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. OBSERVATION OF QUASI TWO-BODY PRODUCTION IN
PION . PLUS PROTON GOES TO NEUTRON PLUS FOUR CHARGED PIONS
' AT 8 GeV/c

William Thaddeus Wroblicka, Ph.D.
Department of Physics 4
. University of,Illlnqis at Urbana-Champaign, 1980

4 This thesis reports‘the first-observatioh:of éuasi 2-body
‘production ia the backward reactioﬁ n_? - nn+nfn_n_f'_Data“were'
obtainedgusihg an 8 GeV/e pioh‘beam incideﬂt oh a liqgid hydro-
‘éen target‘inside the University of Illinois/Argonne National
Laboratory streamer chamber. The chamber was triggered by the
'1nteraction‘of a fast, forward neutral hadron in thick plate
‘opticai spark_chambers. Total backward cross segtions are de—
‘rived for the proCesses w-pl+ N*°(15205+p°/fd; N*5(1670)+p°/f°,
A° (1890)+p°/f°, and Afklé3é)+4;. Evidence fer a narrow AT res—'
.onance is not seen. Corrections fbr_losseszdue‘to finite ac-
ceptance are made using Monte-Cario tebhniques'basedth afsim-
ple.barybh erchange medel. Comﬁarison is maae'te another ex-
periment regarding the energy,aependeheefof.éertain qross see—l

tions .and a simple power law behavior is observed.
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1. Introduction

This thesis presents an analysis of the backward reaction

- + - -

Tp >nvT T T W ‘ o . 1-1

at 8 GeV/c,-with particular regard to quasi 2~body (Q2B) inter-
mediate states. Events of the type 1-1 represent a subset of

the data gathered in an experiment to study the reaction
T p > nx®, : o 1-2

where x° represents any nonstrange system with net charge and
baryon number zero. The experiment was performed at the Ar-.
gonne National Laboratory Zero Gradient Synchrotron (ZGS) with
the Uhiversity of Illinois/Argonne National Laboratory streamer
chamber facility. | A

A relatively large amount of data has been collected for
backward elastic pion-nucleon scattering and'for the backwerd
inelastic charge exchange reaction{ﬁ_p + nm’ at energies
greater thant4'GeV. A Reggeized baryon exchahge model [see
Barger (1969)] has Been successful, at}least'qualitati&ely}_in
-describing the energy dependence of cross sections; the shrink-
dage of the backward peak with increasing energy, and the oc- -
currence.of dips in the differential cross section at‘wrong
51gnature, nonsense values of trajectories. ’

It is found that Q2B production accounts for a large
fraction of backward inelastic cross sections in reactions
with a final :state multiplicity greater'tﬁaﬁ two. To deter-’
mine the extent that such data conform to a partlcular baryon
'exchange model is an 1mportant goal in the study of backward -
~react10ns.

4 Three body final states of the, type (nn L ) and (pn L )
have been most exten51vely treated. Recent results 1nclude
the observatlon of the backward productlon of the p , f°,

A% (1236) [Eisenstein (1978), Arenton (1978)], and p  [Benk-

“heiri (1977), Scharre (1978)]. In all cases, consistency with



-an Na/As.exchéngé mechanism has been found. Fewer data,are

~available for 4- and 5-b0dy_final‘states;< Analysis becomes

more difficult.because of the lower g-value for such reac--
tions ahd.thé:appearancé of identicél‘pa:ticles in the final
state. N '

This is,thé first experiment to observe QZB production
in the final state 1-1. It is found to account. for approx-
imately 30% of the 749 events selected for study. Total

backward cross sections are derived for the processes

p°/57°,

np +~ N*°(1520) +

- N*®(1670) + o°/f°,
- A°(1890) + p°/f°,
AT (1236) + AF.

- ' } + _ . - » .
Evidence for 'a narrow A; resonance is not seen. Corrections

for losses due to finite acceptance are made using Monte Carlo

techniqdes based on a simple baryon exchange model for which
consistency’ w1th certain features of the data is demonstrated.
A comparison to previously publlshed data is made regarding
the energy dependence of the total backward crqss sectlon for
the processes m p + N*°(1520)+p°/f°. '



2. Data Acquisition

~ The reaction 1-2 is characterized by a neutron that is fast

and forward in the laboratory (p = %g; ) and by a production

cross section that is several orders of magnltude less than that

of the corresponding forward process. This latter attribute
dictates the need for a selective trigger, the source of which

is the 1nteractlon of the neutron in a set of thick steel plate

optical spark chambers. ,
The spark chambers and the streamer chamber comprlse the

prlnc1pal elements .of experimental hardware. The streamer cham—

" ber is well suited for the study of reaction 1-1 becaUse it is

‘trlggerable and has multiple charged track detection ablllty.

A detailed descrlptlon of the streamer chamber's design and op-‘

eration is available from Abashian (1974) and from,Sokolsky (1973).

Other components of experimental apparatus}*its configuration, .

"and the running conditions are identical to those discussed and

cited by Eisenstein (1978). For completeness, however, a résumé .

is given here.

- 2.1 Apparatus

An elevation view (not to scale) of the experlmental lay- .
out. is shown  in flgure 2 1-1. Data for reaction 1-2 were gath-
ered in two runs, between wh1ch 1mprovements were made on the

target and several counters were added to 1ncrease the event

'yield and reduce backgrOund' Flgure 2. l 1 corresponds to the'

configuration for the second run.

'-2 1.1 Beam

The beam, nomlnally negative plons, was formed by the inter-

‘action of 12. 5 GeV/c protons in a production target and was

transported to the experimental region by a system of bendlng
and focu31ng magnets. Contamination of the beam by muons, kaons,
and antlprotons was estimated to be %6% Three sets. of x-y mul-

t1w1re proportlonal chambers (MWPC' s) served to define the beam

:angles. This information was unobtainable for approx1mately 20%

of the events due to inefficiencies and ambiguities in the MWPC's.
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In these cases average values for the beam ahgles were used. A
. beam intensity of v2x10° particles per 2GS spill was dictated
by the 3 us streamer chamber memory time, the 600 ms 2GS spill
width, and the desire to avoid multiple beam tracks in streamer
chamber photographs. The average beam momentum, calculated
from photographs of noninteracting beam tracks, was 7. 93 GevV/c
for the flrst run and 8.04 GeV/c¢c for the second run.

2.1.2 Target

A liquid hydrogen (LH,) target waslsituated near the up-~
stream end of the streamer chamber. It consisted of a cylindri—;
cal mylar flask 30.5 cm long, 3.8 cm in diameter, and was main-
tained at a temperature of 17.8° K. For thermal and electrical
insulatioh,ithe flask was enclosed in a rectangular, opaque
PVC—foam box. . Consequently the évent interaction vertex was in-.
v131ble and was reconstructed by extrapolatlng measured charged

partlcle tracks back into the target box.
2.1.3 Streamer Chamber

. The chamber had a sensitive volume of l 5x1.0%x0.6 m .«lt
was filled with a 909 Ne/10% He gaseous mlxture, plus a small
amount of SFg¢, an electronegative gas, to regulate memory time.
The chamber was located within a large magnetvwith a'l4.5 kG
central field, so directed that negative beam particles were

deflected upward. Photographs of charged particle tracks,
which 1ncluded %20 cm of the beam track, were taken in 18° stereo

by three cameras positioned V2 m from the center of the chamber.
2.1.4 Spark Chambers

Each of the three chambers was filled with a 90% Ne/10% He. .
gaseous mixture and consisted of a series of 21A92.SXI22.SXO;3l
cm’-rectangular plates separated by a 0.95 cm. gap. Sparks in

: the gaps delineated the trajectories of charged particles from

a neutron interaction,in one of the plates. The sparks were
photographed in 90° stereo by a single camera through a system.
of mirrors. From the photographs the interaction vertex.was re-:
constructed in space to within *1.5 cm.

To reduCe'the number of interactions at the extreme front



"and rear of each chamber, - for which it was difficult to accu-

rately reconstruct the vertex position, the first and last few
plates were aluminum; the rest were stainless steel, for a total
of one nuclear absorption length of material. ‘

The transverse orlentatlon of the spark chamber system w1th
respect to the LH; target was such that a neutron produced at 0°

relative to the beam would pass through the centers of the,cham—

- bers. The distance from the LH, target to the spark chamber

system was V11.5m, fixed by the requirement that it be as small

as possible without having noninteracting beam particles pene-

" trate the chambers. From this distance and the neutron inter-

;action position, the laboratory productlon angle of the neutron

could be determlned the maximum being ~+3° relatlve to the beam.
2.1.5 Counters .

Positioned upstream of the LH, target were two sets of
counters, labeled A,,B; and A;,B. in figure 2}1—1, that signaled
the beam-on-target condition. A, and A, wereurectangular-in
shape with a 3.2 cm diameter hole in their centers. ' B; and By,
with transverse dimensions 3.8x2.5cm?, were iocated in front

of the holes so that a beam'particle‘passingothrough'the'B coun-

‘ters and the holes would penetrate the'target. A noninteract-

~ing beam particle, deflected upward by the streamer chamber's

magnetic field, would strike a hodoscope array, labeled D. A

beam interaction was thus defined by the logical condition

.‘ B; 'Ao By ‘Al

Immedlately behind each spark chamher was a plane of coun-
ters, labeled N;,N;,N3 in figure 2.1-1. These were~1ntended to
detect charged secondaries resulting from neutrontinteractions
in the chambers. Each plane consisted of four slightly overlap-

ping counters with dimensions 91.5x35.6%0. 95 cm’®

coverlng the
transverse area of the spark chambers.

