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ABSTRACT

Differential cross sections for positive pions, protons, and neutrons

vres'ulting from inelastic T -p collisions have been measured from 310 to

454 MeV incident-pion kinetic energy. The data were obtained with electronic

counter systems, which measured the energy' distribution of the final-state

particle of interest at a series of fixed angles. The results have been inter-
: preted in terms of the final states aten, w07w%,, and 7 7%p. The total cross

- sections for these three modes as a function of incident pion energy are in

qualitative agreement with the predictions by Schnitzer. A preference is

‘shown for his set of W7 scattering lengths; a, = 0.65, ay = 0.07,.and

a, = -0.149,7'1; . The observed neutron distributions correspond to a strong

preferéndé_ fo‘x; low ¢. m. -system neutron energies in both the v "n and

w%7%n final states. The effect is not present in the observed pioton distri-

putions from the 7 w%p reaction, which suggests that it is due to a I = 0,

7-7 interaction. The VW+» data show the formation of the (3, 3) isobar combi~
+

nation of the 7 -n system in the T 7 n final state. Analysis in terms of an

isobar model indicates the predominance of I = 1/2 incident state.
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ABSTRACT

Diffe’r'entia,lvcress sections for positive pions, protons, and neutrons

 resulting from inelastic ¥ -p collisions have been measured from 310 to
454 MeV incident-pion kinetic energy. The data were obtained with electronic

counter systems. which measured the energy distnbution of the final state

particle of interest at a series of fixed angles. The reaults have been inter-

preted in terms of the final states 1T+w"n, ﬂo‘n'on, and w p. The total cross

sections for these three modes as a function of incident pion energy are in

. qualitative agreement with the predictions by Schnitzer. A preference is

shown for his set of Wew scattering lengths; a, = 0.65, ‘a1 = 0,07, .and
a, = -0, 14;1"-._; The observed neutron distributions correspond to a strong
preference for low ¢. m. -system neutron energies in both the 11+1r n and
w07%n final states. The effect is not present in the observed proton distri-
putions from the n 7%p reaction, which suggests that it is due to a1 = 0,
-7 interaction. The at data show the formation of the (3, 3) isobar combi-

nation of the T -n system in the wt7"n final state. Analysis in terms of an

isobar model indicates the predominance of I = 1/2 incident state.
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1. INTRODUCTION

We ha&e 'peffo_rrhed a series of measurements'fo.inveétigat_e the in-

/

elastic channels available to the T .p system in the region between 310

. MeV and 454 MeV incident 7~ kinetic energy. In the analysis of these

measurements we have assumed that the single~pion-production channels

- listed below are the dominant inelastic reactions:

T +p-=n t7" +n (vFw"n)
T +p-ern +w0 +p (v"n°p)
T +p>w® + w0y (rOnn) .

_Doub;e -pion production has been neglected.

Th;r-ée separate experiments were performed with an internal té.rget(:‘
of the Berkeley 1‘84-inch synchrocycilotrovr; as the source of pions, A mag-
netic beam-transport system momentum«-analyzed and focused the " beam
‘at a liquid hydrogen target. In each experiment one:of the three final-state
particlés was detected by an electronic-counter system.  In the first experi~

i

ment the final-state particle detected was a 1r+, which is produced only in

ate n. The following two experiments were concerned with the proton from

#"w% and the neutrons from 7 % n and #%nn,
The emphasis of this paper is upon the resultﬁ of the{ measuremeﬁts.

| Consequently a deséription of the experimental methods -and data a.na.lys_is
is deferred to the end of the paper (Sec. III)., The reader is referred to
R.ef; 1 for detailed discussion of any aspects of the work reported here. In
Sec. Il the results of the three measurements are presented; the final portion’
of Sec. Il gives a discussion of the results in terms of the thervetical models
and other experimental da.ta..‘ .

"To provide background before presenting the resu]?g:s, a shoit resumé

 of the theoretical work on the single-pion-production reactions follows,
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After the success of the static model in e?ﬂlaining the (3,3) resonance . L
in the pion-nucleon system, several attempts were made to extend it to singlew :

- pion production at low energies.z 'Measurements of the total cross section fo} :
frr+1r'n from threshold to'430-MeV incident-w" energy pr_.oved’to be a.ﬁ o_rder of'éa_,g
magnifude larger.than these static-model prediction8.3 Theoretical aftempts S
were then made to extend the static model by including a w-w interaction and/ 4
or a (3, 3) isobar final-state interaction. This approach of decompéaing the :
three~body problem into several two-bodybproblems has been the most fre-
quently ﬁse_d to date.

Rodberg proposed that the size of the cross seci:i'on might be due to 4an
interaction of the incident T and the W cloud of the nucleon. He considered
S- and P-wave w-T interactions in a zero-range approximation and showed o

that the rapid increase of the total cross section for wt

T'n as a function of K
incident energy could be accounted for with a model of this ty'pe4

“Another approach to explain the data of Perkins et al. was pfoposed by
Anisovich.s He assumes that the energy dependence of the inatrix element is
due only to the (3, 3) resonance interaction between the nucleon and one of the
mesons in the final state. Anisovich characterizes the reaction in both the .
I= 1/2 and I = 3/2 states by three parameters, one for S-wa.ve“ and two for
P-wave productiorx of the (3, 3) isobar combination. He bypasses the actual
pion~-energy spectra by performing an integration over energy a'nd derives
expressions for total cross sections and for the angular diatﬁbutions of the
ploiis in terms of the six parameters of hié model. The results of the model

for the total cross section of at

v"n and the 7 angular distributions are in
‘agreement with the data of Perkins et al., but the available experimental
data were not sufficient to provide a decisive test of the validity.of the model |

because of the large number of unknown parameters,
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A detailed anaiysis'Of .singvl’el-\ ™ prodb.c_:tion./ including w-m inter-

action and T-N. final;afa;te_inter_act_ions._w.a.s ‘made by Goebel and Schnitzer.év

 Again by adding S- and P-wave m-m'térms to the static-model formalism,
’_Goebel._arid Schnitzer cé.lculated total cross sections and pion angular distx_'iQ
: -butions in terms of S- and P-wave coupling constants )‘s and )‘p' which are

~ related to 2., ai,' and a, where a; is the scattering length for the 7-7 iso-

' topic-spin state I; a, was assumed to be 5a,/2. No quantitative predic-

Cag ot e . e

- adequate fits. With these sets he successfully predicted the w

tions can be made by their model concerning the pidh-energy distributions

because of their apprdximate treatment of phase space. They chose the value

of their parameters to fit the total cross section for 2 n"n as a function of

energy up to 430 MeV. .They predicted the wt angular distribution to have a

strong £oi'ward and backward peaking in the c. m., system. The data of

_Perkins et a1.3 and preliminary results of one of the measu-ements reported
: ‘here both showed much more isotropy in the at angular distribution than
: predicted.7 Schnitzer therefore relaxed the condition connecting a, with a,

and allowed all three scattering lengths to be parameters. They were chosen .

to fit the 7 angular distribﬁtion at 432 MeV and the magnitude of the 1\’+-p
inelastic interaction at 470 Me\l‘.‘8 Two sets of scattering lengths provided

* angular
distribution at 365 MeV and predicted the total cfoss sections for all the"

single-pion-production reactions up to a.bou»t’SOO MeV.

The so-called isobar models provide calculations of the effects of finale

- state T-N interactions on the energy distribution of the outgoing particles
and on the branching ratios in single-v-prpduétioh reactions but do not yield

| information about absolute cross sections. Lindemhmunvand Sternheimef first

introduced th;e isobar model into the analyia of pion proclucti.on.'9
{ . b

For the
77N final state either of the pions may form a resonant st,yatem with the

nucleon. The observed energy sp ectrum of a pion is the sum of two spectra;

t‘_} :

| IEEICE R SR

)
&
\
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that of a pion originating from the decay of the isobar and that of a pion recoil=" B

ing against the isobar. Bergia, Bonsignori, and Stanghellini observed that the = .z

‘ -amplitudes for these two possibilities should be summed, not the _intensities. Aae'_ -

*0 At low energies, where the regions =

of the pion-energy spectrum corresponding to the two processes overlap, the

interference terms produce a considerable difference between the predictions

by Lindenbaum and Sternheimer and those by Bergia et al. Both calculations

assume isotropic productioﬁand decay'of the isobar. Recently Olsson and

Yodh have extended the model of Bergia et al. by inclusion of the P~-wave decay ‘

of the isobar and the requiremefxta of Bose at:z;v.tistics.,11 The prediétions’ by
Olsson and Yodh compare well with the existent data on pidz; production in the
at -p collisions. Olsson and Yodh present no comparison of their predictions
with T energy distributions in 7" -p interactions, and they indicate ihat an

isobar model without w7-7 interaction does not agree with the data on wten,

II. RESULTS
Our objective for each of the single-particle measurements was the

d_eterminatibn of the differential cross section dzo('l‘. '6')/de$2. where T and . :

-~ 6 are the lab-system kinetic energy and angle of the particle of interest and @

. is the lab-system solid angle. In each experiment the energy distribution of

the particle was measured at a set of discrete angles, The design of gach
detection system and the angles and energies at whiqh measurements were
made were chosen to cover the kinematically available ranée of the variables e
T and 0. |

A diagram of the lab-system kinematics for a final state T and for the - ._ -

a

final state N in the reaction "+ N-= 7w+ 74 N is preaentéd in Fig. 1. The

simplest means of interpreting these diagrams is to consider the single par-
ticle as recoiling against the composite system of the other two final-state

particles, Contours of constant energy in the over-all c.m. systerri (i.e.,
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constant enérgy of the composite system ixj its two-body rest system, which
we denote by MU) and constant ox./e'r—all c. m. -system angle are indicated in

- the diagrams.

