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DIFFERENTIAL DISTRIBUTIONS OF NEUTRONS

. . IN INELASTIC =~p INTERACTIONS AT 374, 417, AND 454 MeV

. ‘Richard J. Kurz
.Lawrence Radiation. Laboratory

.~ University of California
Berkeley, California

" November 15, 1962

ABSTRACT

The inelastic interactions of negative m mesons with protons at

. 374, 417, and 454 MeV incident « kinetic energy were studied by meas-

uring the differential distributions of final-state neutrons. The w
source was an internal target of the Berkeley 184-inch synchro-

cyclotron. A rnagnetic beam-transport system momentum-analyzed

. and focused the m beam at a liquid hydrogen target located in an

adjacent shielded experimental area. The time-of-flight distribution

of neutral particles was measured at various laboratory-system angles

. between 10 and.65 deg.- Neutral particles were detected by observing
.the charged products of their interactions in plastic scintillator.. The

.time-of-flight information was determined electronically by time-to-

height conversion and pulse-height analysis.- The time resolution of
the total system was 1.0 nsec.. Detected neutral particles accompanied
by charged particles were separated by the electronic system from
those not accompanied by charged particles.

Analysis presuming the principal inelastic reactions.to be
T p—~ + r"n and 7 p~1m’n’n separated the time-of-flight spectra into
gamma rays, neutrons. from the reaction n p—~n°n, and inelastic
neutrons. Calculated values of the neutron-detection efficiency were
used in_thé conversion of the neutron time-of-flight distribution to

neutron differential distributions as a function of energy. A descrip-

-.tion of the neutron efficiency calculation is included. A definite

deviation from the behavior expected on the basis of a statistical
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distribution or.a simple peripheral collision model was observed. in
the distributions of the.inelastic neutrons. The inelastic neutron
. differential distributions showed a strong preference for neutrons of
-low ¢. m: momentum. '
By intégratiﬁg the differential distributions, .the total cross

sections for the two inelastic reactions listed above were obtained.
- The cross section for the 1r+1r_n channel was a rapidly rising.function
. of incident 7 energy, whereas the crosbs section for the n° -rr>°‘n channel
..was essentially constant as a function of energy.- In addition, .the
total cross section.for the 'pfocesses ‘T p— neutrals was obtained
' along with tentative data on the angular distribution of the reaction'

‘m p —=n’n.



I. INTRODUCTION

- The necessity of simultaneously conéidering all available re-
 action channels of a system has been emphasized by the S-matrix

. approach to the theory of strong interactions. The unitarity of the S
. matrix describing the interaction provides the connection between .
-these coupled processes.: In the case of the pion-nucleon (wN) system,
extensive experimental and theoretical investigation has been carried
~out on the elastic interactions. In the low-energy region, the dynam-
- ical nature of the isotopic spin 3/2, angular momentum 3/2, (3,.3)
resonance, whicli dominates the experimental observations, has been
explained by the static model of Chew and Low. ! This constituted one
. of the initial successes of the S-matrix approach to.the theoi’y of strong
_interactions. | '

As the development of é. relativistic form of the theory has

progressed, efforts to explain the experimentally observed structure

" at higher energies in the nN system have begun. 2 The wnN inelastic

" ‘channels have a critical role in these calculations. These reactions

. are important as a meeting point between _théory and cxperiment .for
investigations of the w system. The understanding of this system is
" felt.to be essential in the pfogra.m of the S-matrix approach. 3.

The experiment described in this thesis was a continuation of
‘a program.to investigate the inelastic channels available to the N

‘system in the energy region between threshold for the nnlN processes

*. (170 MeV) and the second resonance in the N system (600 MeV). At

- the outset in 1958 the objective was the measurement of processes for
. which sparse data existed.- The studies were begun in the © p system,

- which has available, in the proposed energy range, the channels

T +tp—>7 +p, elastic, (1)
T +p—=>1?+n, - charge exchange, (2)
T +tp—> S n, pion production (3)
.wm tp—=>w +1%+p, ' (4)
1r_+p->1r°+1r0-l;n, C (5)

Production of two pions is neglected.