The event trigger depends on the time lapse between a
beam interaction and a neutron interaction. To minimize the‘un--
certainty in the time of the latter, phototubes were attached
to both ends of each spark chamber counter with a coincident

51gna1 requlrement that precluded trlggerlng on tube noise.
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Most of the charged particles incident on the spark cham-

ber system were detected by an array of countere; labeled I';,T>,
Ts, in'front of the system and v8.5m from the LH, target. 1In-
cident photonslwere converted in 5.1 radiation lengths of lead
sandwiched between ''n and T,. It was necessary to place another
counter below the flrst spark chamber to detect charged partl—

cles resulting from interactions in, the chamber support struc—

© ture.

"2.2 Trigger

A neutron interaction was defined by a signal from two out
of three of the N counter planes in anticoincidence with a sig-.

nal from any of the I counters. The two- out ~of-three majorlty

requlrement was necessary to reduce spurious triggers.

To discriminate between slow neutrons fromlforward inter-
actions and relatively fast neutrons from backward interactions
a time—orFflight technique was used. The kinematically allowed .
spread in times-of-flight of neutrons from backward reactions
of interest was v4 ns. Adding 3.5ns for light«traneit time in
the spark chamber counters and 2.5ns for timing uncertainty .
definéd a minimum time-of-flight gate width of *10 ns for ac-
cepting neutrons. In fact, the gate width was set at 23 ns to
avoid the possibility of timing too tightly.  Only those neu-
trons from forward reactions where the recoiling X' mass was
near the kinematic limit (v3.05 GeV/c?) would fall within the
open gate. This was expected to represent a small and identi-
fiable background. * ‘

Background triggers occurred mgstly from photons,incident
on the spark chambers that were not converted by the iead_plates
between counters I'; and . It was estimated that these trig-
gers could account for at most 25% of the total. Strange par-

ticle contamination of the beam could resuItAin a fast, forward

fK;.mesQn that would also satisfy the time—of—flight requirement

and contribute to the background.
The trigger rate for the final run was 18 per 10° incident
beam particles. The data rate was 1200 photographs per hour,

being limited by the streamer and spark chamber dead times. A
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total of. 420 000 photographs was taken of events of the type ’
1-2., In additibn, 8000 photégraphs were taken with a trigger

.requiring a -beam interaction only, and 18 500 photographs were
taken triggering'oﬁ pp * nX*T. These latter two data sets were

useful  in determining the cross section normalization;



3. Data Réduction

3.1 Event Reconstruction

The 420 000 streamer chamber photographs were scanned to’

eliminate events with a charge imbalance and events not ‘having

all tracks and fiducial marks visible in at least two views.

of charged tracks in the final state.

- In the.process, events were classified according to the number

Two other categories

were made for noninteracting beam tracks and for events exhib-

iting a "vee" or kinked track.

Unacceptable photographs were

scanned a second time, whereupon the results -of both scans were

combined.

Spark. chamber'photographs corresponding to acceptable

streamer chamber photographs were scanned to determine‘the num-

ber and nature of 1nteraction vertices.

Table 3. l -1 summarizes the scanning results. The numbers

are percentages of the total number of photographs scanned.

Table 3.1-1

Streamer Chamber Film

2 tracks
4 tracks
6 tracks
beam'track'A

kinked track or "vee"

unacceptable photographs'34%

Spark Chamber Film

no vertex ‘ 25%

unique vertex - 47%
multiple vertices. 20%

photon vertex 8%

Those eVents for which the streamer chamber photograph

was acceptable and for which the spark chamber photograph had

rat least one p0851ble neutron interaction vertex were processed

by-DOLLY, the University of Illinois semiautomatic measuring:

. machine. The resulting digitized information was used by the

standard program TVGP to reconstruct the streamer chamber

tracks in space. The neutron interaction vertex position was

reconstructed independently.
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Event charaCteristics notvdirectly obtainable from film
include the primary interaction vertex position within the tar-
vget and the beam angles. The program VERTEX extrapolated tracks
into the LH, target and calculated the vertex as the point such
~that the sum of the squares of the distances from the point to
each track was a minimum. The program also used MWPC 1nforma-
tion to calculate the beam angles.

- If no other neutral partlcles are present the only kin-
ematic quantlty lacklng at this stage is the magnitude of the
neutron's momentum. The momentum could in principle be compu-
ted from the time-of- flight data used to form the'trigger In
fact, the spread in times of flight of backward produced neu-
,trons was -smaller than the uncertainty due to light transit

time in the spark chamber counters and to timing jitter. There- .

fore the neutron momentumAwas calculated from 4-momentum conser-

vation as partlof the kinematic fitting procedure (section 3.3).
3.2 Event Rejection | | |
A total_df 20 910 candidates for events of the type
nip.+ n.+f(4 charged tracks)l S 3.2-1

was scanned,.measured, and successfully reconstructed. This
figure includes the effects of three quality cuts made to re-
move‘poorly measured-or poorly reconstructed events. The first
cut eliminated events with spatially reconstructed tracks that,
when projected back onto the film plane, deviated substantial-
ly from the measured points on film. The second cut eliminated
events with tracks whose kinematic parameters had atypically
large errors. 'The third cut removed eVents'for which the beam
Ainteraction‘vertex was poorly'reconstructed.i
Two more cuts Were made prior to kinematic fitting. Af

target'fiducial‘volume cut eliminated events resulting from
interactions upstream of the target or in the insulating ma{
terial surrounding the LH; flask. 'A‘cut was made on the dis-
tance of closest approach of a track to the interaction vertex.
A track for which this distance was much larger than that for

any of the other three tracks could result from a 1arge angle
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scatter within the target or the material sarrounding it, the
decay of a<secohdary inside the‘target, or a previously unre-
.jected poor measurement. These two cuts reduced the data sam-
ple to 17 205 -events. | ‘

3.3 Kinematic Fitting

Three-constraint fits to the event type 3.2-1 were made
with the program SQUAW. The fitting procedure was repeated for

various final state mass hypotheses, including

+ +
(a) nm m W ow
(b):nK+W+K—n—
S
(c) npm pr
(d) nppm m
+ + - -

(e) nKk mmm

(£) nn+W+K-ﬂ_.

The inability of the trigger to distinguish neutrons from neu-

tral kaons motivated the following hypotheses:

(9) KLpn TxTn”
(h) K K pn T
(1) K 12T T S

A zero-constraint calculation was performed for the hypothesis
(3) antntnTn TR0,
Finally, a 4-constraint £it, in wh1ch the neutron information
.was ignored,. was performed to’
(k)-pn o
: Strangehess nonconserving states such as (e), (f), and
(i) could result from kaon contamination of the beam or from
the decay of an intermediate, neutral, strange particle within
- the target. . ‘ ' '
'A The missing-mass-squared distribution for events of the
type 3.2-1 is shown in figure 3.3-1. For computational pur-
poses the charged final state particles were assumed to be

pions. A neutron signal atop a large, featureless background
is evident.“There were 1355 such events that fit to hypothesis
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(a) with a kinematic x? less than 60. The missing-mass-squared

 distribution for these events is shown in figure 3.3-2. 1In the

absence of contamination from other final states, the unshaded
part of the plot would be symmetric about the neutron mass

squared. . The slight excess of events on the‘high mass side of

‘the neutron peak is likely due to events of the type (j). In

particular, the suggestive bump at 1.48 (GeV/c?)? may indicate

'the'A°(1236)‘(nﬂ°) resonance. The shaded region results from

additional cuts described below. , ,

There is a class of events for which ohe or more of the
cnarged tracks are directed along thetstreamer chamber camera
optic axis. These tracks, which tend to appear short and ill
defined on film, were difficult to measure. Many such events
are eliminated by the quality cuts described in section 3.2.
Those remaining are removed by a cut on’'a track's angle with

respect to .the optic axis, decreasing the data sample by 21

~events.

Figure 3.3-3 eXhlbltS the relationship between the neutron

momentum and the center of momentum angle between the neutron
and the beam, GES. A momentum cut at 2 GeV/c removes all events

in the forward region (cose < 0) and only 12 events in'the

‘backward region (cose . > 0)

The kinematic X2 distribution for the remaining 1074
events- is shown in figure 3.3-4. The solid curve is a fit to

a theoretical x? distribution with three’degrees of freedom

. plus a constant term. The tail of the distribution includes
" many events that have been mistakenly classified as type (a).
Of the type (a) -events, 30% also fit to type (j), 43% fit to

type (e), and. 47% fit to type (f). This ambiguity cannot be

attributed to poor measurement since these percentages are un-

‘ affected by the quality cuts.

Significant contamination from types (e) and (f) events

with a charged kaon in the final state can be discounted for

. three reasons:

(1) The x? distributions for all types (e) and (f)
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.Figure 3.3-4

The. klnematlc x dlstrlbutlon of events w1th a f1t to the hy-
pothesis w p*nn+n T n . The solid curve is'a fit to the data
with a theoretical x distribytion having three deqrees of
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. events show no peak characteristic of good fits.
(2)'There is no evidence of resonance structure
[e.qg. K*(890)]'in the Xm or Kmm mass spectra.
(3).If strangeness conservation is invoked to associ-
‘ate a missing, neutral, strange particle with the
:single kaon{in'the final state, it is found that
‘only V1% of types (e) and (f) events have a miss-
-ing mass sufficientiy iarge.to allow for:suéh a
particle. For example, type (e) events would
require a missing particle with,béryoﬁ number 1,
strangenéss -1, and charge 0. The baryon with -
the lowest mass having these quantum numbers is
the A°(1116), yet only 1.8% of type (e) events

have a missing mass at least as large.