In interpreting fhe"results. it is desirable to trahsform thel measured

| distributions 'to the over'.-all c.m, system and present the results as ¢c.m, =

| system energy distributione at constant c. m. -system angles, This has been
" done in the at case but is inconvenient in the case of the nucleons due to the
'no-;xlinea.r nature of the transformation apparent in Fig. 1(b).

Absolute normalization of the differential cross sections was obtained
in fhé three experiments by monitoring the incident-n" flux. Corrections
were made for the u~ and e components of the be‘a.mg(S to 1~0%) and for.in.-
accuracies of the monitor systems at high-beam ;intensities (2 to 10%) due to
"the cyclotron duty cycle;

" The errors quoted include, in addition to the statistical error, those
arising from the subtraction of background, the uncertainties in the normal-
ization, the uncertainties in corrections applied to the data, and uncertain-
ties in the determination of the energy-solid-angle acceptance of the detection

' systems. .

A, at Differential Distributions

+ +

+ % +n was detected by a system

The 7' in the reaction 7~ +p -

of scintillation-counter telescopes and a magnetic spectrometer at incident~w"

eneigies of 365 MeV and 432 MeV. The spectrometer selected péaitivgly
charged particles. Therefore, protons from other reactions of the T -p

. incident state were eliminate‘d from the system by a range criterion. The

| measured values of the 7w  differential cross section for 365-MeV and 432—-'

MeV incident-T" energy are tabulated 1. Table I. For each il lab-system

energy, angle, and cross section, the corresponding c¢. m. ~-system quantities, a

Tk
T, 6%, and d%0/dT¥a0*, are listed.

*

i

RIRED

) Ly

NS

Tk,
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- A fea.ture of the ot d1f£erent1a1 dxstributions is the low energy peaking

of the energy’ spectra.. A typxcal spectrum. the c. m. distributmn for the 50- - .

- _deg lab-system data (average 0% = 13 deg) at 365- MeV incident energy, is

plotted in Fig. 2(a). Alsovd_rawn are a phase-space_distributxon and a total

isdtopic spin 1/2 and 3/2 energy distributions calculated with the'isobar" model
of Bergia et al. The angular distributions at a constant T*(i.'e., constant M“N) L

shown in Fig. 2(b) are quite isotropic exeept for values of T*. which correspond

to MnN approe,ching the (3, 3) resonance energy of 1238 MeV where the 7' be-

- comes forward peaked.

B. Proton Differential Distributions

In order to obtain data on the 7 n° P reactien._ proton ciistribuiiona were
measured with a scintilla.tion-c.ounter telescope at incident-m~ energies of
310 MeV and 377 MeV. Inelastic protons were differentiated from elastic
protons, elastic pions, and inelastic pions by a combination of range, dE/dx, -.
time of flight, and a conjugate elastic-pion counter. No differentiatioh be-
tween protons from 7 7%p and protons from the final-state % y + p was
possible with the experimental apparatus. The measurements by Blokhintseva
et al. at 340-MeV incident-7~ energy indicate that the two reactions are com-
parable in magnitude at that enefgy. 12 An -estimate based upon the 340-MeV data
indicates that the magnitude of the 7 py reaction at 377 MeV is 25% of the total
inelastic-proton yield (see Sec. 1I.D. 2.). .' ‘

| The measured values of the inelestic'-pr'btén differential Cifosa section
for 310 MeV and 377 MeV are tabulated in Table 1. At 310-MeV incident-u"
- energy only four selected points were measured. The infention was to extract

.

the total cross section but not the details of the differential distributions.

W

) vcg%?%’,' o
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To il_luetra.te the né.ture of the diffefenl_:lél ldistrib\f:.tiOnsl, the proton-

- energy distribution of the 15-deg data and the angular distribution of the data

in the 60. 5 to 72.5- MeV proton energy channel at 377-MeV incident energy
~are plotted in Fig. 3. Also drawn are phase space dxstnbutionsiof both of

" these qﬁantitieé for v “u0p, | Wherees the angular distribution at a fixed energy
R agrees wlth the phase-epace distribution, t'he inelastic-éroton energy distri- '

: : butions ha‘.\}e a high-energy peaking with respect to phase-space distribution. '

C.'. Neutron Differential Distributions

In order to obtain data on the neutrons in the ate” n and m0n%n reactlons.
neutral partxcles produced in 77 -p interactions at 374 MeV, 417 MeV, and
454 MeV were detected by observing the charged products of their interactions
in plastic scintillator. The time-of-ilighi-disiribuiion of the neutral particles
,\.avas measured and separated into photons, neutrons from lhe reaction . =

7" +p -1+ n, and inelastic neutrons. The neutron distributions from T T n

and m°7%n were separated by the detection of the presence or absence of other

e od

"~ charged particles in the final state.

Calculated Qalues of the neutron-detection efficiency were used i!l the
conversion of the neutron. time-of-flight spectra to differential distributions
as a function of energy. The errors quoted do not include any uncertainty in
‘the calculated efficiency, which is estimated to be less than 10%. A systematic
error may exist in the region of the energy distribution near the kinematic
limits due to subtractioniof the charge-exchange neutrons in the data analysis,
' The measured values of the neutron differential cross section at 374-MeV.
417-MeV, and 454-MeV incident-w" energy are presenied in Teble IoI. At
) 454-MeV incident-ﬂ'renergy. data were tal-len. from 10 deg to 25 deg only.
| To illustrate the prominent £eaturea of the data, the neutron-energy

. distribution at 10-deg and the angular distribution of the neutron data, in the

&
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53- to 66-MeV neutronaenérgy'chamel for both reactions and at the three

‘incident energies are plotted in Fig. 4. In Figs. 4(a) and 4(b)_'_phase-spv_a¢e' ‘

distributions are also drawn. The other curves are referred to in the dis«

cussion of the results below. The data in both reactions and at all incident = .
energies show an enhancement in the distributions in the region Qf,lab-system .
variables corresponding to the lowest neutron c. m. energy (i.e., highést_ |

energy in the -7 two-body system).

D. Integrated Cross Sections

The single-particle differential distributions wéié vir‘x‘tegrated betweén '

the kinematic limits in energy of the single-pion-production reactions at each

angle to yield an angular distribution do/dQ. This angular distribution was

integrated over angle to obtain a value for the total cross section of the various

' pion,-producti_on reactions. In each case the data did not cover the entire kine-

matically available range of variables, and the contribution to the integrals of

the unmeasured regions was estimated. The unc‘erta.inty of these estimates is -

included in the errors quoted.

-1, Angular Distributions

| Inthe @ case the integrations of c:l‘?'cr/d‘I"ﬁ'd.Q”g over energy were per-
formed in the ¢. m. system. Although :he data for the various values of _ar+
~energy at a fixed lab-system angle do not exactly correapond‘to'the same c.m.~
system angle, 6*, the differences from the aVerag@ 6% wefe within the
angular vesolution of the detectioﬁ gsystem. The nucleon distribuﬁons in each
of the pion-production reactions were integrated over lab-system variéblea. _
- The values of the angular distributions obtained by integrating d?'a /dTdQ over
energy are tabulated in Table IV and plotted in Fig. 5. _ | ,
At both incident-@~ energies, do/dQ* for the e adequately fit by

e .
a linear form dc/dn* = X, + %, cos 0 * The best fits are drawn in Fig, S(a).,‘

e
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Phase -space’ d1str1butxone, normahzed to the total crogs section, are shown

for comparison in the nucleon angular-distribution plots. In both the neutron

" and the proton cases the lab-system angular distribution is more forward

peaked than a phase-space‘distribution.

2. Total Cross Sections

The .tota.l cross sections were obtained by integration over angle of the

angular distributions, with three exceptions noted below. In the =" case

the best linear fit was used for the angular distribution.

The contribution of the T py reaction to the‘ total inelastic-proton cross
section at 377 MeV was estimated by assuming a phase-space energy depend-

ence of the total cross section for the reaction. The total available phase

R space at 377 MeV is 24% greater than at 340 MeV. The quoted cross section

CA

at 340 MeV (0. 09+g gz mb) includes only events in which the vy energy exceeds

100 MeV. 12 This cutoff includes 77% of the available phase space at 340-MeV

incident-w" energy. Likewise at 377 MeV, the cutoff at the kinematic limit of the

7 7% reaction used here in integrating over the proton energy includes 63%

. of the phase space available to the 7 py reaction. The net estimated contri-

bution of the 7 py reaction to the total inelastic ~proton cross section is thus

0 09+8 82 mb. This has been subtracted from the total cross section obtained

by integration over the inelastic-proton distributions to yield the estimated

' .., cross section for the n~x? p reaction,

For the proton data at 310 MeV, only an upper limit on the total.cross .

section for 7 n%p was estimated. The small magnitude of the proton yield

o 1‘a.nd its uncertainty did not make an attempt to estimate the sepérate contri-
butions of ﬂ'ljop and the ¥ py reaction worthwhile . phas_e-spaée distri-

i ' . :
bution for w 7% was assumed and a total ci. .4 section determined from each

of the four measured points. The quoted cross section takes into account the :

extreme values of the individual measurements;' including errors.
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- The total cross se'ctionvs'at‘,454',-MeV' incident-7" energy were estimated

3

from the neutron data by multiplying the total cross sections at 417 MeV by

the ratio of (a) the integral over the neutron angular distributions from 10-deg

to 25-deg at 454 MeV to (b) the integral over the same angular region at

417 MeV. This method probably underestimates the total cross section,

The measured values of the total cross sections are listed in Table IV, g

The errors quoted for the total cross sections obtaiﬁed from the ﬁeutron data
include the est.imated 10% upper limit on the uncerté.inty of the calculated
neutron-detection efﬁciency. The total cross sections for the three pion-
production reactions are plotted in Fig. 6, along with the available data from

3,12 -18 =

- other experiments in this energy region. The curves are theoretical

predictions and are referred to in the discussion of the results below.

