstruction of events. The geometric reconstruction



, AN T AU .
i s PR : oo 4 ! 1.
& i m .. d _
. i ) - o b -~ 3

. PP T .al.

o Cprnioe i i e

An example of a 6-prong event.

Figure 1.
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Table 2. Number of 5-vand.6-pr0ng eVents foﬁnd invscan.

~[-

Beam Momentum (GeV/c)

 i.1o |
|  __1.50
153
1.58
1.70°
| 1.86
2015

S 2.37

Number of events

X
11
171
R
8
751
1638
636
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of the particle.tracks is doné by TVGP7 (Three View Geometry
Progrém>, using fhe measured.trajectory projections in at least
two vieﬁé.. The kinematic fitting to particular final state
hypotheses is ddne by SQUAW.8 The two programs arevrun as one
unifiea program, known as SIOUX.

v We:QSed.a beam éveraging technique in SIOUX, as we.know our
beam momentum better than.We-can measure it on any event. TFor
each eVént; a'weightéd aVefage is takenvof the measured curvéture,
with its:érror, aﬁd £he median value for that beam momentum sétting
(sm to the event vverte}x), with its width. This width is deter-
mined from the width of the fi_‘.c.te‘d momentum distrib_ution; used in
Ii.B‘abOVe.~_It includes ah intrinsic besm widthgbf +3%. The
,measuréd_beam width is +1%, whereas'the.méasﬁremédt uncertainties
on ahy,sihgie event ére ho'sﬁaller thén X 29 (and are usually less
Weil deﬁerﬁined);' Thus we get avbettér determiﬁétidn of the.beam
momentum for each event, on-thé average.

‘Tracks with a projected length of less than.l millimeter are’
difficult to_see in bubbie chamber photographs, and cannot be meas-
- ured. There is often a low momentum proton (the spectator proton)
in thé fihal state of a ﬁ+d'interaction; protons with momentum
less fhén 80 MeV/c have lengths less than 1 millimeter and are not
visible, :Sinée one posifive charge is not seen, these events are
.oddéprohged. The momentum of these unseen protons, although unmeas -
ured, is not unknown: we know it is less than about 90 MeV/c. The

most probable value for the unseen spectator momentum is 40 MeV/ec.
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This diéﬁribution (given by thé deuteron wave funqtion) is approx-
imated by using (0,0,0) * (50,30,&0) MeV/é for the measured momen-
tum. .If.tﬁere are no missing particles, the reSulting pseudo;fours
constraint fit ieproduces‘the expected spéctator momentum distribu-
tion reasoriably well. -If there is one missing particle, one obtains

a. pseuddene—constraint fit, which systematically-underestimates

-the spéctator_momentum:_ at best, the fit can only determine'thé

projection of the missing spectator momentum on the measured value
for the overall missing momentum.

The density of the deuterium in the bubble chamber is needed

to determine the range~momentum scale factor and the index of

refraction -of the liquid.in-the chamber; it has been determined

from w~u-e decays.

E. Twice-failihg Events
The 5- and 6-prong eVents which fail in SiOUX are re—measured,
up to five times. Those events which failed twice were examined

on the scan table by expert scanners, to find out why they were not

fitting.v'Events which had been incorrectly called 5- and 6-prongs

were reassigned to their correct topology; events which were not

measurable (too many short tracks, too many kinks, too many
scatters, vertex obscured) were not processed any further. This

procedure was repeated after each measurement.
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IiI; “FINAL STATES AND THE SEPARATION OF»HYPOTHESES
The 5- and 6-prong events were fitted to the following ¥

reactions: .’

atd spp T . : (1)

| —9pp%+ﬂ+ﬂ-£-ﬂov B - o (2)
;appn+n+n_ﬁ—7_ | - : (5)'
Spprt x> 1%x° N o (W
oot xR N ' - - (5)
—9pﬂ+ﬂ+ﬂ+ﬂ_ﬁ;(MM > nﬂo) , : ) (6)
f’dﬂ+ﬂ+ﬂ+ﬂ—ﬁ—" - o (7)
7—§n+ﬁ+n+n+ﬁ-ni(MM > nn) | ': (8)

whe;e-MM sténds for missing mass. Reactions (7) and (8) were tried

only for 6-prong events.

- A. Selection of the Best Fit

- We attempted to separate competing hypotheses, for events
which fit more than one final'state hypothésis, by usingvthe
formﬁlaf

: V-
Quality = 5-N -X , (9)
where N is the number of constraints and X is calculated in the
kinematic fit to the hypothesis. The hypothésis with the highest

- quality was then selected as the best fit for each event.
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Eguéfion (9) is an aﬁplication of the following procedural
rulesz: | |
é)‘ if‘two ambiguous fits have different numbers of
cbnstfaints,vpfefer the one with the higher number
of constraints; and |
b)‘ if two aﬁbiguous fits have the same number of
éonstraints, choose‘the oné with the lower %2_
fér its kinematic fit.
Procedﬁré‘(a)‘is based on the belief,tbat.the larger»the number of
constraints, fhe ﬁore difficult'it will be for the wrong hypothesis

to look like.a solutionj and procedure (b) is equivalent to taking.'

,_the'hypdthesis with the higher confidence level.

Initially 84% of our events fit more than one final state
hypothesis. With the above criterion for the ordering of the fits,
nearly ﬁalf of{fhe second-bést fitsﬂwéré y fits;' If these seCond-.
best ¥ Pits were:ignored,‘;hiy:ﬁS%béfufhéae;eﬁﬁévh;a‘more than

one final state hypothesis.