- One concludes £hat the principal source of contamination in the’
type (a) eﬁent;sample is events with_ah undetected T° in the '
final state.' - A Lo ,

To determlne a reasonable p01nt for maklng a x? cut that
w1ll .reduce thlS background and to estimate the number of type
-(a) events removed by the cut, it is necessary to gauge the
eff1c1ency of the klnematlc fitting program. The.proceauré;for

d01ng so can be outlined as follows:

(1) Use a Monte Carlo technique to generate a set of
type (a) events that conserve energy and mbmentum
exactly. The tracks for such events are each
parameterized by a mass and by a momentum vector,

(2) Assigh é measuring error, Ft, to thg;ith component

_,of each traék's momentum vector. r’ is selected
at random from a Gaussian distributién whose mean;
" and variance are characteristic of the real data.‘

(3) Generate a new momentum vector for each track by
selecting the Zth component at random from a Lor—‘
"entzian distribution with mean po and width 2r°

(4) Use these events as input to the fitting program.
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The prooedure was repeated. for an equal number of‘type‘(j)
events. Implicit here is the assumptlon that the production
cross sectlon is approximately the same for both types of events.
Data compiled by Amaglobeli (1977) indicate this is true to
within “15% at 5 GeV/ec. '

For a sample of Monte Carlo events that fit to hypothesis
:(a), the prediétion is that 67% are legitimate and 33% are back-
ground. The result’of the fit to the x? distribution of figure
3.3-4 provides another estimate of the ratlo of legltlmate type
‘(a) events to background as a functlon of x? With a x? cut at:

, 21, the two estimates can be made‘self-con51stent (equal).
There remainh 749 events, the missing-mass—squafed distribution
for which is shown in the shaded region of figure 3.3-2. This

is the sample upon which the data analysis is based.
3.4 Cross Section Normalization

The proportlonallty constant that relates numbers of events

of the type T p nn+n+ﬂ T - to a cross sectlon 1s glven by
g =1 TIv. o ' L 3.4-1
b n < i’ : . ‘ ' .

where n is the nanobarn equi&alent and the W are factors to
correct for systematic losses of events. Table 3.4-1 lists the
numerical values of the constants; there follows here a brief
description of their meaning and derivation. For more'detail,
see Wagner (1978). | ' '

The nanobarn equivalent was calculated according to

n o= Algy A(l—e—l/x
mot

)x107%, ' S 3.4-2
Where

is Avogadro's number; A

is the density of hydrogen in the target;

is the atomic weight of hydrogen;

e 3 OO0

is the average beam flux incident on the target
per trigger, corrected for beam contamination;

v, is the number of triggefs in the ekperiment;
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L is. the average path length of a. nonlnteractlng beam
partlcle in the hydrogen target; and

A"! is equal to AT 4&‘ , with A the mean interaction
length of 8 GeV/c pions in hydrogen and A the mean
decay length of the beam..

For convenlence, calculations for ob were based on a rep-.
resentative subset of the -data. The factor W, scales the re-
: sults accordlng to the ratio of the number of 3 -constraint fltS
in the subset to the number in the entlre data sample.

W2 scales the data in proportion to the number of events'
lost because they were unmeasured, poorly measured, or poorly
reconstructed. It isﬂgiven by the ratio of the number'of~
events scannegd, corrected'for scanning accuracy and efficiency,
to the number of events that remain after the three quallty
cuts ‘are made on measured events.

Wa accounts for events lost when the neutron interacts in
.the T counter-lead plate array upstream of the spark chambers.

W, corrects for events lost due to track. scattering inside
the target. The probablllty that a track scatters is propor-=-
tlonal to the momentum dependent strong 1nteractlon total cross
section and the reconstructed track length within the target
A 'worst-case assumptlon is made that every track scatter results
in a lost event. , ,

Ws corrects for the small amount of streamer chamber £film
that was unscannable. _ ,

Wg accounts for events lost when a neutron enters the
spark chamber system but does not result in a trigger. The
problem of determlnlng the efficiency of the spark chamber
| system is discussed in the Appendix. 4

Finally, W7 is a correction factor for the number of events
1ost in maklng the x2? cut, as well as the number of background‘
events that remain after this cut is made. The correction is
based on the results of the kinematic flttlng efficiency analy—

sis descrlbed in section 3.3.
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The effpr in ¥W,, which dominates all others} was éalcula-
ted on the basis of ‘a worst-case assumption that. the true num-
ber of background events in the sample prior to making the x?2
- cut ié equally likely to be found within a range No*§. Here
‘the medién value, No, is the best estimate of the number of
e . background events, predicted by_fhe kinematic fitting effi-
~ ciency analysis. The ﬁpper limit, No+6, is the number given
by the fit to the x? distribution in figure 3.3-4. It was de-
+ cided to ignore this‘large systematic uncertainty in subsequent
calculations;of cross Sections;'it is thereforé omitted from

the absolute error on the cross section basis quoted below.

Table 3.4-1

A 6.02x102% atoms/mole

o 0.0734+0.0003 g/cm®’

m 1.008 . g/mole

® ' ' 5452+91 pions/trigger
) Nt S . 47095 triggers -

AT 814.2+9.4 . cm

2 30.5+0.1 cm

n ' - 0.337:0.008 events/nb

Wi. o : 0.122 ,

W : 3.25+0.08

W3- : 1.25

Wy~ ’ 1.05x0.01

Ws 1.047%0.002

We 2.67:0.36

) Wa : : 0.96x0.19 . .
o] .. 4.13%0.57: ‘nb/even

(not. including an overall systematic
uncertainty of 20%).
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4, Data Analysis ' . . | t
4.1 Introduction |
In this‘chapter the 749 events that fit to the backward
reaction hypothesis ' .

R o . 4.1-1

will be examined for evidence of quasi 2-body (Q2B) final states.
The term "backward" refers to a center- of—momentum (CM) scat-
terlng angle between the beam and the detected neutron of less
than 90°. The term "Q2B" refers toAa state in which the ob-
'served particles devolve from two intermediaries, as illustrated
in figure 4.1-1. ‘

Observed
Po‘rticle_s

Figure 4.1-1 A Q2B event,

For backward 7wN reactions, one ‘of the 1ntermed1ar1es (con~-
ventionally the one at .the upper vertex) ‘will have the quantum
numbers of a baryon (B), while the other will have those of a
meson (M). B and M may be either resonances'or;stable parti-
cles. " - } ‘ ‘

Published results are available for only three 7o . scatter-
-ing experiments that measured a final state of the type _
4(nucleon)+(charged plons) with a mu1t1p11c1ty suff1c1ently hlgh
to warrant a study of Q2B productlon.. The observation of copious
Q2B production in two of them motivates the search for such
states in this data. Table 4.1-1 catalogues the states prevfous—
ly studied The third experlment, reported by Arenton (1978),
found no clear evidence for Q2B production.




Reaction

T p > pr T
at 9 and 12 GeV/c

- - 4+ -
Tp>pnowoT
at 8 Gev/e

Table 4.1-1 .

. Reference

Ferrer (1978)

Abashian (1976)
Morris (1975)

Channel

er )ty
(prin) (1)

(pnfn')(n+)

@) ()

pr7) (rtn)

(p) (nin 1)

Notes

Q2B States

A0 (1236) +p0/f0
N*0(1520) +p0 /10
%0 (1688) +p0/f0

(52004 71

v+t (1670)+ 7
AT (1890) + n”

- +
A (1890) + 7

Ay + p
CA] 4+ p:

A0 (1236) +p0/f0 ..

N*°(1520)+p°/f°
V%0 (1670) +p0/F0

Ay + p
. 41 +p
5(1930) + p

Notes

~(a) This state considered clear and'unambigudus in - the data.

A(b)'A clear enhancement is seen in data, but its aésociation

with the given resonance is ambiguous.

(c) This state unclear but possible.
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A feature COmmonﬂto most backward reactions at energies

> 4 GeV is the peak in the differential cross section as
6CM N '
bB
and the baryon. The gross shape of the peak is well parameter-

0° , where Ggg is the CM scattering angle between the beam
ized by

é%;liAAe_bluél, o ' 4.1-2
B )

. where

CM_CM

L M, VL o M _. i
ug. = uB(ebB) uB‘9) 2pb Py (cosSbB 1) ‘ 4.1-3

and Up is the 4-momentum transfer between the beam and baryon.'