3. Total Neutral Cross Section

The determination of the total cross section for the process
"+ P -* neutrals was obtained as a byproduct of the electronic data taken
during the neutron measurements. In addition to the incident-7" energies

listed above, a short run was made at 391 MeV to measure the tota,l neutral

cross section. A correction was made for the detection of the charged products

, of the interactions.of neutral final~state particles in the target ’s;u'rrounding |
counters (8%). In addition, the ratio of the total neutral cross s.'ection to the )
total cross section was deterr;:xined by using the existing data on T .p elastic
src_attering to estimate the number of charg‘ed particlea scaftered by less than
13-deg in the lab system. |
The results ax:e presented in Table V. The statistical error in this

' __meaéurement was negligible (< 0.1%). The error quoted includes estimated

maximum uncertainties in the beam contamination (1%), the neutral;partigle o

' .

conversion corrections (1%), and the accuracy of the i)ea.m'-monitor.system ;

-

.‘,{\:.n

:) Wi

D0

(>
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(2%). The data are plotted in Fig. 7 along vbith othei' measurements of these

'quantities in this energy rangeo17_' 18

E. Discussion

First we compai'e the expe‘rimental.reaults with the predictions by
Schnitzer.s- As stated in Sec. I, Schnitzer determined his two sets of w-w
systerﬁ scattering lengths by fitting the préliminary results of the ot angular *
distributions at 432 MeV. The final results reported here have the same
| qualitative behavior as the preliminary data except that the magnitude of the
 cross sections is about 15% higher. The inclusion of systematic errors in
the beam-monitor correcﬁone. a more exact evaluation of the energy-solid-
angle acceptance of the detection system, and a more detalled treatment of
the ' counting efficiency are responsible for this shift, Thus Schnitzer's

ot angular-distribution curves shown in Fig. 5(a) are too low.

The predictions of the total cross sections for nt

T h, ® wlp, and

m°7%n for both sets of Schnitzer's scattering lengths are shown in Fig. 6.

. The two sets of solutions give the same result for the 7t7"n reaction thé.t
 falls ‘slightly below the measurements above 350 MeV and above the measure~

. ments below 350 MeV. However.'the rapid rise of the cross section as a o

function of energy is présent in the predictions. Schnitzer's predictions for |

the total cross section of the T w%p reaction fit the data quite well. The data

~ do not extend to high enough incident energy to differentiate between the two

sets of scatfering lengths. The results for the 7°w%n reaction do provide a

basis for preference for the second set of solutions, which has a negative value .

. of a, and a élightly higher B Certainly the qualitative behavior of the total |

cross sectiox{s is in agreement with the prediction by 1:he‘~ model of Goebel‘ and

 Schnitzer. B‘Ioth channels with the I = v, S-wave T-7 st‘iate available rise
1

" rapidly from threshold, whereas the w w%p reaction remains low. As the
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~ ing towards the highest values of M, , available for the neutrons in the 7

. energy. The f:resence of the-effect in both the n
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1=1, P-wave T-T interaction becomes significant,” the 7 w%p reaction

begins to rise and the T 7 n reaction continues to increase. The n°w'n

~reaction, without access.tOthe 1 = 1 state, levels off as the 'waave- T-w inter- - .

action falls off.

By use of the peripheral model it is possible to interpret qualitatively =

the nucleon differential distributions in _térms of the w-m interaction as a
function of W-m system total ehergy. Mﬂ,“,.19 In this model, 'dzc/deﬂ for -
the nucleon as a function of lab-system arigle at constant energy (which cor- ‘i

responds to constant four-momentum transfer to the nucleon) is related to

the 7~ interaction. So far as the neutron measurenments are concerned

it is also advantégeous to fix the energy, since possible errors in the de- \ -
tection efficiency as a function of neutron energy do not affect this distribu- \

tion. The measured distribution for nucleon energies of about 60 MeV . \ ; |

{(invariant momentum transfer equal to 6 in units of the square of the pio_n R

mass) are plotted in Figs. 3 and 4. We observe that there is a strong peak- '_ i

+'“,-'n ’

and 7'7%n reactions but not for the proton in the " w’p reaction. The peak-

* ing of the distributions at low c. m. -energy for the neutron (i.e., high M) -

has also been observed by Kirz et a.]..18 and Blokhintseva et al.iz in the w'n"n

reaction in this energy region. For comparison, the lab-system neutron’

distribution correspondixi_g to the M_. distribution of Kirz et al. has been

" plotted in Fig. 4(b). We also plotted the distribution calculated from the

peripheral-model formula, assuming its validity at physical-momentum

. transfers and using a -7 cross section that is constant as a function of

F. 0 . :
7°n and v%%%n reactions

" and its absente in the #"w%p reaction indicate that it is a I = O state effect © . =

1

" if the w-n intezra.ction is responsible for the enhancement, Again in agree~ :

ment with the data of Kirz et al., as the incident energy is Mcreaaed the

D e

)

g
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enhancement remains at the highest values of M, Available. instead of

remaining at a constant yé.lue of Mmr as would be expected on the basis of

a simple resonance behavior in the w-w system. Evidence from the nt

distributions reported here and from the studies by Kirz et al. indicate that

4+

~ there are strong effects of the nucleon isobar in the = 7 n final state to

" cbmpete with the simple peripheral w-7 interacéion model. Suggestions have

. of (3, 3) isobar formation and a peripheral process involving a strong 1 =0,
11,20

- S-wave W-w intefaction. but no quantitative results have been published.

The presence of a I. = 0, w-m interaction has been proposed as an

'  been advanced of a more complex mechanism associated with the interference

‘explanation for the anomé,ly observed by Abashian et al. (ABC) in p-d colli-

- sions.m‘ If an effect of the magnitude required to fit the results of ABC were

present in single-pion-production reactions, there would be an enhancement
"~ of the neﬁtron distributions in a region corresponding to the lowest values
of M, available [see Fig. 4(b]l. This behavior is not observed. Unfortu-
Vlnately this exactly corresponds to the regions of greatest uncertainty in the
_measured neutron distributions, i.e., closest to the charge-exchange
| heutrons [see Fig. 1(b)] + Because of this uncertainty, together with the

. fact that ihg_ distributions are dominated by a strong enhancement at the op-

o posite extreme of the available M_. range, it is impossible to maks quan-

~ titative statements about the ABC effect in 7N final states. Finally, the

absence of a strong manifestation of the ABC effect observed here is con-

sistent with the results of Kiirz et al

As stated in Sec. I, the calculations by Goebel and Schnitzer make no -

"~ predictions of the T energy distributions. The observed ot iistributions .

are peaked toward low ¢. m. energies. Such behavior is .most likely ex-
plained by an isobar model, since low values o? at €. m. energy cdrrespond

" to values of M, in the vicinity of the (3, 3) resonance (1238 MeV). In an

B

. “(.) ‘(') .:() i s {‘:,,

U
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attempt to fit the v data with the aid of the model of Bergia etal., we calcu-

lated a0 /dT*d0" for both total isotopic epinl = 1/2 and I = 3/2 incident

states. These spectra are plotted in Fig. 2(a). The =t data were then ﬁt_te'd L

with linear combinations of either of these two distributions and a phase-

space distribution., When we attempted to fit the data to _)ust one. of the three .

- distributions, the I = 1/2 incident-state isobar-model spectrum was by far

the best fit, even though the fit was not good. In the attempts to fit linear
combinations of the spectra, reasonably good fits were achieved only at 365 _'
MeV. Two combinations were modestly successful; the I = 1/2 orl=3/2

incident-state isobar-model distribution with an interfering phase-space

background. The main difference was that in the I = 1/2 case the ratio of the .

isobar amplitude to the phase-space amplitude was 5/1, whereas for the I = 3/2

 case the corresponding ratio was 2/3.” Theé 432-MeV data were not fitted well

by any of the linear combinations, The nonisotropic angular distribution of the

. isobar production noted here [Fig. 2(b)] and by Kirz et al. may be responsible,

The model used here does not consider the angular distribution of the isobar ..

decay, the angular distribution of the isobar production, and the effects of a

57 strong competing -7 interaction. The model of Olsson and Yodh would

eliminate the first shortcoming bt\xt, as they point out, the e:tperimental data
of Kirz et al., with which our results are in agreement, 'sti_n is not explained.v
We can only concur that the situation must be more complex thah either an
isobar model or the treatment by Goebel ard Schnitzer assumes.. I.The 'énalyses
accordmg to the work by Bergia et al. and the work of Goebel 'a!id Schnitzer

are both consistent with the dominance of the I = 1/2 incident state in single~

' pxon«production reactions in the energy region below 500 Me\’

‘
¥
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Il. EXPERIMENTAL METHOD AND DATA ANALYSIS

All three experiments were done with similar ¥ -beam setups in the ‘ |
meson cave of the 184-inch cyclotron. A typical beam layout is shown in
_Fig.' 8. Minor changes in the positions of the second quadrupole‘magnet and
the momentum-analyzing magnet were made from run to run. For the neutron
' meaau.rement, additional shielding was used inside the meson cave to reduce ‘
‘the background of neutral particles from the accelerator. The highest 'n"-bea;m :
energies used in these measurements correspond to the \ipper limit of that
available with the 732 -MeV internal»protonebeam energy of the cyclotron, The "
T 'g w-ere produced by intercepting the internal proton beam with a Be target
that was 2-in. thick in the beam direction. The pions were deflected outward
by the magnetic field of the cyclotron, The trajectoriea of the ™  wup to Q1
R were calculated by the CYCLOTRON ORBIT computer program of Good et al.zz '
The current éettings of the magnets were determined by the beam optics com-