-The first experiment of the program utilized the uniqueness of
the 1r+ in (3) as a ‘signature} - This reaction was. investigated in the
energy region from 260 to.430 MeV. The results of this experiment
. indicated that the cross section for this reaction increased much more.
rapidly as a function of energy than the existing.theoretical predictions.
.These predictions were the result of attempts to extend the static
. model to pion-production processes. > This observation coincided with
the growing recognition of.the.importance of the wr system. Rodberg
proposed. the mw interaction as an explanation of the unexpectedly large
cross section. 6 His calculation added enough nw interaction to a static-
model description to fit the energy dependence of the cross section.

An alternative explanation of the cross section involved the wN (3, 3)
resonance (so-called isobar) as the mechanism of enhancement.
Further studies of (3) in the 400-MeV region were performed
in the second experiment of the program. 8 The objectives were to
obtain accurate differential distributions of the ‘n'+ and to ascertain the
importance of the .isobar. The results of this experiment reaffirmed
.the value of.the cross section previously obtained, but indicated that
the angular distribution of the 1r+ was more isotropic. than previously
‘indicated. - In addition the energy distribution showed a definite in-
- fluence of the isobar.
At that time more detailed calculations by Goebel and Schnitzer

9

on the model proposed by Rodberg became available. °. These results
were later revised to correspond to the more accurate data of the
second experiment. 10 The various charge states of the two pions in
‘the pion-production reactions correspoud to different combinations of
Tr-isotopic spin eigenstates.. The I = 0, 1, and 2 states are available
in.(3), the I =1 and 2 in (4), and I = 0 and 2 in (5).- Schnitzer used as
parameters.the wrw interaction strengths in the three isospin states.
When these strengths were adjusted to fit the available data for (3) as
well as a measurement of the 'n'+p inelastic processes, 11 predictions. -

were made for all the pion-production channels. - The analysis indicated

. the dominant interaction to be in.the I = 0 state,



To check these predictions.the next measurement of the pro-
.gram investigated (4) in the same energy re-gion'.'lz, "The :experiment
. measured the differential distribution of.the proton. -The cross section
.agreed with the predictions by Schnitzer.. The results can be inter-

- preted as confirming the absence of a strong I =1l or 1= 2 7w interaction
for ww system energies-between 275 and 417 MéV; v

- Information from other méasurerments also supported-the same
conclusions. The data. of Abashian et al. 13 on pion production.in pd .
collisions indicate an anomalous low energy nwrw .system behavior which
. was interpreted as the effect of a strong I = 0 ww interaction, - The
data of Kirz et al. 14 on the reaction -rr+ +p-—> 1r+. + 1-r+ + n at 357 MeV
in which.the 7w system is in a pure I = 2 state indicate no appréciable
interaction in.that state.

These developments indicated the desirability of more meas-.
urements onthe I = 0 ww system.  The most direct method of exam-
ining this systen'; was to measure the differential distributions of the
neutrons in reactions (3) and {5).- In addition, the cross section for
{5) could be compared with Schnitzer' s predictions.

The measurement of neutrons encountered two difficulties--
detection efficiency and energy determination.- The.time-of-flight
method. was chosen to determine the neutron energy.- The available
pion flux, detector efficiency, cress section, and background limited
.the flight path that could be used. Current scintillation-counter.time
resolutions provided an acceptable energy resolution at this flight
path.

- Detector efficiencies of the order of 10% were possible for a
reasonable scintillator size.  This efficiency was not accurately known
in the neutron energy range of interest.- Therefore, the experiment
was designed to yield as much information as possible independent of
.the neutron-detection efficiency. - If the neutron differential distributions
in. (3) and (5) were similar, the ratio of the cross sections would be
such a quantity. The ww interaction could also be investigated as a

- function of the wm system total energy, w in an efficiency-independent



-way. - The laboratory-system kinematics of the inelastic neutrons are
- shown in Fig. l.- Contours of constant w - (constant neutron .c. m.

- monentum) and constant neutron.c. m. angle are also indicated.in the
figure.- Measurement of the neutron differential distvribﬁtion.és a

- function of angle at a constant neutron.lab energy would examine the
mm system as a function of w while the detector efficiency was held

.fixed and the neutron c.m. .angle was held approximately constant.
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Fig. 1. Laboratory—8ystém neutron kinematics for the processes
w~p = wrn (region inside curve A) and n"p > 7%n (curve B) at
374 MeV.
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II.- EXPERIMENTAL METHOD