The fine structure of the peak, particularly its behavior when

CM )
ebB.
fikxed energy. It must be stated, however, that the lack of

= 0°, bears on the phenomenology of Q2B production at

statistics, limited acceptance in eﬁg, and the complexity of
the final state 4.1-1 make it impossible to obtain a quantita-
tive understéhding of the production méchanisﬁ for Q2B states
observed in this data. ' 4 |

' On.the'contrary, in order to derive crdés sections for'
Q2B production, it will be necessary to postulate a model,
. the simélest for which consistency with the data can be demon-
strated. To this end, one assumes that the amplitude for the
. process n-p + BM corresponds to the diagram sketched in figure
4.1-2. ‘

78y

>B
B’ |
P — M

Figure 4.1-2 One particle (baryon)Aexchange picture.
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The virtual baryon propagator, B'’, is assumed to have definite
isospin and an angular momentum independent of Upg-

Support for this picture is provided by the results of the
two experlments listed in table 4.1-1, which were found to be
consistent with the exchange of a single, unpolarized baryon.
Furthermore; when conservation rules allowed more than one
' possibility for the identity of the exchanged baryon, the one

with the lowest mass appeared to dominate.
4.2 Overview of the Data

Table 4.1-1 suggests that the follow1ng p0551b111t1es for

Q2B 1ntermed1ar1es in reactlon 4.1-1 be investigated:

B - _ M
(nﬂ+nf) (ﬂ+ﬂ—)
(nn—) o (ﬂ+ﬂ+ﬂ-)
(n) . (rhtnTrT)

The m, vs. m,  invariant mass’scatterplotS‘corresponding
to these channels were studied. 1In none of them was there
81gn1f1cant clusterlng of events indicative of Q2B production.
The projections, however, are not featureless. Figure 4.2- l(a)
. shows' the (nﬂ+n ) mass distribution in which there is possible
resonance structure near 1600 MeV/e?. The (n 7 ) mass distri-
bution in figure 4.2-1(b) shows a promlnent p? signal and an
enhancement in the region of the f° around 1270 MeV/c?. In
view of the preponderance of N*° + p'/f" Q2B production list-
ed in table 4.1-1, this is encouraging. In figure 4.2—2(a)
the'(nn*) mass distribution evidently contains some A (1236),
which 'is not accompanled by clear meson resonance structure in
the‘(n+ﬂ+w-) mass distribution in figure 4,2 2(b). The (nﬂ )
and (n7m 77) mass distributions in figure 4.2-3 are devoid of-
structure in the neighborhood of known resonances..

It should be noted that no attempt has yet been made to
discriminate among the final state pions. The‘distributions in

figure 4.2-1, for example, contain four entries per event, one
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Figure 4.2-1

Invariant mass dlstrlbutlons with four entries per event,

of (&) the (nﬂ+ﬂ ') particle comblnatlons and (b) the re-

c0111ng (w+n ) particle combinations.
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The invariant Tass distributions, with two entrles per event,
of (a) the (nm') particle comblnatlons and (b) the recoiling
(m'w T ) particle comblnatlons
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for each of the four possible Ways to'pair two pions with het
charge zero. 'If every event in the data were Q2B, the signal
to noise ratio in the figure would be only 1/3. It is dn—'
doubtedly smaller because of events in which none of the (w+n_)
pairs is resonarit. A similar caveat applies to figures 4.2-2
and-4;2-3 for which there are two entries per event.

In summary, the data motivate a search for known low mass
baryon resonanéeé recoiling from p° or f° mesons, and known
_meéon.resonances recoiling from a Af(lZBé). ‘

4.3 The (nm'n7) (r*n”) Channel
'4.3.1 Pion Discrimination

.In the laboratory (Lf frame, the canonical backward Q2B
reaction involves a baryon that is "fast" felative to the re-
coiling meson in the sense that p;>p;. If /s were Suffiqiently
and m_, it would then be true that

B M .
.(WM) is a pion from the decay of the baryon

large relative to both m
L L. :

Do >pﬂ»,4where T
B M o , , :

(meson). 1In. this experiment, however, it is possible for

pL spL , particularly when 0. = 180° ana oM =0°, making the

Ty~ My , ' , bTy , bT, :

parentage of the pions ambiguous. This overlap in momenta

(and in momentum dependent functions) worsens as the resonance
- masses increase. In the discussion that.foliows, the term
"misassociation"'will'refer;to a pion resulting from the decay
of'the baryon (meson) resonance that is mistakenly associated
with the meson (baryon) resonance. |

For the (nn+n—)(ﬂ+ﬂ-) channel, pion”discfimination is ac-
complished byAé method less_étraightfbrward than simple momen-
tum ordering. The pion pair associated with the meson [bafyon]
resonance will be labeled (nTn7) [(njﬂ:)], with 77 ahd Ty -

chosen so thatl}u" | is the largest of the four possibili-

+ -
(nm1T2)
ties. This scheme can be heuristically explained as follows:

: . : : - | = r - ] i
Accord;gg to equation 4.1-2, IuBI h%nw;nn is likely to be
small. For a misassociation involving one pion, the kinematic

: i s ] [ = ' |
amblgqlty mentioned above may cause hﬂnn?nnl'or Iuhm:ﬂz), to
be at least as small. It is unlikely, however, that a misas-
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sociation involving two pions will yield a value of |u'| small-
' p—

ety | < 14ty |-

Monte Carlo studles_support this assertion. See section 4.3.5.

er than Iué[ i.e., it is unlikely that |u’

4.3.2<Evidence.fer Q2B Production

The prescription described above was appiied to the data.
_Figure 4.3.2-1 exhibits the (nmsm, ) mass distribution. At the
‘low mass end (below 1960 MeV/c?), where the pion association
scheme is exbected to be most reliable and where other experi-
ments have seen considerable resonance production, structure
is visible in three regiens (henceforth, regions 1, 2, and 3)
centered at 1520, 1640, and 1840 Mev/c?. |

The recoiling (nﬁn}) distribution is shown in figure
4.3.2-2. The p® signal is clear, and there ie bettef,evidence
of an f° signal. Those events for which m(TT " <1960 MeV/c?

- are contained in the shaded area. The result of this cut is
an improved p° signal in that the low mass shoulder has been
reduced. The:f°.signal is relatively unaffected by the cut.
Unless otherwise noted, the discussion that follows in this

section refers to the 347 events that remain after this mass
cut is made. ( . ) ‘ ‘ ‘

Despite the small number of events, evideﬁce for Q2B pro-
ductien can be seen in figure 4.3.2-3, a scatterplot of m

(i T2)
vs.m for m -, < 1960 MeV/c?. There is a well-defined

ot béﬁg7;lth 1nd22atlgns of clusterlng in regions 1 and 2 com-
bined and ih region 3. The events associated with the f°
being sowfew, are difficult to resolve into elusters

The density of events on the low side of the p° band ap-
pears to increase with increasing m(Tﬁﬁu) ~Most of these
events can be attrlbuted to pion misassociation, for, as figure
4.3.2 -4  shows, the (Haﬁu) pairs assoc1ated with the baryon are
distributed smoothly in mass around 550 MeV/c?. .An empirical
estimate of the number of such events puts it at v10% of the
total. | -

The accumulation of events between’the,p°-and f® seen in
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Figure 4.3.2-2 The invariant mass dlstrlbutlon of the pion pair associated
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Figure 4.3.2-3 The invariant mass scatterplot of the meson particle com-
bination vs. the baryon particle combination. Bands of
possibly resonant events are indicated.
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‘ figure 4.3.2-2 appears in figure 4.3.2-3 to form a cluster in
regions 2 and 3. It is unlikely this enhancement is a mere
statistical fluctuation as similar structure has been reported
by Abashian (1976). 'There is some evidence,. reviewed by Bric-
man (1978), ‘from phase Shlft analyses of ww elastlc scattering
for a narrow I(J ) = 0(0 ) s-wave resonance, the S*, in this
'mass region. The data here do not permif statistically signi-
ficant conclu81ons to be drawn regarding the. backward produc-

tlon of thlS state.
4.3.3 Fits to the Data

Least Squares fits to both the (nn:n:).and (ﬂTﬂZ) mass
distributions were performed. The results are listed in table
4.3.3-1.

Table 4.3.3-1 .

Baryon Resonance Mass (MeV/c?) Wwidth (MeV) No. of Events

1 1518+12 125 (fixed) -  78%15
2 1649+ 7 . 65%22 | 76+21
3 1860+11 182+41 - | 179£21

Confidence Level 95%
Meson Resonance hE 7 .
p® , 1732%19 155 (fixed) 145417
- 3 125415 180 (fixed) 74+17

Confidenée,Level 46%

The fittiné function haa the general form
f(m)y = 7} + background. 4.3.3-1
i=l(m-mi)2+(%Fi)2 : '

One nonrelativistic Breit-Wigner function was included for
each resonance in the distribution. Neither the fitted para-
 meter values nor the x? values for the fits were sensitive to

such refihements as the use of relativistic Breit—Wigner func-
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tions with mass dependent widths.

A ba¢kground function of the form Ziioui(m—mo)i, where my
is the threshold mass, was found to be both necessary and suf-
ficient to describe the (HTW;) distribution. That is, the dis-
tribution wés_not well fit with two Breit-Wigner functions
alone,'while the confidence level for the fit was not improved
with the inclusion of more terms in the background function.
The contribution to the fit from events with 1000 MeV/c? <
muﬁh;)< 1100 MeV/c? (the S*—region) was ignored.

Unllke the meson resonance parameters, those for the bary—
‘on resonances were strongly influenced by the choice of a back-
ground function. With the mass cut at 1960 MeV/c , however,
the (nmim3) distribution was well fit by three Breit-Wigner
functions alone. Contamination from pion misassociation is
expected to be minimal in region 1 but to increase with in-
creasing mass. The numbers of events, therefore, particularly
.for region 3, should be interpreted as upper 1imits; the errors
.do not reflect systematic effects of fitting.

'~ The number of events associated with each resonance was .
computéd by integrating the Breit-Wigner function over the ’
mass -range of the'entire distribution. The errors guoted in
table 4;3,3%l‘are statistical only. ‘ | |
A Thé number of Q2B events was obtained by'perﬁorming a
. two-dimensional fit to the daté'in figure 4.3.2-3. Because the
density o£:events is so low, the Least Squares method is not
applicable.: Instead, a Maximum Likelihood fit was done' where- -
4‘by the joiq; probabilityldensity function

> 4 A N |
F(a) = —.2 In[P(mg,m;a)] : 4.3.3-2

' =1 oo
was minimized with respec£ to the parameter array, 0. Here N
i§ the total number of events in the scattefplot, and m; énd
m; are the masses for the ith event that define a point in the
plot.