23 and by suspended-wire measurements. The angle

puter program, OPTIK,
- and direction of the deflection in M were chosen to produce a recombination

at fhe final image of the momentum dispersion introduced by the cyclotron

field. The average energy and energy spread of the beam were experimentally
~ checked by integral range measurements in Cu. The beam included p- and |
e  as' well as w°, The u” contamination due to 7~ decays before M was
determined from the range curves. The contamination due to decays after M
was calculated and combined with the range-curve information to give the total
n~ éontamination. The electron contamination, measired in one beam setup
with a gas Eelrenkov counter, was small and was assumed to 'be the same for

all of the L "" beams used. The properties of the Liams used in these experfments

are listed in ;“I‘able V1.
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A, Experiment I - Measureinehts of the 7t in the at

-1, #' Detection System

A diagram of the w'-detection system is shown in Fig. 9. The =~ IR
beam was monitored with:  (a) two scintillation counters, M1 and M2, lo- | o

cated in the beam; (b) an argon-filled ionization chamber; and (c) two - .

scintillation counters, S1 and S2, which detected particles scattered from the ) ‘ '
beam. The three systems were calibrated at low-beam intensities so that the__'_

scatter monitor data could be used to determine the error in the beam-counter

monitor at high~-beam intensities due to the passage of more than one pion
through the monitor system within the resolution time of the monitor-coinddence
circuit. The average corrections to the counter monitor were 10+2% at 365

" MeV and 2.5%0,5% at 432 MeV. |

The spectrometer served two purposes. The first was to exclude all

negatively charged particles and the second to determine the momenturh of

positively charged particles. The vt spectrometer was a nominal 13 by 24-in,

C magnet with a 4«in, gap width and specially shaped pole pieces, Data at
four lab angles v.ve__rve'. taken with two magnet~-current settings in order to accom-
mod-ate»ghevrange_ iﬁ the wt momenta, which varied at's' a function of laboratorye
system .av..n;g‘le (see Table VII).

‘The =t téleacope consisted of two scintillation count'ers; C.i and C2,
and five sets of two.scintulato_ra, v and 7', The width of the: ¥ counters
was chosen so that the momentum acceptance of each counter was 10% of
{4 central momentum, and the height was chosen in order to detect any pare-
-+ ticle subject to possible vertical defocusing in fhe spectronie‘ter,v;_ The counter.
telescope was used for detection of the positively charged pa;rticlqs having .
range greater tha.n‘the proton range of the same momentum. Protons were
- not counie_d in the n"‘ counters because of the copper abs?xfber' between 1r
and wf sufﬁcientiy thick to stop them. A 7 was 1dentl£ied by a

MiM2CiC2um ‘coincidence in a conventional fast electronic Qyétem,

.i,','

7"n Mode - SR
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| &
The configuration and the properties of the combination of the counter

telescope and the magnetic spectrométer were determined by suspended'-wire
measurements., Prior tov the rlun. .meaaurements were made in order to de- -
termine the optimum location of the 7n' counters for a particular momentum,
Since the target-image location and magnification varied with momentum, it
was desirable to place the counter at the image so that the momentum accept-
ance of the counter was as:clean as possible. The counters were positioned

along the measured locus of the centers of the various momentum foci. The

- suspended-wire method was also used to determine the correct maximum

vertical size of counters C1 and C2 so that no at produced by an incident |
7~ passing through monitor counter M2 could hit the magnet pole pieces.
Subsequent to the run, the solid-angle and energy acceptance for each
wr! counter at each lab angle were measured by the suspended-wire method.
The acceptance, the product ATAQ, of the counters was first determined for
several points of origin in the target and then was averaged over the whole
target. In over 90% of the measurements the uncertainty in ATAQ averaged
4%, but in the other 10% systematic errors yielded an uncertainty as high as

10%.

. 2., Corrections to xt Data

ard

e

A positive paxrticle indirectly produced in 7" .p collisions is the et

arieing from the external conversion of photons produced in the decay of w°

and from internal conversion in the Dalitz decay of a 7%, The main source

‘of the 7° is from the charge-exchange reaction ®” + p-> w° + n, whose total

cross section is about five times the inelastic~n’«production eroes section in
the 350« to 450«MeV energy region. The probabilit, _.r unit pion energy per
steradian of producing an ot having the momeu um and direction of the T due

to both conversion and Dalitz positrona wae caleulated under the assumption that
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the source of the 1% was solely the charge-exchange reaction, For the ex- :
ternal-convex;sion case, the differential distribution of photons arising from the
charge-exchange 7% decay was calculated from the measured values of the  70
distribution.24 This was then wéighted by the probability of conv_gtting the y
as a function of y momentum and integrated over all the momenta that may
contribute to produce a positron-momentum distribution, dzc / ép edQ. which
was then transformed to the desired dza/ddeQ. A similar calculation was
performed for d%0/dT,_dQ due to the Dalitz e*.

The calculation agreed well with ia measurement of the e’ contribution
due to y conversion at 20 deg, which was made by adding more converting
' material and extrapolating back to the original target thickness. The calcu-

lated total e’ contamination varied from about 15% at 20 deg to less than 1%

at 110 deg at 365 MeV, and from 12% at 20 deg to less than 1% at 110 deg at

432 MeV. The calculated e’ contamination was subtracted from the measured

. spectra. The uncertainty assigned to this correction was that due to the un-

certainty in the measurements of the charge-exchange differential cross section,
The path traveled by the particles in the spectrometer was such that 12

to 18% of the n''g (depending upon their energy) deéayed in flight, It was pos-

sible for the resulting p,+'s (a) to end up in the same counter originally in-

) s

tended for the v+; (b} to pass through some other 7 counter, thus adding

Nl

extraneous counts to that channel; or (c) to gb undetected by any of the «
counters. The net w1 loss as a function of ©' energy at a given lab-system
angle wag ¢aleulated by a computer program that (a) traced all p's arising

- from the decay of any wt through the magnetic field and (b) determined the
fraction of theise p's that pass through any particular counter. These losses o
were then weijghted by the probability of producing the wt and summed over e
all «t energi;e& and angles of production. The result turns out to be rela- " |

tively independent of nt energy at a given angle. The loﬁses in detection

efficiency at 365 MeV are given in Table VIII. The quoted uncertainty includes
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both an estimate of the precision of the 'éalcul'ation_ and the error introduced
when we m#ke one correction for _all at enefgiéa at one angle. The same
percentage corrections were applied to fhé 432-MeV data because the test
cases indicatevd th#t within the errors the corrections would be about the
same at the higher energy.

Losses due to nuclear absorption of the 'vf in the telescope averaged
6% for energies above 80 MeV and 2 to 4% for energies below 80 MeV. These

were calculated by usirig Stork's da.ta.25

The uncertainty assigned to the
correction was taken as 10% of the correction.

| Losses due to multiple Coulomb scattering were calculated by using
the Sterﬁheimer?‘b formalism adapted to a rectangular geometry in only the
vertical direction, for it was assumed that each particle scattered out of the
telescope in the horizontal plane was compensated for by a second particle

that was not headed for the telescope, but was scattered into it. The correc-

tion was found to be negligible.

B. Experiment II - Measurements of the Proton in the v v%p Mode

1. Inelastic-Proton-Detection System.

The experimental set up is {llustrated in Fig. 10, The incident " flux |
was monitored in an argon-filled ionization chamber. The data at a lab-system
angle of 10 deg were taken at lower basam in‘i;ensities, and scintillation count-
ers M1 and M2 were used to monitor the beamn. Data were taken at seve'ral
larger angles with both types of monitor to compara the two monitor_systemsi.; ,
A range telescope, consistirg of six stopping counters with varying thicknesses
of copper inserted between scintillation counters, was 'fweq to sort particles into
intervale of range (energy). The telescope had an angular spread qu 1.5 deg and

divided pions and protons into the enery, ‘atervals given in Table IX.
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At a 'given angle, both elastic protons and pions have a longer range o
than inelastic protons; however, due to nuclear collisions, a small percent-
age of each was counted in the stopping counters. Since range alone did not - -
identify pfo‘wns uniquely, other separating methods had to be emploved in - -

conjunction,

As can be seen in Table IX, protons and pions that were stopped in the

same counter had different times of flight. The inelastic pions were aiways '
at least 4.6 nsec away from the inelastic protons and were clearly elimina‘t.ed._.? ;.-
by using a coincidence circuit with a resolving time 2 nsec wider than the in-
elastic-proton interval. Elastic pions were also clearly separated by the time#s
of-flight method, since they had a time-of-flight separation from inelastic .
protons that was always greater than 5 nsec for all the angles measured.
Rejection efficiency of the telescope against elastic protons ;va.s in-
creased by using an elaatié conjugate~pion counter. For each angle of scat-
tering for the proton telescope, pions from T + p - % + p come off at a
definite conjugate angle, whereas the pions from v~ + p " +1% +p have. a
distribution of angles kinematically available. A counter was placed at the
elastic conjugate angle, and no particle was counted in the proton telescope if
there was an associated particle in the conjugate counter. This cou.ni:er had
. less than a 2% probability for eliminating inelastic events while eliminating
95% of elastic events,

Only inelastic protons should be able to satisfy all the above requirements;
however, all thé other particles also have a smaller dE/dx than do inelastic
protons. - The difference between the dE/dx of a protoh and that of a pion 'that _~ |
stop in the same counter may be seen in Table IX. Even thoug}; all the other
criteria 1mposed ought to select only inelastic protons, the pu.lse-height spectrum

of events for! each stopping counter was recorded.

w



counter was calibrated on elastic protons in v_der to select the minimu:h-

that at least 99% of the calibration protons were acéepted. An illustration ™
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2. Proton Data Analysis

The proton-energy interval for each stopping counter was determined -
by the amount of material placed before that particular'couhter and the counter

thickness. All protons had to traverse equal amounts of material in the tele-.