B. Definition of Ambiguous Events

Equation (9) is statistical in nature, and a more detailed

" study. of an event can result in a different choice for the best

fit. In particular,,dne would like to look more closely at events
fof which the tﬁo best hypotheses have néarly fhe same Quality.
Thus we define an event to be ambiguous if thé difference in.
quality-valugs for thé two best fits is less than 10; otherwise

the best fit is called unambiguous.
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Formuias otﬁer than‘equation (9) can be used, and all give i
somewhaﬁ»different selections for fhe "best" fits.i However,
the ambiguous fits ha#e_been resolved vhere possible (see
Seetion III.C Eelow) and we have checked that the final selection

of best fits is not sensitive to the exact form of equation (9).

C. Definition of ﬁésoivabie Ambiguities

The difference iﬁ bubble deneity for a n and a protoh at
theesame'mementum provides our besf criterion for resolving
'ambigueue'fits; howevef,jthe 5- and'6-§rong events do nof have
pulse—height measﬁrements available; since they were measured on
the Fraﬁckensteiﬁ measufing projectore.v fherﬁﬁﬁgie deesifiee, B
and‘chef”information,’can'be'cheeked if the event is examined oﬁ
the'scen taﬁle. It is seldom worth examining ah event unless at
least two of 1ts fits are resolvable by their predicted bubble
den51t1es, however. Two fits are defineémto be resolvable 1f the
predicted bubble densitiesi(relative to a minimum ionizing track)
differ by 50% for at least one track. (we haﬁe found experiment-
ally that one cannot reliably distinguish two bubble densities if
they'differ'by less than 50%.)

The ambiguous e&ents with resolvable fits were examined on
the scan table, and ambiguities were resolved insofar as possible.
After this embiguity scan, we found that 31% of the events still ¥
had more than one fit (ignoring the second-best y fits); however

only 13% are ambiguous, using the definition given above.
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D. Final Separétion of Hypotheses

\

Thé rémaining‘ambiguities are most serious between reactions
(2) and (3). There are 728 e&ents which fit both reactions as
best or_seéénd—best} of which.678 are called amﬁiguogs. We expect’
the ¥ évenfs to result from n ‘decays into n+ﬁ—7; We can only see
an n‘signal in the ¥ évents_if we léok at a selected sample of
unambiéﬁbus évents, and then only =20% are 7 events. The
separatioﬁ by equation (9) is not>righ£, as we then see a clear
W sigﬁaliin the n'x "y spectrum, shifted down,by'==30 MeV, as well
aé an-ﬁ peak, shifted down by ?:SQ MeV. This false T peak (from }v
1 —fﬁ%ﬂ;ﬁ? events) also makes it difficult to see. the reai
7 —;nfniy_peak.

Sincé_the ¥ andvno'hypotheses cannot be resolved, we take the
no fit:in caseé wﬂere these two are aﬁbiguous. Since thé reél ¥y
eVenfs (from 1 —>n+ﬂ_7).are similar to no events (from 0 —>ﬂ+ﬂ-ﬁo);
thié méinly results in broadening the 7 peak.

| _Theré are 1667 events remaining in which reactibn (3) is

second-best to reaction (1); however, only 361 are ambiguous.

(Reaction (1) can only be ambiguous with réactioh (3) if it has

a confidence level less than 30%.) This samﬁle of y events shows
no ﬁ peak, and én upper limit of 14 exéess éventS-in thé region of
the n', over 35 background events. This gives a.rough estimate
that no more than 14l of these eﬁents can be real y events. We
would_éee -56 evehts involviﬁg a real 7 —>ﬁ+ﬂ—7 decay,vas a three

étandard deviation effect. There is no excess of events in this
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region of (xn n y) mass, and we conclude that there are iess than

12 7 events with a 689 confidence level. Since in fact. for all

[N

ambiguous events reaction (l) is ealled‘best; we resolve the
ambiénity by dlsregarding the_seeond-beet y fits.

7 MQSt,éf the other ambiguities involve the missing mass
reactions th) and (6), and little can be done w1th them. The
largest remalnlng amblgulty involves 10 events amblguous between ‘
reactions (l) and (2), wh1ch amounts to about 1% of reaction (2).

_weihave used_e progran which simulates the measuring‘and
fittingrnrocese fon each final state; to check_bur underétanding
of the.enbiguities; The results of the program pre@ict the
ambiguitiee mentioned above, snch.as between reactions (1) and (3);
- and neactions (2)'and_(5). The results'alsb,indicate that there
should be little embignity between reaetions (1) and (2), which is
indeed_what we find. However, the results do show serious |
ambiguities-Between reactions (2) and (5), because one of the nr
combinatiene can oftenvbe re-interpreted as a.pno."we.do not
Qbserve'this ambiguity in our events, as this is exactly‘the sort
vof amblguity which is suCcessfulLy resolved by the ambiguity scan.

wé'ﬁaQe done a special chéck of_this, by looking at 50 events
which had any fits to reaction‘(S). This study yields the estimate
that l/hh of the events truly belonging to reactlon (5) are called

reaction (2), whlch is not a s1gn1f1cant amount of contamlnatlon.
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Thevfinal separation. of events into reactions (1) to (8) 1is
given byfbéam moméntum in Table 3. The systematic'errors dueito

the separation are‘estimated to be less than the statistical errors,

in most cases.



Table 3. Number of events assignéd to~fin§l'states, by'beam momentum.

_ Bedm,Momeﬁtum,(GeV/c)

or-

Final State 110 1.30 1.55 j "1.58 | 1.70 1.86 2.15  2.37
ppr R 1 3% 350 - 197 922 33,
ppn+n+n‘ﬂ-(no or v) - | :  - 21 5 71 159 : ﬁll C 186
pprat n (MM > nono)‘v T 3 11 26 6
‘pnn+ﬂ+n+ﬂ-n_' B '. S | 3 o 16 . | 3 S119 57
ot (0 > 0®) o | S L2 6 22 12
't T ' SR B : | S e
N T , | - o . ‘ _7 1 Lo 1
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IV. CROSS SECTIONS

The cross section ¢ for a reaction can be found from the
N which are a result of this reaction and
total

number of,e#ents
the pathlength L, from the formula

7= N/

where .d is in b if the-patﬁlength is in évent;/pb. The
pathlengths in this éxpériment arebgivén in Table:1.