The function P is simply the product of the functions used

- to fit the projected distributions (see equation 4.3.3-1):




3 2 n -
Pomgmeid) = § Y w0, @) ——— —t
j=1 k=1 [ o -u3)2+<%rJF] (ETRESIC WES
' 3 ao+a1(m -mo)+a2(m —mo) g
| . + ] w @in - = }.J“Z . 4.3.3-3
f’ o Jg=1 [mB—uB) +(%TB) :

The nominal masses ahd widths, ui,uﬁ,?i,rﬁ,,and the background
-constants, ‘a¢,a1,a2, are taken from the fit results to the pro-
jected distfibutions. The normalization constants, UPx 1= l“..,9,
are fixed so that the integral of the lth term in P is equal

to wy (a)f a normalized parameter: '

-> OLZ . ‘
wz(a) = . ‘ g $4.3.3-4

The number of events assoc1ated with a term in equatlon
4. 3 3-3 is given by

W, = w, . | , 4.3.3-5
These numbers are listed in table 4.3.3-2;

Table 4.3.3-2

p? 'f‘-0 background Totals
Baryon Region ' _ ' :
- 1 _ 47.5%6.6 30.5t7;3 ‘ 9.7110.7 4 87.7+14.5
5 19.1#3.5 10.1%2.8 45.8&1211 75.0%£12.9

. 68.3%9.0 29.1%8.3 86.1t15.6 - 183.5%19.8

Totals 134.9%11.7 69.7¢11.4 141.6+22.4

" Theé totals abévé should and do agree, within}errors, with the

reSults of the indepeﬁdent fits to, the projected distributions.
As another check of the goodness of the Maximum Likelihood

‘flt figure 4.3.2-3 was divided into a number of rectangular A

bins so that a x? statistic could be defined:
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4.3.3-6

where b is the number of bin§, nz is the number of events ob-
served in the <th bin, and n; is the number of events predlcted
by the fit in the ith bln, obtained by integrating equation
4.3.3-3 over the area of the bin. Using a technique descrlbed
by Eadie (1971), one can construct a goodness-of-fit test
based on this statistic. The boundaries of the bins were
chosen to equalize the number of fitted events in each. An
optimum value of b=30 was determined so that the tesﬁ‘best
discriminates between the distribution 4.3.3-3 resulting from
the Maximum Likelihood fit and the set of all other possible
distributioné} A value of X2=20 was then calculated,.with'a
cofresponding confidence level between 0.52_and 0.92. This
indicates an adequate fit in the usual sense.
4.3.4 Monte Carlo Model for Q2B Production

To derive Q2B production cross sectio;s, it is necessary -

to correct the figures in table 4.3.3-2 for events lost due
to the geomeﬁrical acceptance of the apparatus. The size of
the neutron detector limits the event sample to those for
"which 6;2 <. 3°. Neutrons resulting from the decay of a bary¥
on resonance, however, can have laboratory angles consider-
ébly greater than 3°, depending on the mass of the baryon and
the dynamics of its production and decay. Event detection
eff1c1ency is determined from the results of Monte Carlo (MC)
modellng. The model can also be used to estlmate the likeli-
hood for pion.misassociation. . o

For input to the model, it is desirable to assign the
quantum numbers- of established baryon resonances to the en-
hancements observed in regions 1, 2, and 3 of figure 4.3.2-1.
The only baryon with which the fitted mass of region 1 is con-
sistent is the N*(1520) [I(JP)=;(§')] This baryon has also -
been unamblguously 1dent1f1ed by Ferrer (1978) and Abashian
(1976) (see table 4.1-1).

The situation for regions 2 and 3 is less clear, for there
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are several broad, overlapping resonances'that couple to the
/2
MWﬂf196o MeV/c

The statistics are not high enough. to resolve them. In fact,

(nmw) final state in the mass range 1600 MeV/c?<m

statistical uncertainty w1ll dominate over systematic differ- '
ences ar151ng from the choice of one resonance oOr another. For
definiteness, the N*(1670) [I(J =5(5 )] and A(1890) [I(J
%(§+)] will be associated with regions 2 and 3. The fitted
mass and width of region 3 are consistent with the latter; the
fitted mass for region 2 is consistent with the former, but

the fitted width is considerably smaller than the nominal value
~of 155 MeV! [Comparisons are made to resonance parameters
- quoted by the Particle Data Group. See Bricman (1978).]'

' Support for an I=3 assignment to region 3 can be hadlfrom
the follow1ng argument: If one assumes that all three regions
reflect I— objects, then the expected ratio of A (1236) to

A (1236) events in the (nng) and (nTy,) mass subspectra is
0.11£0.01. This result is obtained by scaling the fitted num-
. ber of events in each region with the appropriate Clebsh-Gordan
coefficients. If region 3 reflects an I=% object, however, the
ratio is 0.27+0.04. The observed ratio, obtained from fits to
the two mass subspectra, is 0.29. Unfortunately this conclu-
sion is not unambiguous since it is sensitive to the background
parameterization in the fits. '

' The masses fer the:resonances in a MC event are selected
from Breit-Wigner distributions given by Jackson (1964). The
central mass values and widths of the distributiens are taken
from the'fit results in table 4.3.3-].

The exponential slope parameterizing the ué distribution’

",-for MC events can be estimated from the data. The ansatz 1is

made that all of the Q2B events in the data are distributed in

,‘ué according to

-blu!

flug) = 4de BYE(ul), . 4.3.4-1

where £ gives the effect of the detector as a function of ué;
'Although«there'are six different Q2B states contributing to the
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data, each of which may be associated with a different expo-
nential slope, they are treated in aggregate to gain statis-
- ‘ tical significance. Knowing fhe function &, one can fit the
‘ data for the parameter b. "
To obtain &(ué), MC events uniformly distributed in»ué
(i.e., with b=0) are generated for each Q2B state present in
the data. For a particular state j, the number of detected
events, dj,'is related to the number of generated events, gj’,
by a detection efficiency, ej: '

1y .. 7 ‘ . -
dj(uB):— ej(ua)gj. - . , 4.3.4-2

Let dj be a fraction wj of the total number of events detected:

. ’ ) -—
w.D(uB). : 4,.3.4-3

djlug) = v, J

) dj(ué)

6
J:

1
Then

9. = e D(ul). | o 4.3.4-4

The total number of events generated is

G = D(ul) § i | 4.3.4-5
B2y g5 ()’ - T
| ° - whence
‘ D(u!) = G[ § % o 4.3.46
uB_‘,— jzl Ej(uB') . . ' ) . .4-

.3.4-1, one finds

Comparing equation 4.3.4-6 ﬁo equation 4

Il 10y

O : -
J : S < 4.3.4-7

E(ul) = —
B [j €j(uB)

The factors wj are taken from the resuits'of»the-fit to

1

) "~ the My vs. m, scatterplot (see equation 4.3.3-4). The detec-
tion efficiencies for six MC runs, corresponding to the six’

02B states, are shown in figure 4.3.4-1. Although the effi-
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ciency is not strongly dependent bn the identity of the meson,
it decreases considerably in the.small‘lué[ region as the mass
of the baryon increases.

Equation 4.3.4-1 is expected tQ more closely approximate
tne'uB dlstrlbutlon of the data after a background subtractlon
has been made to reduce the effect of events not belonging to
the six 02B states modeled. The fit to the (Tim;) mass dis-
tribution admits the possibility that "v40% of the events are.

background. Three sources are considered:

(15~Events in which the (ﬂTﬂ:) pair results from an
‘ s*wave.interaction, which may account for the
enhancement near 1000 MeV/c? in figure 4.3.2-2;
(2)rQ2B events of the type (nw+n—)(ﬁ+ﬁ_) in which
-.the pions have been misassociated; ' '
(3) Events_not in either ef the classes above, spe-
~ cifically those for which the (1im5) pair is

nonresonant.

There 1s no tenable procedure for obtalnlng the uB dis-
tribution for events in the first category. Events in the lat-
ter two categories have a (ﬂfn;) pair that is nonresbnanﬁ. It
is reasonable tbﬂsuppose that the u01+ ;)dlstrlbutlon for such
events is 51m11ar to that for events with a pion pair that is
manifestly nonresonant, such as (ﬂ1ﬂ2) or (wim,). Here the
subscripts 1 and 2 indicate pions of like charge that have been
labeled by the prescriptien normally used to discriminate
':among pion pairs of opposite charge. ” That is,,(ﬂfnf)'is the
" 'pair such that~|uf . g)l
pion palr comblnatlons