‘scope before entering a stopping counter, but depending on where the initial

collision took place in the hydrogen target a variable thickness of hydrogen B

" was traversed. In order to obtain the average-initial-energy interval for each

stopping counter given in Table IX, an average of the distance traveled in

hydrogen was used.

Elastic protons were used to check and calibrate the stopping channels,

‘When the elastic -conj\iga.te -pion counter was placed in coincidence instead

of anticoincidence, thé telescope counted only elastic protons, For each

stopping channel, the elastic protons of the proper energy were about 10 deg |

beyoxid the kinematic limit for inelastic protons of that energy [see Fig. 1(b)] .

Since the elastic kinematics are known and the cross section is large, a con-

venient and abundant source of protons of variable energy was available for
calibrating the telescope. A measurement of the yield of elastic protons in

a particular channel of the telescope was taken as a function of angle, and the .

~ acceptance of a particular stopping channel was determined by using the ela.stic

! kinematics to convert from angle to energy. The calibra.tions agreed well with

the energy intervals calculated by using the thickness of absorbers.

The solid angle was determined by a geometric calculation, which took

into sccount the finite sizes and shapes 'of the beam a.nd target.

Asg stated in Sec, III. B. 1, only inelastic protons should anpear in a |

- .. dE/dx analysis of events that'were counted in the ¢ .scope, The dE/dx

acceptable pﬁlse height for each stopping channel. This c{riterion was set so . ® '
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of a calibration spectrum and an inelastic spectrum from a ta.rget full run

are shown in Fig. 14. Note that the inelastic spectrum has a low-pulee-height

tail. The inelastic data were analyzed two ways: first, by ueing no minimum-.

pulse-height criterion; and second, by using the minimum-pulse-height cri-
terion for protons, mentioned above. Within the statistical a,ccux;acy of the
measurement, the two methods gave the same results for the yleld. The low-
pulse-height tail, therefore, is probably due only to background and acciden-.
tals. Thus.r ;.s stated above, the dE/dx criterion, which was only a check,
was not needed to identify inelastic-proton eventa. However, the results
"stated in this paper include the minimum-pulse-height criterion.

A number of corrections were considered and applied to the raw data
before crose sections were extracted. A ceftain percentage of protons did
not reach their stopping counter because of nuclear collisions. A knowledge.
of all the charged-reaction products and their energy and angular distribu-
tion as a function of proton energy would be necessary, in order to calculate
reliably a correction for these collisions. There is not enough information;
on these processes to make a good calculation. Fortunately, a measurement
of losses due to nuclear collisions for a telescope very similar to the one used

in this experiment has been carried out by Cezxt::e.,z'7 By use of the nuclear-

collision losses measured by Cence, adjusted for the proton«-energy intervals

used in this experiment, corrections were made to the proton-energy spectra.
These corrections varied irom 3% in the lowest energy interval to 14% in the
highest energy interval.

Multiple Coulomb scattering in the telescope was minimized by making
each successive counter larger than the previous one. The calculation of

- Coulomb scattering was based on the geometric calculatf’pns of Sternheimer.

It was assumed that the protons were uniformly distributéd over the surface of

26
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Si. - Also, the direction of the protons was aspmned to bg parahllel to the axis ‘f"'ﬁ“
of the stopping counters. The calculated correction was less than 2% for all
' _ counters.
Statistical fluctuations in the energy loss of protons in the scintillator
" and copper used in the teleséope were calculated by following thelmethod of
Rossi.28 Jt was found that both the fluctuations in energy loss in the dE/dx

' counter and the fluctuations in range were negligible.

C. Experiment III - Measurementé of the Neutron in the aten

and 7 %7%n Reactions

‘1, Inelastic-Neutron-Detection System

The experimental arrangement is shown in Fig. 12. The incident-w"

' ﬂux was monitored by scintillation counters M1, M2, and M3. Neutra.l

' paxjticles produced ip interactions between the 7  beam and protons of the

' liquid hydrogen target were detected by observing the charged products of

their interactions in plastic scintillafor. Neutrons produced in inelastic

1r_°-p interactions were identified by measuring the time-of-flight (i. e., '

i velocity) distribution of the neutral particles. The time interval between the ' 3
passage ovf a T through the beam-monitor counters and the detection of a
neutral parfiéle was measured electronically by time-~to<height conversion
(THC) and pulse-height analysis (PHA), -

.. The neutral-particle detector was a 4~in, ~thick piece._of plastic s_.,cintillator'
iv{ﬁx a 40-in, 2 cross~gsection area viewed by a photomultiplier (Ami)éréif SQA\?P)A
This counter was surrounded by an anticoincidence counter to reject charged
- particles. The method of ob‘taining the {iming information from the phéto- |
multiplier signals was pulse differentiation.vto produce a zero-crossing signal
whose zero-crossing pt;'oint wasg detecicd by a tunneladiodé discriminator.29

The differentiated photomultiplier pulse provided a signai whose’ timing



-24- - . UCRL-11257

information was nearly independent of the scintillation-light amplitude in the
expected 50:1 range of fluctuation. The efficiency of this detector was a -

function of the lowest light output the system could detect. This threshold

for detection was calibrated with the Compton electron pulse-height spectrum A

of a Nazz gamma source. The detection threshold was set at a level corre- o

sponding to thé light produced by.a, 2.3-MeV electron, | |
In oxrder to rédﬁce the sigﬁal rate on the beam side of the time-of-ﬁight L

system, counter M4, located after the hydrogen target, rejecfedi incidehb g

that were not scattered by an angle greater than 13 deg in the hydrogen. The

M5 was a cylindrical scintillation counter surrounding the hydrogen target

-used to distinguish neutral particles accompanied by'charged particles from y

those not accompanied by charged particles.

The normal separation between the hydrogen target and the neutron
detectors was 1.4 meter‘a.' The hydrogen target was not defined by the neutral- |
particle defectors, Presu-mably th; target-full, ta,rggt-emptf subtraction.
should eliminate non-hydrogen-derived _}Jackground. To g_:heck the validity of
the measurement, a large amount of data, particularly at 374 MeV, was taken .
at a separation of 2.0 meters. This decreased the eo}.i& angle subtended at the -
E target by a factor of 2, and a corresponding decreé.se iﬁ yield. éhould have oc~
curred for target-derived particles. _ | -

The neutron detectors had a sizable probability (approx 15%)' of detecting
| photons by the processes of Compton scattering or pair production in the scin.

tiila.tor. Becauee of their'singlef velocity; all photons from the target wére
located in one peak in the time-of-flight spectrum. The location of this peak
in conjunction with the known conversion coefficient of the THC;PHA system

| provided an absolute time-scale caelibration. The width of the photon peak
was a resultant ofbthe resolution of the time-~of~flight analysis system and the

fluctuations in flight path due to the finite size of the target and the. detectors.

K
B
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The flight-path resolution function was computed as a function of detector
angle. The measured photon peak widths indicated that the time-of -flight

system resolution was 0.8 nsec, half-width at half-maximum.

2. Neutron Data Analysis

Thé raw data consisted of the neutral-particle yield from hydrogen as
a function of time of flight. The objective of the data analysis was to extfact
the yield §£ neutrons from inelastic reactions and transform it to the differen--
tia;l éross sectio'ns .a.a a function of neutron energy and angle, dzo./deQ. The
time -of-flight spectrum was separated into the contributions of photéns, neutréns
from the reaction ® p- 7%n, and inelastic neutrons presumed to be from |

0

' , Tp - 1T+1!'-x_1 (charged mode) and 7%n (neutral mode).

Because the principal source of photons was the charge-exchange .reac-

" tion, most of the photons appeared ia the neutral-mode data. Photons from

the reactions 7 p~ 7 w%p and # p = v yp were located in the charged-mode

data. The y peaks of the time-~of-flight spectra were fitted by a Gaussian

function (with the amplitude, center, and variance as paramétera) and sub- b

tracted from the neutral-particle yield. In all cases the y contribution was - 7

clearly resolved, ' | | P
The charge-exchange neutrons were included in the neutral-mode data..-

The separation of the neutrons from charge-exchange and inelastic reactions

was much more ambiguous than the y sifuation. At a given detector angle

the charge-exchange neutron energy was unique é.nd consequently these

neutrons were located in a peak. HoWever, the over-all resolution in meas« ' ;ff»

 urements of the neutron spectra was more complicated than the problem in tize _

vy case. In addition to the time -6£-£1ight system re-~'-tion, the following |

| factors had to be considered: (a) the finitc --yular :eac;liuiion of the neutron

detectors; (b:) the flight-path uncertainty; and (c) the 'ﬁ'-beam-energy

spread. The spread of charge-exchange neutron energy and the inelastic -
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kinematic limit resulting from the finite angular resolution can be visualized
by considering the kinematics [see Fig. 1(b)]. |

For data at angles > 45 deg, the charge-exchange neutrons dominated.
the spectra and were ugazﬁbiguously subtracted. The shape of the ché.rge-
exchang; peak agreed in.all cases with the calculated resolution. For data
~at angles < 45 deg the separation in time between the charge-exchange neutroné
and the maximum-~energy inelastic neutrons was = o‘ﬁ < the total resolution.
The charge-exchange contribution was subtracted by normalizing the area of |
the calculated resolution function to twice the observed yield between the center |
of the charge~exchange peak and a point two standard deviaﬁéﬁs from the
center in the direction away from the inelastic portion of the spectrum.

The results were corrected for three types of effegts: {(a) over=-all
normalization adjustments, (b) conversion of photons leaving the hydrogen
target, and (c) multiple scattering of neutrdns. The beam anticoincidence
counter necessitated a correction for the numbexr of chargedimode events lost
because one of the charged pions accompanying the neutron traversed M4. The
fraction lost was estimated to be 5% from the wt angular distributions.