: Thé total number of events is Seldbm known: the scanners miss
some eVéﬁfS; This is taken into account by correcting the observed
nﬁmﬁer of.evénts N ijthe scannihg efficieﬁcy S. vThé scanning
efficiency is the ratio of the numﬁer of events found by the
séaﬂnefs-to the numbervof events that are agﬁually on the film..

Tt can be es£imated by ré-scanningvpart of the film and comparing
resultél ,Tﬁe scanning efficiency was éhecked for the 5—‘and L-prong
events}o and estimated to be 95% . A check scan has not been done
for the 5-‘and 6-prong events; we use 5% , which should be within
5%_ pf the true value. The systematic error in the cross séctions

due to S is estimated to be < 5% .

A. Deuteron Cross Sections

In this section we discuss the calculation of the cross sections
for reactions (1) to (6). The corrections to the number of fitted

events are discussed, and the cross section calculation described. |



‘we reject because their production vertices are not in the required

.'18'. | -

Thé first corfection to the number of events-is'for the
écanni;g efficiencj, as discussed above. Thé second correction is.
for‘the.passing rate‘R. ‘The passing'rate is the fraétion of validA
events gcénned whigh_ﬁave been succéséfully fit to one of the final
state>hypotheses. (Eﬁénts which did not fit wefe re;proceséed, as
discussed in Section II.)‘ The passing.rétes arevgiven for'eaéh
beém”méméntum in' Table k. |

. The sample of 3461 fitted events contains 75 evenfs_which have

 beam azimuth or dip angles outside the beam fiducial region

(suggesting that they have scattéréd.and lost energy:somewhere),

and 140 events where the beam entered through the chamber walls,

rather'than through the entrancé‘window. There are 52 events which

fiducial‘Volume. ‘These 267 events have been removed from the

sample of -fitted events.

Simiiarly, fitfed events with very low confidénce levels

‘ éontainfmost of the events on which the measurer has made s

serious mistake (measuring through a scatter, for egample).
(The‘cdhfidence level distributions for the fitted reactions are

flat, except at confidence levels < 4%, where there is a peaking

- of events. Because these low-confidence level events could belong

"to any reaction, we remove most of the. excess (135 events) by

requiring that the confidence level for the fit be greater than 1%.

" Some events suffer a reduction in constraints because some

' quantity,cannot be measured, e.g., the momentum of a short pion

k/



Table 4. The 5- and 65prong passing ratios.
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Beam Momentum

5-prongs
(Gev/e)
1.10 0.5
i,io. 1.
i.55- 0.87
1.58 0.88
1.70 0.91
1;86 - 0.96
_2.15 0.92
2,37 0.9

6-prongs

0.9
0.90
0.9
0.93
0.92 "

0.02

- Both

0.7

0.92

:0.89

0.95.
0.94
0.92

0.9k
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track. All constraint-reduced events (136 in QOber) have been

removed from'the sample. - The effect of these cuts is to remove a - .

fraction 1-C of the events. We call C the cut correction facﬁor.

For the remainder of this paper we will consider only events

satisfying these cuts.

The crbss section for each final state is then calculated as

Tp = N/ (LReS°C), | , (11)

f

The number of events, Nf, and the cut correctioh.factor C are

where N, is the remaining number of events in the fiﬁal state.

tabulated in Table 5. The no and y final states are combined.
The resﬁiting cross sections are given in Table 6. The quoted
errors have a 6% systematic uncertainty folded in with the

statistical errors and the pathlength errors.

B.. Nucleon Cross Sections

l; The Spectator Model

The interaction of the iﬁéident pion with the deuteron can be
.described simply in this way:- At incident pion:momenta of 1-2 GeV/c,
the de Broglie wavélength of the pion in a n-nucleon c.m. frame is
Ock to 0.2 fermi. Thus, as the nucleons in the deuteron are loosely ,
bound, with a binding energy of 2.2 MeV, and are typically'_=5 fermis %
apart, fhe pion should interact with the nucleons singly, rather. 1
than together;. When the pion interacts with only: one nucleon, the

other proceeds with its original momentum, merely a spectator to

the interaction.



Table 5. Number of events, after cuts (see text).

Fingl State

+ 4+ - -
PPN m o o

+ 4 - -, 0
ppr w.ont w (m or )

+ + = -
pprt e (MM > 1°x°)

+ 4+ - -
pom g % ;oo

bt e my
prnow o on (MM > rixe®)

Cut factor

Beam Momentum,(GeV/é)

1.10

1.53

2;57.

1.30 1.58 1.70 - 1.86 2.15
2 " 10 113 33 311 438 768 266
16 4 ‘61 13k 345 152
1 0 3 10 20 5
3 0 1k 26 103 | 42
| 2 5 a2 on
1. .'0.9 0.85 0.90 _ 0.88 0.87 0.84 - - 0.80
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Teble 6. Cross sections for x d reactions.

Beam Momentum (GeV/c) .