‘is the largest of the six possible

The u' dlstrlbutlon approximating the background is flrst
smoothed and then weighted so that the total number of events
is equal to the number of background events obtalned from the
fit to the data. Figures 4.3.4-2(a) and (b) show semiloga-
rithmic plots of the‘h%nn?ﬁﬁl distribution before and after
the background subtraction. In the latter figure, points be-

yond Ju! | = 0. 68 are within one standard deviation of zero

(nﬂ1r)
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and have been suppressed. Figure 4.3.4-2(c) Shows the distri-
bution that results when the_effect of the deteetor, given by
equation 4.3.4-7, is divided out. The error bars reflect sta-
tistical uncertainty, while the straight line is the result of
a fit with the function f(u') = Aexp(-b]u'|).-'0ne finds that
A = 221. 5+§7 5 and b = 2.1%#1.1 with a confidence level of 30%.,
The angular distribution governing the decay of a MC
resonance depends on the spin and parity of the resonance, the
spin density matrix of the resonance, and thespinsand parities
" of the decay'products. The formalism is discussed by Gottfried
(1964). It is assumed that the decay is parity conserv1ng and
- that the products are in a state of definite orbital angular
momentum, £. The value is taken to be the smallest consistent
with conservation rules. This is plausible for low mass reso-
nances, where the energy available for the decay relative to
‘the product masses makes. it unlikely that higher f%-wave states
contribute significantly. o
The baryon resonance was allowed to decay sequentially

via the intermediate state (A(1236)T), a process treated by
Button-¥Shafer-(l965) and by Berman (1965). Tﬁe effect of
other possible-decay modes Ie.g.,‘(pn)] was found not to be im-
" portant to the predieted overall event detection efficiency.
% The spin density matrix, pB) of the baryon resonance is

assumed to be diagonal with elements

N

“4.3.4-8

Nj—

These values are a consequence of the ené-particle—exchange'
picture, described in sectionA4 1, if the exchanged particle
is assumed to be an unpolarized nucleon, and 1f ‘the axis of
'quantlzatlon is chosen to be the direction of- the beam in the
baryon ‘rest frame. o

Unlike the décay angular distribution of the baryon reso-

. nance, that of the meson resonance is not significantly biased




by the geometrical acceptance. ' For the p? meson[ a moment

analy51s of 133 observed events having 570 MeV/c <zn(+ —)<

840 MeV/c? gives the following values for the spin density

matrix:

0% = 0.30£0.09
09, =-0.08%0.07 . 4.3.4-9
Re{pfo} = 0.09+0.06.

These nﬁmbers»reflect the kinematic background subtraction
described previously in connection with the determination of
the exponential slope, but no attempt has been made to gauge
the possible interference of a nonresonant spin-0 background.
With only 0bo differing significantly from zero, the results
are consisteﬁt'with the isotropic decai of the p’ meson.

Liﬁited statistics and the relative importance.of inter-
ference effects preclude a similar anaiysis fvor.the,j“'o meson.
The assumption of spin-% nucleon exchange, however, forces
all matrix elements for the f° having |m|—2 to be zero. Thus,
the spin denslty matrix for both the p° and f' mesons was
taken to be '

i; m=1,0,-1 : R
p. . = _ . . o 4.3.4-10
0; otherwise. - : -

A 4 3 5 Results of the Monte Carlo Model

- The MC model is based on a subset of the data 5. features
that corresponds directly to the ansatz described in sections
4.1 and 4.3.4. Confidence in the model can be gained by com-
paring its predictions to features of the data to which it is
not specifically tuned. A number of distributions were studied -
and, in most cases, reasonable agreement between the realbdata
and the MC data was found. For-this-purpose.MC events for the

six Q2B states observed in the data were subjected to the



charged pion ordering procedure described in section 4.3.1

and then combined in proportion to the amount of each state

in-the data. The result was then scaled so that the number
of MC events equaled the number of real events. No attempt

_was made tolincorporate a background other than thatharisihg
from pion misassociation. |

For example, figure 4.3.5-1 shows dlstrlbutlons of the CM
- opening angle between (a) pions of like charge, (b) positive
pions and the neutron, and (c) negative pions and the neutron.
The dots are MClpoints, connected to guide the eye. The in-
ferencelis that the model adequately describes the geometri-
cal behavior of the final state pions. A

Figures 4.3.572, 4.3.5~3, and 4.3.5-4 show invariant
mass distributions for various final state particle combina-
tions. 1In each‘case,'the distributions for pions of identi-

. cal charge have  been combined."The most sighificantvsystema-‘
tic deviation of the MC data from the real dété appears in
figure 4.3.5-4(b). When events with n%n":ﬂ:)>'l740 MeV/czare'
excluded [those events in region 3 of the (nm3m,) spectrum],
a qualitative improvement results, as shown in figure
4.3.5-4(c). This suggests that regions 1 and 2 contain a
relatively pure Samplevof Q2B'events'well described by the
model. Furthermore, background effects become'importént in
'region~3, butlnot enough to warrant rejectioh of the model;
The cross sééfions involving the A°(189OX quoted below shouid
be viewed. w1th ‘this admonition in mind, however.

Table 4 3.5-1 lists the detection eff1c1ency, orderlng
'eff1c1ency, and: backward productlon cross section for the six
Q2B states observed in the data. The o;derlng efflc;ency is
defined as the ratio of the number of Mé:events havihé,pions
,cgfrectly paired andrn“mth)< 1960 MeV/c? to the total number
. of detected MC events. The cross sections are obtained from
a broduct of the reciprocals of the efficiency factors with
the cross,section basis (see section 3.4). Those cross sec- .
tions invoiving the f° have been corrected‘for}ﬁnobserved de-

cay modes. A similar correction has not been made for the
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baryon, howéVer, due to the'uncertainty in its identity. The
reader is reminded that the errors on the cross sections do not
include a large syétematic uncertainty in the cross section

basis (20%, see‘table 3.4-1), and therefore are dominated by

statistics.
Table 4.3.5-1 -
Q2B State - 7Detection Efficiency " Qrdering Efficiency O (ub)

- N*% (1520) +p? ‘ 0.135 . 0.971 1.49%0.29
N*® (1670) +p° - 0.105 0.941 0.80%0.18
A® (1890) +p° : 0.069 0.793 ~© 5.15t0.99
N+ (1520) +f° 0.143 0.784 2.11#0.58
N*% (1670) +f° 0.106 0.663 1.11#0.35
A° (1890) +f° 0.067 0.549 6.14%1.95

4.4 The (am ) (n'm’

) Channel

4.4.1 Pion Discrimination

- Based on figure 4.2-2(a), one expects Q2B production in

this,chahnel to be characterized by a AT (1236) baryon accom-
panied by_é 3—pion meson resonance. Let Ty (73). be the nega-
tive pion associated with the baryon (meson) resonance, with

- s e s Y A C o T 2
T, chosen so that Mmey 1S in the A rcgion. mOWu)< 1360 MeV/e “.
There are 43 events for which both (nw) combinations are in
the A—regicn. In this case, let (nm, ) be the more backward of

the two combinations: |y’ | < |

- ' -
“(nmry) “(nWa)l

. 4.4.2 Evidehce for Q2B Production

' Thé procédure above selects 413 events out of the 749
event sample. Figure 4.4.2—l(a) shows their (nfn:ng) mass dis-
tribution. An enhancement possibly indicative of the A: meéon
is visible at 1300 MeV/c?. The enhancement at 1550 MévA:Z can-
not be attributed to a known 3-pion rescnancéi_.lt is likely,

however, that these events are a reflection of low mass N?°/A9
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.(nﬂ+ﬂ_) resonances These baryons whlch couple strongly to the
(Am) decay mode will 51gn1flcantly contaminate the A-region in
the (nm )(n+n+n ) channel This contentlon is borne out by the
Monte Carlo model descrlbed‘in section 4;3.4; When,MC events
of the type N*°/A°+p°/f" are subjected to the ordering scheme
above, there results the (nTnin}) distribution demarked by the
points in_figure 4.4.2-1(a). It mirrors the real distribution
well except around 1300 MeV/c?. 1If one attempts to reduce this
important background by eliminating events having a low (nﬂ:n+)
mass (< 1960 MeV/c?), only 98 events remain from which statis-
tically significant information cannot be extracted. This dis-
tribution is shown in figure 4.4.2-1(b). Note that an enhance-
ment at 1300 MeV/c? remains. There is no evidence for a narrow
| AT meson in figure 4.4.2-1(a), although a broader effect could
contribute to events in the shoulder just above'1000 MeV/c?

. Since thesA; decays mainly via the intermediate state (oﬂ),
an enriched sample of these mesons can be obtained by consider-
ing those events for which either (rn'r, ) combination falls in
the p-region: 600 MeV/c? <zﬁmfwg)< 900 MeV/c?. ‘Such events
are shown in figure 4.4.2-1(c). The cut results in a substan-
'tial reduction in the high mass background while the features
discussed above are essentially. unchanged Again, reflections

from N*°/A°+0° Q2B events are 1mportant.

4.4.3 FltS to the Data

‘The nature of the background precludes extraction of de-
flnltlve 1nformatlon regarding the A1 meson. Therefore, the"
- data of flgure 4.4.2- l(c) were fit w1th a single nonrelativis-
tic Breit- ngner functlon for the A2 meson, plus. a background

function ofAthe form

Fag (M) = (m-m)“(ml-m)s_f y;m*, 4.4.3-1
: 1=0 = -

where my, and. m, Were fixed at the lower and upper limits of the

dietribution The central mass value of the Breit-Wigner func-

tion was allowed to vary, but the w1dth was flxed at 102 MeV

the value quoted by Ferrer (1978). The fit, ‘shown by the curve



in figure 4.4.2-1(c), yields a mass of 1343%*24 MeV/e? for the

A7 with a confidence level of 47%. There are 23.7%10.5 évents

‘associated with the resonance, obtained from an integration

over the mass range of the distribution. The errors are sta-
tistical. Ignoring the contribution to the fit from the en--
hancement at 1550 MeV/c2 does not result in an improvement or

in a significant change in the fit parameters.
4.4.4 Cross Section Determination

'Reliance is again made on a Monte Carlo model for A . (1236)+
Aj Q2B production to correct the number of observed events for
acceptance 1osses The general outline of the model has been
given in section 4. 3.4 .