A fraction of the all-neutral final-state reactions did not Appéa: in the
.neutrahmode data because; (a) a y interacted with material in the target
or surrounding counters and produced an e+. e pair. or (b) a 7w’ decayed
in the y + et + e” mode. 1If one of the resulting charged particles paséed
through M4 the event was lost. If one passed through M5 the event was recorded
in the charged~mode data. The probability of conversion averaged over vy
energy and dirgction of escape was computed for y's resulting from both .
charge-exchange and inelastic 7%s. These prob#bilitieg and the known
branching ratio for 1nterna1—co_n'version mode of n° decéy (1.2%) were used

~to make the a?propriate adjustments to the data. The fra:btion of events lost 7

was < 1% and the fraction incorrectly identified was 10%. To check this
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calculation, some data were taken with 0.02 in. of Cu between the target and

M5 to increase the y conversion. These measurements agreed with the ex-

pected re sults.

The rescattering of neutrons in the hydrogen or surrounding materials
affected the data in two ways. The energy lost by a charge-exchange neutron

in rescattefing couid result in a final neutron energy in the kinematically

“allowed range for an inelastic reaction. The most significant succession of

processes.' T 4+p + 7% ¢ n followed byn#+p - n + p, was analyzed in detaﬂ.
The differential distribution in energy and angle of the. rescattered neutrons
was computed and subtracted from the inelastic data. 'The Qvef-a;l correc-
tion was small (< 7%), but because the calculated energy distribution was

strongly peaked at low neutron energies it was as high as 50% in the region

© of 10 MeV. The rescattering of inelastic neutrons could distoxrt the differ-.

ential distributions in energy and angle. The over-all effect was estimated.
to be small (® 5%), but as in the charge~-exchange case the effect would be most

.significant at low neutron energies. No adjustment was made to the data for

- this effect. Therefore the differential distributions for neutron energies

below 50 MeV should be regarded with reservations that increase as the

energy decreases.

The neutron-detection efﬁc!éncy of plastic scintillator is a function of

- the light-detection threshold and the detector geometry, Formeutx"on energles

below 10 MeV, ohly neutron»hydrogeh interactions contribute to the efficiency,

30 Above this energy, interactions with

carbon nuclei of the plastic scintillator become significant. For this analysis

4 ‘the efﬁcienc);[:;as computed by using all known syr _..tics for -neutron-carbon;. o

interactions a neutron~hydrogen interactiv. .. The calculation included first
and second sc“htteriixg contributions from both hydrogen ahd carbon inter-

actions, saturation effects in the production of scintillation iight. and finite
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resolution of the detection threshold. The detector geometry.was approxi-
mated as a cylinder with neutron flux incident along the axis. ‘The efficiengy y “_:_‘ -
as a fu.nction of neutron enérgy used in this analysis is shown: in Fig. 13. In - s '.,l T
additidn, a comparison is made between (a) efficiency measurements on a " .
simila.lr type of neutron counter {15 cm thick, =1-MeV threshbl-d) in the enérgy S

31 and (b) a calculation made with the same program

region of 4 to 76 MeV

used here. The maximum uncertainty in the calculation exists in the ?reg\ion

from 20 to 75 MeV, in which thé contributions from carbon interactions rise
. from zero to a maximum (> 50% of the total efficlency). ‘The uncertainty in

"the calculated value of the efficiency was estimated to be %1 0%. . This number

was selected since it is the order of uncertainty in the nonelastic neutron-

carbon cross section,
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Table 1. ' Differential cross sections.

Incident 7~ energy (365 MeV) Incident 7~ energy (432 MeV)
) T a%s /dTan T 0%  do/aT*an® -t d%c/atan ™ . g* do/aT*ag®
(deg) (MeV) {pb/sr-MeV) . (MeV) (deg) (pb/sr-MeV) (MeV) (pb/sr-MeV) (MeV)  (deg) (pb/sr-MeV)
2047 78+ 8 © 4.040.3 364 5 33 2.60.2 54x 6  6.080.6 19+ 3 - 38  3.420.3
100%11 3.5+0.3 50+ 6 32 2.3%0.2 80+ 8  7.0%0.5 34t 5° 34  4.240.3
) 126%11 2.6£0.3 672 7 31 1.8%0.2 112£12  6.5%0.4 53t 6 33 4.1£0.3 -
152+14 ) 1.7¢0.1 84+ 9 30 1.120.1 138+14 - 4.320.3 70¢ 8 32 2.840.2
’ ' 167419 2.720.2 88 9 31  1.8£0.2
5027 53+ 7 3.0%0.2 34z 4 .78 2.3%0.2 55+ 7 5.0+0.4 35% 4 81 3.9+£0.3 - L'»
73+ 9 2.9£0.2 50+ 5 75 2.320.2 79 9 4.210.3 53+ 6 77  3.320.2 w
9912 2.5£0.2 69z 7 73 2.0£0.2 103%11  4.420.5 71+ 8 75 3.520.4 v,
119£13 1.8+0.2 85+ 8 7t 1.50,2 124212 3.4%0.3 87+ 8 74  2.70.2
141216 1.020.1 103210 71 0.8£0.1 161216  1.320.2 11610 ~ 72 1.00.4
80£7 332 2 2.0+0.3 376 1 113 2.220.3 332 3 2.420.3 398 2 116  2.620.3
50% 4 . 2.1£0.2 53¢ 3 109 2.2£0.2 56+ 5  3.6x0.3 612 4 - 111 3.840.3
73% 7 1.5£0.1 76 5 106 1,5+0.1 74 7 2.9£0.2 79+ 6 109 3.00.2 _ -
94+ 9 0.8+0.1 96+ 7 105 0.8£0.1 97x10  2.220.2 1022 7 107 - 2.20.2
116£12 0.320.04 119+ 9 104 0.3£0.04 ' 114411 1.220.1 1182 9 106  1.240.1 )
110+7 30x 2 1.820.3 52+ 3- 137 2.5+0.4 332 3 1,9£0.2 T 60+ '3 138 2,7+0.3
’ 472 4 1.5£0.1 73+ 4 134 2.0£0.2 50+ 5  1,8+0.1 82+ 5 135 - 2.440.2
62+ 6 0.920.1 92+ 6 132 1.1+0.1 66 7 1.820.1 . 102+ 5 134 2.4%0.2
77+ 9 0.4+0,04 1112 9 134 0.5+0.05 86x 9  0.840.1 1274 9 133 1.1£0.1
1

1072114 0.2:0.04 1531 132 0.3%0.05

15211-T¥00
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Table II Inelastic prétdln.&iffverentialv cﬁros‘s. ‘vsecti()ns‘ ‘[Va]l.ues' of dzo'/deVQ in units of p.b/(si'-Me'V)] .

Incident %~ energy - 310 MeV

0,(deg)  20.041.5 27.5:1.5

T, (MeV) L
61.0 - 86.5 1.5+0.2 0.9+0.3

85.5 -106.5  1.420.4  0.4+0.1

Incident @~ energy - 377 MeV

0, (deg) 400445 15.041.5 22.5:1.5 26.5:1.5 30.0+1.5 34.0£1,5 37.541.5 42.0%1.5 45.0%1.5
T, (MeV) | o ST T
60.5 - 72.5 1.4%0.2 2.00.2 1.920.2 1.740.2  2.0%0.2 1.8#0.2  1.3%0.2 1.040.2  0.6%0.1
72.5 - 90.0 2.8+0.2  2.8+0.2  3.1£0.2  2.5%0.2 2.4%0.2 = 2.020.2  1.6£0.1  0.9£0.1 -
90.0 - 106.5  5.080.3  3.84#0.2  3.1#0.2  2.7#0.2  2.120.2 = 1.9%0.1  1.120.1  0,5x0.1 @
106.5 - 125.0  4.8%0.3  4.0£0.2  2.720.1 2.2#0.2  1.5%0.2  0.820.1  0.5x0.1 !
125.0 - 144.0  5.320.4 4.2#0.2  2.8%#0.1  1.7%0.2  0.9%0,1 0.7#0.4 -
144.0 - 163.5  4.620.3  2.9%0.2  1,920.1  1.120.2 o |
163.5 - 182.0  3.620.4 o DU
- a
) 9
&
AN
-
N
(8)]
S
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Table L . Inelastic neutron differential cross sections [values of d%0/dTdD in units of ub/(sr-MeV)].,

Dn(dcg) 10£2 152 20£2 25%2 302 35%2 40£2 55%2

T interval . . :

(MeV) -2 4 pe-n 4 w74 0 at incident v cnergy - 374 MeV
20- 31 11,0 1.1 9.9£1.6 9.1£0.6..  7.740.8 7.4£0.7 7.3£0.5

31- 42 19.0£0.9 12.2+1.3 8.04£0.5 - 6.4£0.6 6.0£0,6 4,3£0,4
42- 53 -25.8+0.8 16.1%0.8 9.7£0.4 6.020.4 5.220.6
53- 66 32.8+0.8 20,6 £0.8 9.4:0.4 6.7+£0.4 3.3£0.5

. 166- 79 32.2+0.8 . 21.7%0.9 4.540.4 5,420.4 5.0%0.5

.79+ 90 34,1410 20.6%1.0 7.9+0.5 3,7+0.5 3.3£0.6
90-10t 29.7£0.8 18.2+0.9 5.5¢0.4 3.2+£0.4

104111 23.9£0.8 17.2+1.0 3,.9%0.3 2,6x0.4
11i-125 20.020.7 . 13,0+0.8 3.820.3 1.720.2

125142 "14.4£0.5 7.8%0.6 2,703
142-163 9.9£0.5 " 4.7£0.4 1,6%0.2
163190 5.82£0.5 2.7%0.5
190.225 - 3.2+0.3 1.0+0,3 .