Final State 10 0 1.30 1.5%

1.58 1.70 - 1.86 0 2.15  2.37
por nw . 7+5 26+8 60:7 101 £20 132 + 12 194 £ 17 339 + 27 443 + 55
oo a x w (x° or ¥) . - 9 %.2. lQ-t,6 26 + 4 59 + 7 152 & 13 253 ¢ 3k
_ ppﬁ+n+n-n#(MM > 51%%°) ) 1 { 1 - B L+l 9+ 2 8+ 4
Pnﬁ+ﬂ+n+n—n- C . _ 7 2%l

pr w x (MM > nx®)

- . 62 11 + 2 bs + 5 - 70 + 13
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The ééectator model Says that the spectatof.nucleon should
have a.distribution in mOmentum given:by:the deuterbn wave function.
We will use the Hulth&n wave functipnvto approximate>the deuterori
- wave funétion.ll (See Appendix A for the explicit fénn of tﬁe_
Hulthéh wavé function. ) Sinéé fhe nucleons in the deuferbn have
novoriehfation with respect ﬁo the beam, the spectator model is
often said.tobpredict that‘the spectator nuqleons should be distri-
buted uniformly in the lab. ‘(I.e.,v the cosine of ‘the angle between
the specfatof and the beam should have a fiat distribution, and
Ithere should‘be no dependence'on the anéle around the Béam.)

Tﬁe distribution of the cosine of the anglé béfween the
_ spectafor and thevbeam is not ekpected to be flat, due to two
effecté:

a) athefe'is a higher flux of particles when the‘béam and
" target collide head-on, and |
b) 'a rapid increase (decrease) of the reaétiéﬁ CTOSS
- section with energy preferentially selects forward
(backward)_spegtatois.- |
These effects wili now be discussed.

The Permi motion of the targef nucleon'varies ﬁhe density of
'nucleons in the target (aue fo the relativistic léngth contraction),
as well as the:béam—tafget relative Veloéity. An invariant
expression for the flux of particles_(thus defining an invariant‘

cross section) is



2k,

SN 2 2 2
Flux( 2y, py) = \ﬂPb Pe) - mym fmmy | (12)
e L
(the Mgller flux factor™ ), where P and P, are the respective

four-vectors for the beam and target, and m, M are their respect-

ive masses. The flux factor reduces to

Flux = pbpt rgs - VEI

wheneverfvglrsti Here p,, p, are the beam and target ﬁarticle
B —) N -

densities and Vi Vi are their respective velocities.

If the Hulthén wave function is H(p), the number of reactions

with a beam-target cosine equal to x * dx/2ris-
o - ax const. f"lux(p o) (2. ) |ate) %0, 2ap (13)
. L Nk M e.m. t t Tt :

where be‘pt are the magnitudes of the beam and target momentum.

=2 - \ s
Note thaﬁ pspectabor = =Py so that xspectatorv: -X.: The c.m.

energy for the reaction is

N2
Ec.m.-—\V/z;b * Pt) :

Since the flux factor is larger when x = -1 than when x = +1, we

get result (a) stated above; and since Ec'm is larger when x = -1
than when x = +1, we get result (b) stated above. For P, = 1.9 GeV/c
the flux factor produces'a,9% variation in the angular distribution,

between x = +1 and x = -1. As we will see, the cross section

dependence can produce much larger variations.
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If ﬁhe spectator model describes the'data; then’one can calc-
ulate nN cross sections from nd reactions, since tﬁé n really does
scatter from only one nucleon. The éalcﬁlation of the =N cross
sectiéns:should be doné by extrapolatihg the déta to the free

nucleon (p — O almost puts the nucleons on their mass

speqtator

shells): however, when P, :‘250 MeV/c, the mass of the nucleon is
only 2;5% below its free-nucleon value, and this éxtraﬁolation can
usﬁélly be ignored. | |
The:e are two effects wﬁich affeét cross section détefminations
in deuterium which have not been'discussed; These are the Glauber
(screening) correction, and the suppréssioﬁ of cértain momentum

states by the Pauli Exclusion Principlé (which affects only the

non-spin flip amplitude), These effects are too small to be of any

imporﬁance in this study; see, hdwevér, the discussion in ref. 1.
Within the framework of the'Spéctator modél, we can determine

the nucleon cross sections as a function of the c.m. energy by

‘observing the number of events in a final state at E = B, within

. .

AE, compared to the pathlength which the spectator model assigns
to this interval of Ec . The distribution of the pathlength in

Ec.m.’ acéording to the spectator model, is discussed in detail in
Appendix A. _Figufe 2 iilustrates the distribution of pathléngth_
calculated for the 1.86 GeV/c beam setting.

_ If an event is the result of a réaction involving both

nucleons, however, we can no longer count the event in the spectator

model. For each momentum setting, these events are removed.
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momentum of 1.86 GeV/c.
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If we éssume that all qf these reactioﬁs arevactualiy a result of '
multipie’écattering; rather fhan to simultanéous inﬁeraétion:with
both ﬁucleons, then.there is a first =N interaction at'évunigue
Ec. .,ffollowed by an elastic (or chargé—exchénge,.whefébpossible)
re—scattering‘of one of the final state'particleé‘on the other

nucleon. . Thus a correction must be applied to find the nN

cross section (see below). .

2. Comparison of Data with Spectator Model

Figure 5 shows the spéctator momentum distribution for all
events‘frbm reaction (1), which is a four-constraint fit. The

curve is the spectator model prediction; normalized to fit the

 data below 250vMeV/c. The fraction of events with spectator momentum

over 250 MeV/c is 34¢. The nﬁcléons‘in the deuteron have a Fermi
momentum greater than 250 MeV/c only 2-7% of the time (the number
is not well known), so it is clear that the high momentum spectators

are not spectators to the scattering at all--both nucleons have

been struck. We require that the spectator momentum be less than

250 MeV/c: when using the spectator model to obtain sl cross sections.

There is quite reasonable agreement between the data and the curve

below 250 MeV/c. For the remainder of this paper we will consider

only events satisfyiﬁg this condition.