A. Experimental System

This experiment was performed in the meson cave of.the 184-
inch synchrocyclotron.  Figure 2.is a plan view of.the cyclotron,
showing.the shielding and the maguet arrangement.  Inside the normal
. walls of the meson cave a shielded. area was used which had 2 feet of
- wood. overhead and 1.1t of wood oﬁ‘the_ﬂoor.- The meson beam entered

.this area through.a 7.-in. ~diameter circular aperture in the iront wall
.A.-and exited.through a 1X1-ft opening in the rear wall, and was stopped
in.the back wall of the meson cave. ‘

1. Backgrlound E ‘

The background neutral-particle flux inside this shielded en-
-closure.is given in Table I These measurements were made with the
neutron-detection system described in.Sec. II. A. 3.  If the cyclotron

~was operating but the beam was not entering the shielded area the

-rates were reduced by approximately 25%.

- Table-1. . Neutral background flux.

Detection threshold Counting rate
(energy of electron ‘ - (number per cm
.producing equivalent of scintillator per
. light) . second)

AMeV) _
0.5 - ) 68
. 1.0 ' .41
. 1.5 - 23
. 2.0 . 13
2.8 . 11

4.0 7.5

2. Negative Pion Beam

- The beam system was designed for pions of 380-MeV kinetic
energy. - The negative pions were produced by intércepting,the 732-MeV
internal proton beam of the cyclotron with a Be target which had a

1/2-in. radial by 2-in. vertical cross section and was 2-in..thick.in
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.the beam direction.. The pions were deflected outward by the magnetic
field of the cyclotron, and left the vacuum tank through a thin.aluminum
window.

' “The primary negative -pion. production.reaction.is
p+n—14 + p+ p.  The phase-space distribution for this reaction for
incident proton energy of 732 MeV is shown in Fig. 3. To produce
pions of kinetic energies 375 to 450 M€V it is evidently necessary to
rely upon the internal momentum of the neutrons bound inside the Be
nuclei of:thetarget.; also, one is limited to production at angles. close
to 0 deg. ‘

. a.- Beam design.

- There is little flexibility available in.the design of the negative
pion beam at these energies.- Experience on previous experiments in
this program has shown that maximum.flux of the peak-energy internal
proton beam occurs at orbits of radius between 81 and 83 in.: The '
target radius was set at 82 in. and the trajectory of the negative pions
. up.to the element Q1 was determined by the cyclotron magnetic field.
This trajectory was calculated by,the IBM 709-7090 FORTRAN
cyclotron orbits program of H. Goldberg, J. Good, and M. Pripstein,
which uses measured values:of the cyclotron magnetic field to integrate
the equations of motion of the partic‘le. - The azimuthal location of the
.te;rget was determined by the requirement that this trajectory pass
through the center of the meson wheel (see Fig. 2).

Calculations of.the beam system were performed with the
IBM 709-7090 FORTRAN program OPTIK, 15 in which the beam is
described by a vector with five components (x, x', y, y', Ap/po),
- where . x .is.the horizontal displacemenl [roun thie beam linc, x' is
the horizontal direction with . respect.to the beam line in.radians, y
. and y' are the corresponding quantities .in the vertical direction, and
: Ap/po is the fractional deviation of the beam momentumn from:that for
which the system is.tuned, Po- In this representation thc action of
any element of the system (bending magnet, quadrupole magnet, etc.)
can be represented by a matrix and the effect of the whole system is

represented by the product of the matrices for each successive element.
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at 732 MeV, . N .
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It was assumed that the magnetic field of the cyclotron could be
simulated by three elements: a field-free region, a bending magnet,
and a field-free region. There are six independent parameters in this
combination of elements: the length of the first field-free region, the
angle of entrance into the Bending magnet, the angle of bend, the radius
of .curvature of the bend, .the angle of exit from the bending magnet,
‘and the length of the second field-free region. - By use of the cyclotron
orbits program the effect of the cyclotron field on selected vectors in
the horizontal plane was calculated in order to determine these six
parameters. These results were then used to calculate the elements
of the matrix describing the vertical plafne.- The matrix represcnting
the effect of the cyclotron field on 380-MeV negative pions originating
at 82-in. radius and in a direction tangent to the internal beam orbit
is as .follows:

-0.7718 - 34,75 0 : 0 37.40

-0.3492 0.2652 0 0 0.7139
0 0 1.767 72.87 0
0 0 0.01731 1.280 0
0 -0 0 0 _ 1

This matrix was used as the initial element in the calculations of the
380-MeV beam system using the program OPTIK.