’ ' "8+ p->n2+ 1%+ natincident 1°_energy - 374 MeV " )
20- 34 7.520.8 . 4.521,1 2,720.5 3.420.6 1,.8£0.6 3,6+0,5
31- 42 - 8.1£0.7 R 66211 3.5+0.4 3.9£0.5 2.2%0.5 3,720.4
42- 53 , 11.3£0.3 7.5%0,6 . 4,420.3 3.4%0.4 . 1,520,5 2,8+0,4
53- 66 14.6 0.6 9.6£0.6 4.5¢0.3 | 3.0%0.4 2.3%0.4 4,1£0.4
66- 79 16.9+£0.6 9.0£0.6 3.8:0.3 3.9%0.3 3.420.5
79- 90 16.3+0.7 8.2£0.7 3,0£0.4 2.9+0.4 57+0,6
90104 13.8£0.6 7.74£0.8 3.6x0.4 3.7+0.4 3.420.6
101-111 1,707 54%0.5 2.9%0.3 2.5%£0.5
111-125 11.02£0.6 4.9%0.5 2.7¢0,3 - 1.5¢0.3
125-142 7.2x0.4 3.9+£0.4 1.6£0.2
142-163 4.920.4 1,7£0.4° 0.540.2
163-190 1.8+0.4 0.320.6
190-225 1.1£0.3

. m 4 p-wte w4 patincident v energy - 417 MeV )
20- 3t 11,4211 12.0%1.4 11.8%1.1 B.5x1.4 9.4%1.4 t1,3£14.2, 8.9+1.4 6.8+4¢.9
31- 42 14.1£1.0 14,5%1.3 11,0£1.0 8.5%1.2 7.6%1.8 5.5+1.4 4.7%1.2 .
42- 53 23.2%£0.9 16.5%1.4 16.0£0.9 12,211 B.ix1.1 8.7x1,1 6.9£0.8
53. 66 30.4+1.0 24.3%1.3 20.7+0.8 13,8z 1.0 9.921.0 7.7%20.9 6,120.7
66- 19 35.4£1.0 27.0%£1.4 " . 21.0£0.9 12.8¢1.1 8.3£4.0 6.8+1.0 5.0+£0.9
79- 90 36.4£0.9 27.9+£1.3 21,107 11,9£1.0 10.921.3 5.9%1,1 5.9%1.0
90-101 342211 27.1%1.7 19.3 1.4 13.3%0.9 6.8x1.3 6.3+1.0 5.5%0,7

101-411 30.8+1,0 24.9% 1.5 19.5%1.0 11,7£1.0 6.921.2 4.6+0.8 2,7+0.8
111-125 24,1£0.8 22.3%14.,3 14.9+0.8 9.2+1.0 3.7¢0.9 3.0£0.7
125-142 19.820.8 17,2+ 1.1 12,6 0.6 7.0+£0.8 4.2£0.7 1.320,6
142-163 13.240.6 12.5+0.9 8.120.5 4,5+0.6 1,6£0.6
163-190 9.4£0,5 -, 9.6x0.7 5.5 0.5 3.0+0.5
190-225. 5.2+0.4 4.8£0.5

7" 4 p-=n®+ %+ natincident ¥ energy - 417 MeV
20- 31 5,3%0.7 4,720.9 4.7+0.8 5.0+ 1.0 3,5¢1.0 3,720.9 1.3£1,1 5.7£1.2
31- 42 7.6£0.7 5.6+0.9 5.5+£0.7 2.2£0.9 2.3£0.9 4.0+£0.7 3.020.9
42- 53 9.9+0.8 76211 6.520.7 5.5£0.8 4,2+£0.8 '3.8+£09 3.0£0.6
53- 66 13.240.7 10.8£0.9 9.2£0.6 6.6+0.8 2,9+0.8 2.4£0.7 3.6£0.6
66- 79 15.7%£0.7 $1.5£1.0 11.5£0.6 7.9+20.8 4.220.9 2.5+£0.8 2,9+0.9
79- 90 16.0£0.8 11,82 1.4 9.7+0.8 7.4+0.8 5.6 1.1 2.5+0.8 2.4%0.8
90-101 15.54£0.8 10.9%£1.1 7.6+0,8 5.5+ 0.9 6.0£1,0 3.924,0 3.120.8

10¢-111 12.4£0.8 10,011 7.74¢0.7 5.320.9 5.6+0.8, 5.0£0.8 1.8+£0.7
111-125 12.5£0.7 8.3£0.9 6.520.6 4.9£0.7 3.6+0.8 ° 2.5+0,7 -

125-142 6.8£0.5 5.9+0.8 4.2%0.5 2.0:0.6 l‘4t0.75,1' 1.2+0.6
142-163 4.3x0.5 4.920.6 2.340.5 1.7£0.6 1,8£0.6
163-190 2.3x0.4 "2.8£0,5 0.4£0.4 t.2+0.4
190-225 1,4+0.3 1.420.4

. . EaS =* 4+ 274 o at incident w” energy - 454 MeV
20- 3t 21,84£3.8 13.0£3.6 13.6£3.6 . 13.943.5 "
31- 42 22,7+£3.5 14.0£2.8 13.6£3.2 7.2+£3.8
42- 55 © 15,531 L 16.9%3.6 10.2+2.9 14.2+£2.4
55- 70 27.3£4.0 21.3£3.2 24.0+3.0 17.4%2,7
70- 85 35.4%4.2 3t.0£3.8 13.9£3.6 12.7£3.2
85-105 40.0£3.5 34.7213.5 23.8+2.8 T.6+2.6

105-120 27.9£3.8 22.2+2.4 16.2+3.1 8.9+2.9

120-136 28.5£3.5 18.022.6 13.0%2.4 7.8+1.9
. 136-155 18.922.7 10.0£2.6 11.3£2.0 8.9%2.1
5 155-180 . 15.9¢2.1 "10,5%1.8 10.7+4.9 4.7+1.6

- 180-212 10.9%1.5 6.621.3 5.8+1.1 4.0£1.1

212-255 S.6+1.4 4.1£1.0 .

77+ p-n®+ 0% +natincident 8" energy - 454 MeV
20- 31 2.6x2.3 5.1+2.4 5,5+2.6 5.2%2.4
31- 42 6.3%£2,5 T.2%14.6 7.0%1.6 6.5%1.6
R 42 55 9:2£2.4 6.8+£2.4 8.9+2.2 3.7+2.0
A 55+ .70 12,5+2.4 7.582.5 " 12.9¢1.9 5.9£1.9
c 70+ B8 13,4420 16.942.6 6.342.2 9.4a2.1
854108 14.7+4.8 18.5£2,2 14419 6.121.9

105-120 13.9£2.3 9.2%1.5 5,4%2.5 3.622.0
120-136 1.5£1.9 3.4%19 5.2+1.8 8.0£1.8
136-155 6.5+£2,1 3.921.6 4.8+1.7 0.0£1.9

. 155-180 4.021.6 2,9%1.5 3.0%1.4 2.3x1.4

180-242 331,14 -0.8+1.1 1.2+1.2 0.9+1.0

212-255 1.5+0.9 2.0+£0.7

e
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Table IV. Angular distributions and total cross sections.
_ .rj'11"+p—>rr++v’+nf_ v
T, (MeV) © 365 v 432 374 47 45¢
o (mb). C 24202 4.0%0.2, o . 26202 .7 3,320.3. . 3.840.4
‘Av 0%y do(why/da* T TAv 9%(nt) do(rhy/ae* 8(n) - do(n)/d2- .~ do(n)/dQ  do(n)/d2""
{deg)’ (mb/sr) - . (deg) {mb/sr) . (deg) - _(mb/sr) - (mb/sry {mb/sr)
32 0.20£0.03 34 0.34£0,03 © . 10  3.56%£0.07 - 4,03x0.07° ~  4.98+0.22
73 0,20£0.03 77 0.33£0.03 15 '3.46£0.09  3.6520.19 .
107 0.17£0,03 - 111. 0:31£0.03. 20 . 2.24%0.07  2.53%0.07 . 2,3040.17
134 0.19£0.03 ° - 135 0.28£0.04 25 | 1.61£0.06°  1.9020.15
. o E ' 30- 7 0.99%0.05 1,0720.06 -
35 . 0.62£0,04 ~ - 0,88£0,07
40 7 0,47£0.04 " 0,66£0.05
45 0.3420.04 0.56+0,05
50 0,23£0,04 - 0.550,07
................................................................ S iemeea 021820204 ]
: I"- +1% +p ' .
T4 p-{ . " 4+p>m + 1%+ n
: ;\ﬂ’ +y+p . . v
T, -(MeV) ] .310 : YA 374 4“7 " 454
oplmb) - 0.1320.06% 0.400.03% 0.3170-07 13201 15801 . 1.640.2
.8(p) do(p)/de - 6(n) do(n)/dQ da(n)/dQ do(n)/d 0
(deg)  {mb/sr) (deg) (mb/sr) . {(mb/sr) - (mb/sr)
10 0.55¢0.02 10  1,73£0.05  1,67%0.04 1.65£0.13
. _ 15.  0.43%0.03 15 © 1.3520,05 - 1.3820.12
S o . 22.5  0.32%0.02 200 0.920.04 1.0120.04 -  1.1420.11
26.5  0.240.02 25 0.77%0.04 0.8720.10
30 0.196£0,016 30 0.44:0.02 0.55£0,04 .
34 0.149£0.013 35  0.38£0.02 0.4240,04
37.5 ° 0.097#0.011 - 40  0.26£0.02 - 0.26+0.03
42 0,0510,007 - 45  0.224#0.02 - 0.34#0.04 -
45 0.020£0,005° .~ 50 0, 15%0.02 0.25%0.03
' 55 0. 150,03

"a. Total inelastic-proton cross section
b. Estimated 17'1T°p cross section (see Sec. 1I.D. 2.)