The angular distribution of the spectator pioton with respect

to the beam is compared with the prediction of the spectator model



GEV

NUMBER OF EVENTS /. 01

P8

SPECTATOR MOMENTUM (GEV)

Figure 5;, Spectator momentum distribution compared to the

- prediction of the spectator model, for 1936 events assigned

to reaction (1).

«
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in Figufe 4; The curve:is the spectator model prediction, as given
in equainn.(IB);vwith an additionai sum over beam morienta. The
cross sgcfions detefmined beioﬁ for reéctién (1) werevuééd in the
integral.;‘The curve and the histogram ?gree with a 7% confidenée
level.._This sample bf events is consistent Wifh the speétatof

model.

3. Calculation of the Nucleon Cross Sections

The number of events assigned to each reaction (1) to (5) has

" been tallied by c.m. energy for each final state. These numbers

are givenjin.Tablé 7. The c.m. energy is defined to be

E - = P + P - P
CeM. ‘\/( b d S) ’

where Pd is the deuteron four-vector, and PS is the spectator

four-vector. This four-vector sum is equal ﬁq the sum bf,all the
four-vectors for the finalfstafe particles, miﬁus the spectator.
The evénts.removed from thebsample.by the spec&atof cut at 250 MeV/é
have been tallied for each final state atveach momentum setting,
and are shown in Table 8.

Wé need to know the corféc£i;ﬁv£or high sPeététor momentum
evénfé-for é;éh.c.ﬁ; enéfé& bin (for each final state). Tqvfind'
this we disfribute ali»the events at each'beam momentum according

to the pathlength (see Appendix A and Figure 2); the same process

' is'applied to the number of high spectator momentum events (Table 8).

The fraction of high spectator momentum'events can then be
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model prediction (including the cross section effect), for 1292 events

assigned to reaction (1), with spectator momentum less than 250 MeV/b.
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Table 7. Number of events by c.m. energy‘(spectaﬁof momentum less than 250 MeV/b).

Center of Mass Energy (GeV)

Final State  1.73 . 1.8y - 1.9# Ceie 241 ple .33
P, > 9 70 179 305 - 485  om
ot (1 or y) | ' ' S & 39 81 . 188 125
o (MM > 1°x®) | 3 3 6 ‘  6
(por n)w st " | 13 13 m 29

The non-spectator nucleon.can be elther a proton or a neutron.

-




Table 8. Number of events 'by beam momentum ﬁth spectator inomenta above 250_ MeV/c.

A Be'am'Mozﬁentum (GeV/c)

Final State 1.10

o+ - -
Pt . 1l

4+ 4+ e a0 :
ottt (- or y)
pprc T (MM > 7%°

N
Oy ;oW o %

1.55

1.30 1.58 1.70
Sl 43 17 121
5 1 - 25

.1 
11

1.86

153

49
1k

2.15 2.37
251 58
132 e}

10 2
52 o3

_ag-

.
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éalculatedqur each c.m. enefgy bin;vthese fractidns are given
in Table 9. |

:This‘procedure yields the probability of a>re-séattering,
averaged over the c.m. energy bin; if either the crossvseétion
or this“probability are constant over the c.m. energy bin, we
get the right correction factor in this way.

Thé cfoss sections,‘cbrrected for the cut on high spectator
momentum events, have been calculafed and are shown in Table 10.
Reaction 5 has a neufron spectator 59% of the time, averaged over
all c.m. energies; the cfoss section given is the sum of the
ﬂfn-a ﬁﬂ+n+ﬂ+n_n- and n+p-ﬁ pn+n+n+n-n~ cross sections.

. . + ot - - - ' . .
Our determination of the n n - pr n n © cross section is

~ shown in7Figure 5. The charge symmetric data for the reaction

’ + o+ - - . . . .
np—nr v 1s also shown; this data is a compilation from -
. 13 : . .
many experiments. Qur data determines the cross section over

most of our c.m. energy range.



Table 9. Fraction of events lost tb'high momentum spectator events, by c.m. energy.

"_ "Center of_MaSs_Energy'(GeV)'

2.33

Final State LT3 1.8k Lok 202 201 2.2
T 0.46  0.ko o‘.ho' 0.39 0.35 0.52 0.25
piwnn (x0ory) 03 "o.'3~- : _0,31;'. o039 037 038 0.3
o T > x°) 0.9 - 0.8 0.7 o 0.7 0.51 0. i
(p.or n):r;+1r+1r+n-ﬂ_ - o 0.2 0.3 0.69 __0.55 0.51 0.54

—ﬁg-



Table 10. Nucleon cross seétions in ub. .

Center of Mass Enefgy»(GeV)' :

2.33.

b9

3k

Final State 1.73 1.84 1.94 2,02 2.11 2.22
o o T B+9  32+11 59 + 8 12k £ 13 198 + 19 337 £ 29 k29
ot " (2 or y) | 8 +3 27 +5 5L 7 142 15 259
pﬂ+ﬂ+n-n-(MM > noﬁo) 2+ 1 L+ 2 6+ 2 _i5 6
(p or n)x+n+n o 1+1 L+ 2 12 £ 4 39 + 7

86

18

~Cg-
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V. n' PRODUCTION

" A. Known Properties of the 7' Meson

' The n' meson (also known as the x° or n*) was first discovered

in K p experiments in l96h.l7’18 Its quantum numbers are IGJP =
0t0m. 1920 e n' decays into the state nxq 71% of the time. =0

Using thevknown neutral-to-charged branching ratio of the'n meson,20

and thé fact that the (ﬁﬂ)I_o state is n+n_'2/3 of the time, the

branching»ratios of the n' into the various final'states are found

to_be

n'-ﬁ'f+n_(n, n - neutrals) (3u44) (14)
o, -7 7 or ) (14%) C(15)
o x%%n, 1o xR0 or iy (T8)
st ny (224)

«a(neutfals)_(23%)

The n' has also been observed in the reactions n+p +>Af+q',2l

T p - nn',22’23 and n'd - ppn'.eu’25’26’27 The amplitudes for the
reactions n p - nn' and n+n-a pn' should be equal, by the charge-

symmetry of strong interactionms.