The virtual baryon mediating the interaction is assumed to

be an unpolarized nucleon (I=3). Although conservation rules

do not preclude the exchange of a baryon with-I=%, the data do

not support  the dominance of this isospin exchange amplitude.
If this were the case, and if one naively assumes that the
cross sections for the production of the charge conjugate Q2B
states (A Az) and (A Az) are related by isospin coupling co-

efficients, one would expect the observed ratio of A, events

. + . . . . —-— —
A to 42 events to be unity. Figure 4.4.4-1 shows the (n+n m™ )

. e . + - . ;
mass distribution corresponding to the (7w I ) mass distribu-

tion in figure 4.4.2-1(c). There is no evidence of an 4, en-

: g : + :
‘hancement in the former at the level of the 4, enhancement in
_the latter. On the other hand, one can not rule out a substan-

tial contribution from I=% exchange. If thé I=3 and I=% ex-

.change amplitudes'Were equal, the ratio above would drop to

0.15, which'iS'not inconsistent with the déta'» This ambiguity
is reflected 1n the error on the detection, effic1ency quoted
below-. ' ,
The slope parameterizing the'ué distribution.4.l—2iis taken
from Ferrer (1978) to be -2.1 (GeV/e?)~™%. The AI resonance 1is
assumed to decay via the intermediate state (p?ﬁ+) with orbital

angular momentum 2=2.

So constructed the model predlcts a detection efficiency
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of 0.14*0.02 and an ordering efficiency of 0.79. The latter
quantity is defined as the ratio of the number of MC events

for which the procedure of section 4.4.1 correctly dlscrlmlnates
. between the two negative pions and for which 600 MeVﬂ3<m(f+—)<
900 MeV/c? to the total number of detected MC events. The cor-
responding cross section for (A_A:) Q2B‘production, corrected
for unobserved decay modes of the meson, is 2.51+1.22 ub.

.Note that here again-the systematic uncertainty in the cross
section basis.discussed'in section 3.4 has been omltted from

‘the calculatlon of the error on the cross sectlon
4.5 Comparison to Another Experiment

o _.Ferrer (1978) quotes total backward pro&uction cross sec-
tions for the two Q2B intermediate states N*°(1520)+p° and

N*° (1520)+F° at both 9 and 12 GeV/ec , which may- be compared to
those for the same two 1ntermed1ate states in this experlment
AIn both cases, the identification of the N*% (1520) baryon is
'relatlvely unamblguous. "Table 4.5-1 lists the cross sections,
0o, a factor to correct for unobserved decay modes of the bary-
.on, the corrected cross sections, o0:, and the IahoratOry beam

: L
momentum, pb.

Table 4.5-1

'Q2B ‘State do_ {(ub) ‘Co‘rrection Factor oy (ub) pi (Gev/c)
N*° (1520)+p° - 1.49%0.29 . 4.74 :7.06£1.37 - 8
£ 0.78%0.18 2.73 2.13t0.49 9
. 0.260.09 72,73 . 0.71%0.25 T12
N*° (1520)+f° . 2.11%*0.58 - .-4.74 10.00t2:75 8
©1.18+0.30 2.73 3.22¢0.82 9
0.37+0.11 2.73 ‘ 1.01t0.30 12

It'ShOuld be emphasized that in bothlcases the cross sections do-

not include a sizable uncertainty in the'normalization (v12% for
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‘Eerrer and v20% for this experiment). The final states (see
table 4.1-1) and geometrical éccéptance also differ. |
Nevertheless, it is interesting to note that the energy
' .dependence of the cross section is well described by a simple
poWer law: o, " S—n, where s is the CM energy squared. A fit
to the three points for each state gives n, = 5.7£1.5 with a
confidence level of 35%, and nf = 5.7+x1.3 with a confidence.
level,QfAGO%. This observation has little theoretical import
because the uB depehdence of the cross section.has been inte-
grated out. When Q2B data of other backward reactions at mul-
tiple energies are compared [by B. Eiseﬁstéin'(privaﬁe communi-
cation)], however, similar behavior with commenhsurate values of

n is found. . .



APPENDIX .

Al.Monte Carlo Evéht Detection

WhétherAan event produced according to the model described
in section 4.3.4 is detected depends on the trajectories of the
five finalvsﬁate particles with reSpect to elements of the ex-
‘périmental apparatué. Each particle in an MC -event is subjected
to four tests thap reflect the different aspects of this geo-
metrical relationship. There are thus twenty tests for each MC

event, which have the form

Aei(pj) < Ty o . 'Al-1
where j indexes the final state particles'and the r, are a set
- . of 20 random’numbers between 0 and 1. Ei‘ which can be derived

from the set of well-measured (real) events, gives‘the proba-

bility that a particle passes the ith test.  If any one of the

conditions Al-1 is true, the MC event is lost.

Al.1l Flaring

lAh event isllost wheﬁ a charged particle; produced at a

small angle relative to the streamer chamber's electric field,
' causes an electrical discharge, or flare, that overexposés the

film. The probability for flaring is a function of the angle,
0 between a track and the electri¢ field. It was obtained

E’ A : . ,
with the method described by Abashian (1976) and is given by

1. i 0 ;6E<15

PL(B) = { (40-8.)/25; 15°<6 <40 ALl
‘ 0o - ; 40°<8_<90°. |

The same function applies for 6. = 180°—6E.

-For charged tracks, then,

el(EE).= 1-?%;. i=1,...,4 g ' CAl.1-2(a)



and for the. neutron

e1(p) = 1. : o Al.1-2(b)

Al.2 Shadowing

An event is lost when a charged particle is prodﬁced-at
such an angle that its track is partially ofltotally obscured.
(shadowed) b§ the opaque targetvbox. ‘A MC event particle is
propagated throughithe magnetic field of the streamer chamber

~from its production point until it exits thelchambef. Knowing
the particle's trajectory and the configuratidn‘of the target
box relative to the cameras, one can compute the particle's

: visible track length,AZv, in gach of the thrée-views. In the

data it is observed that the minimum visible track length is

v12 em. Thus -

> 0;_Zv<l2 cm in more than one view‘ . .
Ez(PJ-) = Al.2-1(a)

1; Zv>1é.cm in at least two views
.for chérged'tracks, and,'for the neutron,
€2 (ps) ='1. ~ . Al.2-1(b)

'Al.3 Veto Counters

A chargéd'pafticle may]exit the streamer chamber with a
,trajecﬁory causing it to‘étrike one of'the_éoﬁnters;in anti-
xgdincidence with the trigger (see section 2{1ﬂ5)., 1f a straight
-1ine'extrapolati6n-of-a MC évent particle from itS»exitApoint
fintersects the planar area of a veto counter, thepreg(gi)éo.

. L. , >L. ..
Otherwise eg(pj)=l. For the neutron, e;(ps)=1.
- Al.4 Spark Chamber Geometry

The factors described above account for approximately 5%
of the MC eVent:losses. The predominant factor is the failure .

of the neutrons to strike the spark chamber system. Not every
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neutron incident on the system, however, is detected. The .
efficiency for the system to convert neutrons to charged
secondaries with sufficient penetrating power to reach the
scintillation counters was determined by an independent Monte
Carlo analysis described in section A2 of this Appendix. 1In
addition to this, there is the purely geometrical effect that
a neutron incident near the’edge of the system is less likely

- to result ihAa trigger than a neutron incident near the cehter.

Figure Al.4-1 maps n, the geometrical efficiency, in the
plane defined by the first plate of the first (most upstream)
spark chamber. The chamber's center is at y'’'=z'=0. The map
is symmetrlc about the y' and z' axes, so ohly the first quad-
rant is shown. The map was derived from a sample of neutron
interactions within the chambers culled from the data. The
sample was restricted to neutrons with pz = 8 GeV/c¢ incident
near the center of the system in order to minimize inherent
geometrical bias-and momentum dependent effects. Each interac-
tion was parameterized by the interaction pOsition, the tra-
jectories of the charged secondaries, and their-ranges;
To each point (y',z') in the plane of the first spark

chamber plate at x=x' there corresponds a point
(y (. ,x’,2") 2 (x 0", 2 ')) in the plane of the <th interac-

»‘tlon at r=x., as sketched in figure Al.4-2. The trajectorles
of the charged partlcles are rotated about a unit vector in
the x direction. in.a series of dlscrete steps. At each step
the secondaries are extrapolated a;dlstance commensurate with
their observed ranges to see if a trigger wouldgeccur, the're—
quirement being that tWO out of the three scintillation counters
are hit.. :The likelihood of a trigger for the ith interaction
at (yi,zi) ie‘given by}the ratio of the number of steps forh_
which the requirement is satisfied, n(yi,zi), to the total num-
ber of steps, Ns. The»geometrical efficiencyrat (y',2"') 1is

now compdted from

n(y;.z;)

N ’
s

J N
n(y!,z") =% ) Al.4-1

1
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“Flgure Al.4-1 A map of the efflclency of the spark chamber system to
,;detect charged secondaries from a neutron interaction as
a function of:the point, (y ,2'), at which the neutron
“intersects the first plate of the first spark chamber.
.The center of the plate is at (0,0) .
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y spark chamber scintillator

!

.\—--—:—— --—J-————'—H;VZN—- —'-"'>X
l, 1/\\\ AA \ S
(x/,y]2) \< X />secon.dories

‘ T ~ ¢
BN
interaction \
- point
' (xi,yi,zi)

Figure Al.4-2 The geometry‘ofia neutron interaction in the spark chamber
system upon which the efficiency calculation is based.
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'where I is the number of 1nteractlons considered.