.
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Table V. Total neutral cross sections.

—

L 374214

(" +p- neutrals) -Neutrals/Total
(MeV) ' {mb)
12,240.3 0.5040.01
391 £15 12.0£0.3 0.48+0.01
41716 11.3£0.3 0.450. 01
454217 10.70.3 0.410.04

e S e e e A A=t e T
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B ,,;I‘_able VI. Beam pfqperties.

Experiment Beam size? Momentum Energy AT .u"Xv100 | e X100 Averagé flux .~
v (MeV/c) (MeV) (MeV) @ +p+e wTtp T +e” (ﬂ’°/cm2~s‘e'.c.') )
ot 4.5X2 485 365 45 4.4£0.4 b 6 X 10%

F o 554 432 15 3.8+04 b 2 x10®

P 4 x3 428 310 10 _, 7'.03;1;0 0.3£0.3 12 x10°
S 497 377 15 107510 b asx103
n 4 X2.5 494 3714 15 5.0£1.0 ) b 4.5%10°°
| | 539 @7 16 4 b 2 x10%°
577 454 17 e b 0.3x10%¢

a. Full width at half maximum at hydrogen target (in cm).

b. Assmed to bg equal within It.he quoted errxor to thg 310-MeV meésu;e;‘nents_. ‘ A

c. ‘Auxiliary deé - high-duty-cyclev .cylotron operation. L

| d. Assumed to be equal within thé quoted‘error tol the 374-Me'V fnéaéﬁfémenté; ; i
i
‘. . b Fy . .

—8€_

LS211-TT¥0N
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. ~ Table V1L Properties of vt spectrometer.
T Maximum magnetic field wt Energy interval Lab angie
(kG) (MeV) (deg)
U 19,5 40 to 130 \ 20 and 50
15.0 15 to 110 - 80 and 110
‘Table VIII. Reduction in 7" detection efficiency due to
ot =yt 4 vat 365 Mev .
Lab angle . Average percent at loss
(deg)
20 4.0+1.0
50 5.5%1.0
80 8.5+1.5
110 9.0414.,5
s L \

. P \
\:3')u' i e Y
b ) L i



Table IX. Average kinetic energy interval for protons and pions as a function of the stopping

counter and the cbrrespohding valués of time of flight and dE/dx for these energy intervals.

Average kinetic

Time-of-flight interval2

dE/ dx inte rval

Stopping energy interval = . _ ,- :
counter - (MeV) | (nsec) (MeV-CmZ/g)
Protons | Pions Protons =~ Pions | Protons ‘Pions
S, 60.5- 725  19.5-26.0  24.3-27.6  15.2-17.C  9.8-12.3  4.5-5.4
S,  72.5-.90,0  26.0-35.0  20.9-24.3 13.2-15.2  17.9- 9.8 3.7-4.5
S, 90.0-106.5  35.0-45.0 19.0-20.9 12.5-13.2 6.6- 7.9 f 3.2-3.7
S, 106.5-125.0  45.0-54.5 17.7-19.0  11.8-12.5 5.8- 6.6 2.3-3;27‘ |
Sy 125.0-144.0 54,5-64,0 16.5-17.7 11.1-11.8 5.2- 5.8  2.6-2.8
' 64.0-73.0  15.7-16.5 49- 5.2 2.4-2.6

S 144.0-163.5

10.7-14.4

a. Time of flight between counters '1‘1 and S1 (See Fig. 10),

- -op-

L§231-TE0N
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FIGURE CAPTIONS

- Fig. 2 'L'é.boratory,-system kinematics for final-state ,particiea in

~e

'-rrN - wTN. Contours ‘of constant c. m, -system kinetic energy,’ T*.I
andvangle, 'é”. are plotted vs laboratory-system kinetic energy, T,
and angle 6. (a) Final-state T for 432-MeV incident w kinetic energy.
(b) Final-state N for ‘375-M6V incident 7 kinetic energy. The curve

~ for wN - 7*N is also shown,

- Fig. 2. 7t c.m. -system differential distributions for wta"n.

v (a) Distribution in kinetic energy, T, at average angle, 6™ = 73 deg
 at 365-MeV incident 7~ energy. The solid curves are: I - invariant
phase-space distribution; II - isobar model distribution in the total

isotopic spin, 1=1/2 state; Il - isobar model distribution in the

I1=3/2 state (Ref. 10). All curves are normalized to the integral of the

" measured distribution over energy. (b) Distribution in cos 6* at several

values of T*, @ - T*=35 MeV (M = 1225 MeV) at 432 MeV;
A-T" = 90 MeV (M = 1160 MeV) at 432 MeV; and [J - T*= 50 MeV

(MWN = 1160 MeV) at 365 MgV.

 Fig. 3. Inelastic proton lab-system differential distributions at 377-MeV

incident-m" enez;gy. (a) Distribution in kinetic enexrgy, T, at angle,

po . - @8=15deg. The curve is an invariant phase=-space distributidn for

| 7" 7%p normalized to the integral of the energy distribution over energy.'

(b) Distribution in cos @ for the energy interval 60.5 to 72.5 MeV. A
scale of M, as a function pf cos @ at the specified incident -1\"_' energy.

~‘and final -state proton energy is also plotted. The curve i3 {he phase-

4

space dist;ribution.
{

f : s
| s,

<

@ .0 1(‘; :x‘(\'\ R
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"Fig. 4. Neutron lab-s'ystem diffefentia.l’ distribution. (a), (c), and (e)
- ; - distribution in kinetic e:iergy, T, at 9 10 deg for incident w
- | energies 374, 417, and 454 MeV, respectively Curve (1) is for

777 n and curve (3) for 1r°1r°n.' The smooth curve in (a) is the in-f*:

| distribution for 1r+1r n over energy. (b), (d), a,nd (£) distribution in -
" cos 0 for the energy interval 53 to 66 MeV. A acale of M~ asa | :
function of cos 0 at the speczfied incident-v" energy and final-state - '
neutron energy is also plotted. O - 1r+1r n; and © - 1r°1r°n. The curveo
.~ in (b) are: I - the phase~-space diatribution, I- peripherai modei distri-
' bution for constant -7 cross eection (Ref. 19); III - distribution calcu-

-1

B lated by using the enhancement factor of ABC with a; =2un ~and R=0

L {Ref. 21);: and IV - distribution calculated by using the distribution in
M, of Kirz etval. normalized to the total cross section for n'w'n
at 374 MeV and transformed to the lab system (Ref. 18). With the

.. - exception of IV these curves are normalized to the integral of the

+

" distribution for T 7 n over cos§.

Fig 5. Angular distributions after integration over enea;gy.
{a) 7t from **w7n in the c. m. system. A - at 432 MeV; Q 365 MeV. )
‘ The solid curves are the best fits to x,+ x, cos 6* at each energy. The :
dashed curves are the distributions predicted by Schnitzer for:

P P

U = (ay, ay, az) = (0.65, 0.07, ~0.14pn" ) (Ref. 8). (b) Proton in the lab

g . - system at 377 MeV. The curve is the phase-space distribution normal-

variant phase-space distribution normalized to the integral of the - R AR E

ized to the integral of the measured distribution over cos 6. (c) Neutron

i ‘
in the lab:system. O, @ - 374 MeV; A, A -~ at 417 MeV; and ], - at

N - 454 MeV. The open points are for 7770 and the solid points for %°n. -
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o . The curves are phavse-spacev distributions n@rmélized to the total cross
B section at 374 MeV; (1) - for ﬂ+1r"n; and (3) - for n°nn,

. vI.:‘ig. 6. Total cross sections for single-pion-production reactions below

| 500 MeV. (a) v+1r'h;» (b) #"w%, and (c) *%7%n, In each case the

R " " . curves are the predictions by Schnitzer for solution sets I and II re-

spectively. The solid points represent data from the present work and the
. opeﬁ points represent data from: 1, Ref. 12; 2, Ref. 18; 3, Ref. 3;

: “ 4, Ref. 13; 5, Ref. 14; 6, Ref. 15; 7, Ref.16; 8, Ref. 17.
| ‘ , | Fig. 7.y Total cross section for ™ +p - neutrals. (a) @ - §re~sent experiment;

O - Ref. 17. (b) Ratio of total neutral cross section to total 7 + p

e S L

iR ‘cvross section. @ - present experiment; A -_Ref. 18.
- Fig. 8. Plan view of the 184-inch-cyclotron meson~-cave experimental
| area, showing a typical 7 - beam layout.
: Fig. 9. Diagram of the at. detection system. The liquid hydrogen target
was a horizontal cylinder 2 in. in diameter and 4 in. long.
- Fig. 10. Diagranﬁ of the inelastic proton-detection 'éystem. The liquid
hydrogen target was a vertical éylihder 6 in. in diameter. =
Fig. 11. | Calibration of dE/dx pulse-height spectrum for protons stopping
| in the S 4 counter. The spectrum of inelastic proton events from a
- a v Atax"get full run is plétted ih the upper histogram and the calibré,tion
. - spectrum of elastic proton events is plotted in the lower histogram.
| Fié,_ 12. Diagram of the inelastic neutron-detection system. Simultancous |
measurements were made witfx four neutron counters such as those ahvown.v
- The liquid hydrogez'; target was a horizontal cylinder 3 ir. in diameter |
| 'and .Biin.long. _ ‘
. Fig 13. ,Neutron§¢gtecﬂon effigienc;r, 1 - calculated for the detector used
win thie'experimexlxt; II - calculated for the detector used in I‘{ef.' 31;

.and O - measured from Ref. 31.
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

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

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

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