B. n' Production in 5- and 6-prong Events

The final state ppn+ﬁ+n—n-(no or y) has been studied for
evidence of 7' production in <'d interactions. The small number

of events preferring the hypothesis with a y in the final state
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are includgd.with the no events. (See Section.IIIvfor a discussion
of the‘éeparation of hypothesés.)

Thegsééttefplot of the.”épectatér”‘pioton momentum versus the
V(H+H+ﬂ%ﬂ;ﬁb> méss:is shown in-Figufe 6. The 7' signai is at a mass
of O.§6vGeV/c2; most of the 7' efenfs have reasonable spectator
momenta~~only 159% have spectatdr momenta over 0.25 GeV/c. Since we
are pafticulariy_interested in the prwcess.n+n-e pn', only events
with p;bﬁén speétator moﬁentum.léss_fgén 0.25 GeV/cvare considered,
and the spectator mbdei.is used to infer tHe intefaction §n a free
néutron:~5'

v Thé eyidénce fdr n' producfioh in this final state ié summar-
ized byifhé scatterplot 6f the (n+n-n0) mass (all four combinations
are piofted).versus the (ﬂ+n+ﬁ;n_no) méss._ This plot is shown in

.Figure#7;  Thé correlation of ﬁ and n' events is quite striking.
The s¢éﬁ£érplot of c.m. energy versus the (n+ﬁ+ﬂfﬁ-ﬂ9> mass is
shown:iﬁ'Figure 8, together with its maés projection. The 7'

 signal at a mass of 0.96 GeV/é2 is very clear, with no more than

20% background. | o |

| The s¢afterplot of c.m. energy versﬁs the (n+n;no) mass is

_ showﬁ in'Figure 9, tbgether with the (n+ﬁ_no) maés projection.
There'ié a strong 1 signal here, much more than be accounted for

by 7' decays alone,

ﬁ Thé amount of q' production.was determined by estimaﬁing

background and counting events in the n' and n peaks. Every event
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in the'n' regi0n has at least‘one_asséciated’(nfn-ﬁo):combinaﬁion
in the region of the n;. Thé results have been‘verified by a_.
maximum{iikélihood fitting program§ the agreement is very good.
Thetaﬁount of 7' at threshold requiies speciél diécussidn,
however. It turns out that when the c¢.m. energy ié juét above np'

threshold, at Eé = 1.94 GeV, then five pion phasé space péaks

at a mass of 960 MéV/cz, with a width of. -9C MeV/ce. Also, when
the fivé pion mass is 960 MeV/cg, thrée pion phase space peaks

at a ms's of 550 MeV/c® (the 7 mass), with a width of 140 P/IeV/cz.
There are only 1l events in this regicn, so ﬁhat background and
resonance eétimates difficult. The lower and upper bounds for the
amounf-pfbn"productiqn (by eye) are 0 and 75%; the maxiﬁum like-
lihood fit gives 0.36 + 0.16 (thé érfors need not have come out
symmetric). | |

fhé amount of n' production is shown as a fuﬁction of c.m.

energy in Table il. The c.m. éneréy calculated for an event
depends on the spectétor mpmentum; since the spectator momentum for
ohé-cantiaint odd-pronged events is systematically low (see
SéctionAII;D), their c.m. energies are sysﬁemafically too close to
-fhé ﬁed?an.c.m.:energy for a given beamvmomentum setting. To avoid
uncerﬁainties dﬁe to the incorrectly determined c.m. energiés, the
c.m.»énergy bins were chosen to center on the median value for each
beamnmbmentum setting. Thus theée events are assigned to the

correct bin, even if their c.m. energy is not correctly determined.
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Table 11. Amount of. 7' production (in %), by c.m. energy.

E, o (ceV) 1.9k 2,03 2011 ‘2,22 2.33

i+
no

Ambﬁnt ’ 35 1 20 by £ 13 A -26'¢ 6 0+2 L

Table 12. n' production cross section in ub.

E, o .(GQV) 1.94 2.03 2.11 | 5.0 .33
%Gbgerved >z 12xh 1he bk 1hs3 10 +5
7 'oﬁotai;' | 21 + 1& 87 + 30 103 # 27 10k £ 24 76 + 39

Table 13. . Number of n' events.

1.94 2.03 2.11 .e.22 2,33

Eom, (0€V),
s.prong 6 . . ¥ 18
hprong 5 . 2 26 9 3
Both =~ 11 - - "52 21
5-, 6-prongs L 13 , 17 o 17 5

Ratio ~  2.8.% 1.6 - - 3.1:0.8 k221
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The éroés secfion for. the reaction an - pn' was determined by
using‘ﬁﬁe results of Séction IV.B for this fiﬁal sfate.' The deteétéd
n"crésévéection is given in Tabie 12, The tofal_cross_section.for
'n' production can be found by using éQuation_(l5)t we detect 1L4%
of the n‘ evenfs in this.final state. The totéi n' production cross
section is alsobgiven‘in_Table 12, vThevsumméry of present data on
nF prbdﬁction in n+n interactions is Bhown in_Figureﬁlb, as a
function of c.m. energy.- Data for the charge-sym@etric reaction
are aléo.shown in Figure 16;28 |

The éroductibn.angular distribution for events in the q'imass
region, O¥9h to 0.98 GeV/be, is shown in Figure 11. The distri-
bﬁtion iS'flat near threshold, but develops forward peaking at higher
enefgies."Figure 10 suggests that the reaction o éyN;/é(2190)-e
pn* may account.for most of the 7' mesons’prddgcéd;in this experiment
(the N;/é(2190) is 0.3 (_}ev/c? wide); howeverFWe‘ex‘.pect a symmetric,
sharply_ﬁeaked angular_diétributioﬁ if we have pure fesonance produc-
| tion. Figure li does not show the strong forward and backward peaks
“which would be expected from this channel; which decays into anv
L = 4 state. A t—chénneliprocess involving A2 éxchange is possible,
but this is notvexpeéted to be fhe dominant proceés Just abovev

threshold.