. The MC model descrlbed in section A2 oredlcts one llnear
momentum dependence of the geometr1cal eff1c1ency for p be-
tween 2 and 6 GeV/c¢ and another between 6 and 8 GeV/a. This
may be-lncorporated into the factor e, with the ‘result

H j_= 1,....,4

<,
I

>L g = 5, neutron mlsses chambers
€y (p.) = " Al.4- 2
J 1L 1. L ) .
(-ps 3)ne+(4-—ps)ns, GeV/c<ps<8 Gev/c

(—ps 5)ﬂ5+( Ps)nz,

N O

Gev/c<p%<6 Gev/c,'

where Ns (ns,nz) is the geometrical efficiency at 8 (6,2) GevV/c.
ne and n; are calculated as in equation Al.4-1, but with MC
data.- C ' ‘ '



A2. Spark Chamber_Efficiency from a Hadron Cascade Model

The factor W that enters into the calculation of the

. Cross section normalization (see section 3.4) gives the proba-
‘bility that an 8 GeV/¢ neutron normally incident on the center
of the spark chamber system will interact and produce charged
secondaries sufficiently oenetrating to cause a trigger. ‘It
was determined from a model for the-development of a hadron
cascade within- the system, based on an adaptation of the work
of Baronce111 (1974),; Jones (1969), - and Ranft (1972)

A2.1 Descrlptlon of the Model

Only nucleons and pions were considered. In particular,
- the decay of a m° into two photons and suhsequent e+e_ pair
productlon was ignored, prlmarlly because there was little em-~
plrlcal ev1dence that such a process caused many trlggers
The probability distributions governing the behavior of the
hadrons are not necessarily well-founded theoretically, but
reflect -a consolidation of disparate experimental data, which
' is discussed in the references above. The constants appearlng
in the dlstrlbutlons are listed in table A2.1-1. Confldence‘
in the model was galned from its stablllty with respect to
variations in these constants, and from checks against features
of the spark chamber data. ' '
The composition of each spark chamber was approximated{by
a homogeneous medium with density a quarter that'of iron. This
represents aAweighted-average of the steel plate—gas gap array.
The effect of the aluminum plates at the front and rear of each
chamber was 1n51gn1f1cant. Hadrons were assumed to interact .
‘only w1th1n the chambers. Interactlons within the sc1nt111a-
tion counters separatlng the chambers; in their light pipes,
and in the chamber support structure were considered and found
to be unlmportant. _' }
" The dlstance, d, from a hadron's p01nt of origin within
a chamber to its point of 1nteractlon was selected from the
dlstrlbutlon
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P(d)'ﬁ % e—d/)' i A2.1-1 -

whefe X is the nuclear absorption length appropriate for the
"chamber medium. Between production and interactioh, a hadron
was assumed to move in a straight lihe and, if charged, to
lose energy to ionization at alrate dependent on its mass and
thé medium's density. -If at the poiht of interaction a hadron's

energy, E was iess than a certain threshold value, £ . , an

’
interacti;n did not occur and the hadron's propagationm;Zrmi—
nated (ranged out). If d exceeded the distance to the nearest
boundary-of,thé chamber, the hadron exited the chamber without
interacting, whereupon it could strike a scintillation counter
and then enter another.chamber.A Whenever a charged hadron
struck a scintillator, a hit was recorded.  Two hits defining

a tfigger caused generation of the cascade to be terminated.
The cascade could cease without a trigger if all . hadrons ranged
out or left the system without interacting.. The ratio of‘the

' number of tfiggers to the number of incident neutrons gives the
A efficiency.:<‘-

Upon interacting, a hadron surrendered an amount of energy

124N 430 ; E_ > 1000 MeV | A
E . =1 1 . A2.1-2
o 37N _+4N2%_ ; E_ < 1000 MeV
nf nf I

.tb nucléar fragmentation. Nhf is the number.of nuclear frag-

ments, selected from a Poisson distribution with mean

' = 10.19° 1/  ' _
SN > = 2,140 EL, o A2.1-3

where AFe is the atomic mass number of iron.
The number of secondary pions, Nn’ resulting from an in-

teraction was selected from a Poisson distribution with mean

<N > = kA% gV, | . . A2.1-4
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‘In addition to pions, one secondéry nucleon resulted from an

interaction, but only if the interacting hadron was itself a.

" nucleon.

A secondary nucléon was assumed equally likely to be a .

proton or neutron. The identitylof a secondary pion was selec-

“ted from the binomial distribution so -that, on average, and

2 1

subject to charge conservation, % were charged and i were neu-

3 3
s - o+ -
tral. No distinction was made between a m and a 7 .

The secdndafy nucleon was produced with energy

E_ = oF_-F

= T(a+D)T (b+1)

b = OFE g | A2.1-5
where a wasiselected from the beta distribution .
P(a) [laxb+2) aa(l—a)é.. I A2.1-6

The constants g and b depend on the propefties'of the medium.

Thefeneréy, E;, of the Zith secohdary pion was selected from

"the distribution

P(EL) = § exp(EL/T), . - o A2.1-7

whére_T;=‘(l-a)EI/Nﬂ.‘ The energiés were subjected to the -con-

straint. that

N .
m™. . .
R A _ . . _ o : _a
LBl = (1-a)E_. - o A2.1-8

.The magnitude of a secondary's transverse momentum (with

respect to that of the interacting hadron) was‘selectgd from
P(pt)‘=-ptexp(-Bpt). ' | A2.1-9

The longitudinai momentum was then fixed by energy conserva-
tion; No attempt was made to conserve momentum rigorously.

Iﬁstead ﬁt was selected from a uniform distribution between 0
and 2w, so that on average the sum of the secondaries' trans-
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‘'verse momenta was zero.

Table A2.1-1

Constant . Nucleon '~ Pion ‘ Reference

P, (g/cm®) 7.87 7.87 -— -
A (cm) 70.65 83.86 Baroncelli (1974)
E. (Gev) 1.0 - 0.5 Baroncelli (1974)
Ap 55.85 55.85 ---

K , 0.70 0.73 Jones (1969)
a - 4.4 —— Jones (1969)
b o 2.6 --—- " . Jones (1969)
B (GeV/e)™' 5.04 6.037  Baroncelli (1974)

Ranft (1972)

"A2,2,Results of the Model

The hadron' cascade model described above predicts a neu-

“tron conversion and detection efficiency for the spark chamber

system of ny = 0.37+0.05. The error is an estimate of the sys-

‘tematic uncertainty and was obtained as follows:

From independent variations in the constants listed in

~

'.table A2.1-1 as well as in those specifying the'size.and orien-

4 tation of the spark chamber system, it was found that the ef-

ficiency was most sensitive to the Value of A, the absorption

"~ length. This constant, however, reflects the assumptlon that

a spark chamber can be approx1mated by a continuous, homogeneous

medium. . In an attempt to justify this approx1matlon, a sample

-of spark ‘chamber film show1ng protons incident on the system

was examlned This sample was a subset of the 8000 events
gathered w1th an LH; target interaction trlgger ‘for which the
neutron signal reqnirement was suppressed. Let W, be the num-
ber of protons incident on a chamber and ¥ be the number ob-
served_to penetrate the chamber without interacting. Then an

estimate of the absorption length is provided by



67

A= T | | A2.2-1
where RS is the'depth of the chamber. One finds A = 84.0 cm,
whlch differs from the value used in the model by 19%. Taking
this to be the uncertainty in A, one obtains the unoertainty
in the eff1c1ency quoted above. |

The model can also be used to predlct the geometrlcal ef—
ficiency of the spark chamber system. The result should be
consistent with that obtained from the data, as described in
section Al.4.. Figure'A2.2—l plots the geometrical efficiency,
n,'as a function of y', the'distance from the syStem's center
along the y axis. z' is fixed at zero (see figure Al.4-2).

' The solid points correspond to the data.’ The error. bar gives
.an‘indioation'of the RMS deviations from the values calculated
according to equation Al.4-1. The circles correspond to- spark
chamber events from the hadron cascade model .in whioh 8 GeV/e
neutrons were assumed to be normally incident on.the center of
the system. These MC events were then treated in the same man-
ner as real events. .

Alternatively, MC events may be generated in which neutrons
are incident at each p01nt in the plane of the first spark
chamber plate, rather than at the center only " Let n’(J f
be the ratio of the number of MC neutrons that result in a
trlgger to the‘number.of "MC neutrons incident at the point

(y',é') By definition,“"(o 0)=no. . Thus, the quantity

n'(y’,z ’)/no glves another measure of the geometrlcal eff1c1ency,
-factors 1ndependent of geometry hav1ng been d1v1ded out. Figure
;:AZ 2-2 compares n'/n, (c;rcles) to n (solid p01nts), where, once
again, n is the efflclenoy obtained from the real data according
to equationiA1.4—l and the comparison is made at z'=0. The er-
ror bar gauges the uncertainty in the MC pointsfdue to the error
-'in ng. In both'figures'AZ.Z—l-and A2.2-2 reasonable agreement
between the real data and the MC data can be seen.
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Figure 'A2.2-1

1+ .

~ y-'(inches) -
Thé'efficiency of the spark chamber sys%em to detect charged
secondaries from a neutron interaction as a function of the

distance from the center of the sYstem,vdérived'from real
data’ (solid points) and from Monte Carlo data (circles).
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Figure A2.2-2 A comparison of n (solid points) to n'/no (circles), where
' - " 'both quantities gauge the efficiency of the spark chamber
system to detect chdrged secondaries from a neutron inter-
dction as a function of the distance from the center of the
system. o : 4 ‘
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