C. 7' Production in the 3- and k-prong Events

Those 7' events.in which the n decays neutrally are found in
the 3--and 4-prong events;. from equation (1L4), 3&% of the n' events

are in the final state ppn+n—(n, n — neutrals).
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Figure 10.- Cross section for 1t+n - pn'; the charge-symmetric

28 .

-data and 1t+d data are also shown.
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Most of the 54 and 4-prong events have been analyzed else-

where . =729

The eveﬁts of interest are those with a missing.mass

= q:maSS (within errors), and which hafe no satisfactory fits to
other.hypotheses. We have examined this sample of efents for
evidence of q'.productidn. The éame cuts were made on the fiduCiai
volume as for the 5- and 6—prong events. Thé 5~ and_hfprong events
were measured on the Spiral ﬁeader,‘and'fhe pulse‘height information
was uééd'to separate tﬁe tfack-masé hypo£h§ées;”7The kinemé%ic aﬁd
ionizatidn confidence levels for the accepted hypdthesis’are re-
quired to be greater than 1%. TFor this study, we also require that

~ the speétafor proton momentum be less than 0.25 GeV/c.

Thé-missiﬁg'mass of 3-prong events with a.missing-méss between
0.k45 and 0.64 GeV/cg_is shown iﬁ Figure 12; the missihg mass of the
vh—proﬁg evénts with:a;miésing mass between O.s and 0.6 GeV/c_2 is
shown‘in Figurejli, .Theré is‘ho evidence for'neutrai n mesons in
Figure 12, hOWEVér we estimate that there are-?O to 100 événts in
fhe'peak at the mass of the n.meson in Figure 15,.

‘The events shown in Figures 12 and 13 have been fit to the
onefconstraint hypothésis n+d —9ppﬂ+ﬁ—n,'q -» neutrals. The scatter--
~ plot of missing mass versus the (ﬂ%ﬂ_q) ﬁass is shown in Figure 1k
for the 3-prongs, and in Figure lSvfor the h—prongs.' There is ‘a
good ﬂfISignal in both these plots; the plots also show that the

background can be reduced if we make a more restrictive cut on the

acceptable missing n hypothesis. For the rest of the analysis
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we require that the missing mass lie,betweén OLSC and 0.64 GeV/c2
in the 3—?rongs, and between 0.52 and 0.58 GeV/é? in the L-prongs.

The scatterplot of c.m. energy versus.the (K+ﬁ_n) mass is
shown in Figures 16 and 17 for fhe»}- and h—prohg,evénts, respeét-
ively;‘_Thé,(n+n_n) mass projectiéns are also shown in Figures 16
and 17. The n' peak is sharpiand cleér here, even for the 3-prong
events. The background under the ﬁ'.peék is about 20% for both
topologieé.b The amount of n' productién was determined és a
function Qf c.m, eneréy; the.number of n' events is ﬁabulated in
Table 13. . |

The number of qf events observed in the same c.m. energy
interval in the 5- and é—prong events is also tabuiated in Table
13, as weli as thevratio‘oqu' eveﬁts seen in_fhé 3- and h;prongs fo
those seen in thé 5-.and 6-prongs, 'if the detéctionveffiéiency
were the same for both sampies, ﬁe expect a ratio of 2;5. The.
overall 6bsérved ratio is 3.2 + 0.7.

vThe créss.sectién-for n' production has Been estimated.for the
h-proné”events: by ihterpolating_the pathlength distribution given
in ref. l, pp. 76 and 771we find the pathlength values given in
Table lﬁ. These pathlengths,are for h-prong»eventé with the saﬁe
qualityICuts which we have applied, but with é spectator momentum
cut at 300 MeV/b. From the figures in‘ref. i, we estimate that these
pathlength values are approximately lO%ytoo high; The cross sectiouns
calculated using these pathlengths are also given in Téble 1k4; these

values agree with those given in Table 12, except at 2.03 GeV.
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Table 14. Estimated n' cross section, from the k-prong events.

50 79

'chm_ (Gev)  1.9% . 2,05 2.11 2.2 2.33
Pathlength>- iz | " ST N v .
v(evt/pb) 0.307 0.368  o.kot 0.337 0.172
Topgeryed 1'6;,-;3 i S5+k 59417 26410 17+1

'dtotal (Wb) W8 £ 23 16 £ 12 .173 i * 31 51 + 31

Table 15. Forward-backward ratios for the ﬂ+n_n system.

Ec.m. (GeV)

5-, 6—prong Nt

5-, 6-prong
background

3-, 4-prong 7'

3-, Y-prong
background

1.9k | - 2.03 2.11 2 22 - 2.33
1+1 16+16 btz 241 T
ﬂ'(o/é)} | 25; 1 2x1 241 11
241 342 T+5 b1 16 + 16
0.9 + 0.3 0.840.3 | 1.440.4  2.7£0.4

1.8+0.5
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thhing'ié gained by attempting‘to fold the tﬁovsets of values
togéther; due to the systematic uncertainties. |

The ﬁ3 producfion angular distribution was sfudiéd by making
| a cut on the (n+ﬁ-n) mess between 0.94% and 0.98 GeV/EE. The
production angular distributions for the B—Iand.hfprdng events.
are conéistént with each other. The production angﬁlar dist?ibu;
tions fér fhe 3- and k-prong events in the n'.mass region are.
shownvinjFiguie 18. | |

No background subtractionsbhave beeﬁ madé dn these angular .
distributions. There is qualitative agreement between the back-
ground angular distribution and that of the 7' events; .In order
to make a quantitative compariéoﬁ of thé n' angular aistribution
with fhat‘of the Eackground,.we calculate the ratio of the number
of evéhts going fbfward‘(cos‘>'tﬂ to_those'goiﬁg backward
(cos i: 0)-. .Thié fatio is caluclated for each'Ec.m. bin; the /
background-eventé used are those not. in the n', with (n+n—n) mass
iess thén 1.1 GeV/bg.b These ratios are.éhown in Table 15. There
is no significant difference befween the backgroﬁnd and the signal.
The same_procedure has been carried out with the 5— and 6-prong
events, with the.same result. These rafipé a?e‘also given in
Table 15.

The data for=éll"of-thé n' events is sumarized in Figures
19 and 20. Figure 19 shows thé (n+ﬂ‘n) mass plbt; Only 5- and
6-prong events which have at 1east one (n+ﬁ_no) mass in the 7
| region (0.53 M(n+n-no) 0.59 GeV/bg) are used. Tigure 20

shows the angular distributions for all of the n' events.
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VI. SUMMARY OF RESULTS

vThe cross sectibn far?/ production in the reactibn
ﬁ+n-?:p7i#has Been determined, from threshoid to 2.4 gev/e.
These cross sections, and the charge-symmetric cross sections
from other experiments, are shown in-Figure 10. The production
‘angular distribufion (Figure 11) shows that the éschannel
resonaﬁgé:processvn+n-4» Ni/2(2190) -~ p7/ris ndt»dominant;
avt-chéndei process involving A2 exchange is possible, but
there ié;hbt enough data to warrant an attempt to model A2

exchange.
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APPENDIX A. DISTRIBUTING THE PATHLENGTH IN CiM. ENERGY

We know our pathlengths at each of our sevefal beam momenta;v
we_wouid,iike‘to know how much pathlength we have as a function of
the'c.m. energyiof the =N system. We use the spectator ﬁodél to
give us an explicif'Way'of calculétiﬂg the distribution of the
pathlength';n c.mM. energy.

We approximate the deﬁteron wavévfunctionAby the Hulthen wave

function.ll The Hulthén wave functioan(p) can be written as

' 1 - 1
H(p) = -
pz - P | pe N 52‘

. | (A1)

The value of O is determinéd by the déu£eron binding eneigy to be
o = 0.0457 GeV/c. The value of Q we use is calculated from thé
new value for the deuterén biﬁding energy.lu The péfameter é
determines how quickly the second term canceis the first, aﬁd thus
can'accounf for mﬁre Qr less'high momentum spectators! "In the
literafure B has beén taken to be 70}5 and 5.180}6. The value

B = 0.236 GeV/c used here is the value from ref. 16. None of our

results are senstive to the value of f.

The c.m. energy of the nN systeﬁ is given by

Ec.m; - \/QPb + ft)e ’ . (A2)

where P is the four-vector of the beam particle, and Pt is the

four-vector of the target, given eXperimentally by



. =6k

Pdeuteron 'ﬂPspectator' _The 1nvar1ant flux factor is

2

FluX(Pb, Pt: x) \/(P P ) mbemt

where Pys pt are the magnitudes of the beam and target momenta,

/mbmt (A3)

and x =>pb-pt/pbpt.

Thus the probability density for ineident beam particles with -

_momentum pb to approach the target w1th E o = E is

P(E, pb) = Const.)rlH(p)l Flux(p ,pt,x)pt dptth 6(E o E) . (AB)

The incident flux is spread out in c.m. energy by the Fefmi
motion of the target,'ae‘is evident in equation (AL), and also
by'the,momentum lost in traversing.the chamber, and by the spread-
in the beam momentum We have ass1gned widths to our beam momenta
of l%, the momentum loss through the chamber is 40 MeV/c. (the
vtracks»are,mlnlmum 1onlzlng). To take these effects inte account,
me‘define the function f(pb,pi) to be the convolution of a Gaussian
resolution-function (width 1% of the beam momentum pi) with a flat
distribution in momentum due to energy loss in”the chamber. Given
the central value of the beam momentum distribution, P,s f(?b’Pi)
is the.frection of beam particles passing a nucleon target with
momentum Py- .

Noting that

Jangmpr) frEp)eE -1, ' (45)

as these are normalized probability deneities, we can write




i
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i

PL

YZ.PLi o o
> Jamyt(o,py) fam v(s, 5, )0 |
de/dpb’ Ef(_pb,pi)' P(E,py)PL; < (46)

where PL stands for pathlength, and the summation is over all

H

of the beam momentum settings. Thus we can defihe

BO) L fa S G

to be thq differential pathlength at energy E.
The pathlength in a given bin of c.m. energy is given by
- ,a : ‘ : v
pL- [T ap S(E) L (18)
’ Elow : Co ' '
. The c.sm. energy bins which weihave used, and the resulting

pathlengths, are given in Table A.1l.

|
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Table A.l. Center of mass energy bins and pathlengths.r

Lower Limit  Central Value Pathlength

(Gev) - (Gev) (events/ub)
. _(underflow) 0.0k

1.68 - L3 o ¢;0.03_
1.78 v- | 1#8& 0.58 + 0.0k
1.88 ' 1.9 2.62 + 0.15
1.98 ' | 2.02 - 3.0 + 0.17

2.06 211 3.094 0.16
2.6 22 - 2.90 + 0.13
28 2.55  1.02 + 0.08

S 2.k (overflow) 0.04
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