The maximum field gradient of element Q1 could produce a
parallel beam in both the horizontal and vertical planes. This beam
must be focused at the final image by the element Q2. There were
four factors to be decided in the beamn design: (a) the sequence of
polarities in elements QI and Q2, (b) the relative order of elements
Q2 and M, (c).the angle and direction of the bend in M, aud (d) the
location. of the final image. The criteria on which.the choices were
based were maximum solid angle of acceptance at the source by the
system, matching of the momentum dispersion introduced by the
cyclotron,.field by the external bending magnet, and minimumn magnifi-
cation of the source at the final image. Calculations using OPTIK were

performed by varying the four factors above, and the optimum system
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is shown schematically in Fig. 4. - The horizontal magnification of the
system is -4.83, the vertical magnification is -1.83, .the half width at

half maximum of the acceptance as a function of momentum is 0. 03 po,
. and the displacement of the final. 1mage for noncentral momenta is

-1.39 (Ap/po).1n.
- b.- Measured properties.

- The current required to produce the desired angle of bend .in
the bending magnet M was determined experimentally by the suspended-
wire technique.- The quadrupole magnet currents were varied about
. those calculated by OPTIK and set at values.that produced the best
beam profiles at the final image.. The final settings agreed well with.
those calculated by OPTIK. The beam profiles in both planes could be
-represented by a Gaussian function.- The horizontal variance was
0.63 in. and the vertical variance was 0.40 in. - In order.to reduce the
multiple Coulomb scattering of the pions the beam path was.in-an at-
mosphere of helium gas from the entrance of QI to the exit of M.- In
first order the .rms projected displacement for tﬁis 21-ft-path was
calculated to be 0.63 in. for air and 0.17 in. for helium.

The average energy and the energy spread of the beam were
‘determined by the integral range method. Transmission was meas-
ured as a fu;nction of copper absorber .thickness.- Figure 5 is.the in-
-tegral range curve and a numerical differentiation of the integral range
. curve.- The mean energy was 374 MeV (223 g/cmz of Cu), and the
energy spread was £ 14 MeV after correction for.the range straggling
of the pions in Cu. 16 . In.terms of momentum this was Ap/po 14/494. =
0.028, in good agreement with.the calculations on the beam system
- The difference of 6 MeV between the suspended-wire measurements .and
.the range curve measurements was due.to en'ergy‘ losses in.the beam
monitor counters.- The calculated energy loss was 4.6 MeV.
- The energies of the two higher-energy beams were determined

. by suspended-wire measurements and adjusted by 6 MeV in.accordance
with the 374-MeV range measurements.  The mean energies were

417 MeV and 454 MeV. The energy spread was presumed to be consistent
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Fig. 4. Beam optics diagram.

C = convergent quadrupole element
D = divergent quadrupole element
T = internal Be target
P = internal proton beam
91 = 59 deg

- ,92 = 38 deg
L = 84.5 in,
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with A_p/p0 = 0.03.. The currents in Ql and Q2 were scaled up from the
solutions obtained for the 380-MeV system. The internal target position
was determined by maximizing the beam intensity at the final image with
.the magnets set at the proper currents.

- The composition of the beam included muons and electrons as
well as pions.- For absorber thickness greater than 234 g/cmz/ (point
B, Fig. 5) only muons and electrons are left.- The muons occurring
from decays of pions before the bending mmagnet are momentum-analyzed
and therefore included in the range curve beyond point B.: The pions
~decaying after the bending magnet give a spectrum of muonAmomenta,
+ Only a traction of.these are included in the range measnrament, - The
contamination due to decays after the magnet was calculated and com-
bined with the range curve information to give a total muon contamination
.of 5%. The electron contamination was estimated.to have been 0.3% on
.the basis of previous measurements using a gas Cerenkov counter per-
.formed on similar pion bea.m"sol? The properties of the beams used in
this expcriment are listed in Table II.: The intensities listed are through
- a b-in., 2 cross-sectional area at the final image, on long-spill cyclotron
operation, and do not include the beam located in.the initial spike (,éee
Sec: II A. 4).

Table II. Beam parameters.

Energy "Momentum AT Intensity
- (MeV) (MeV/c) . (MeV) _ (sec'l)
374 494 ‘ + 14 1,7x10°
417 539 x16 . s.ox10*
454 T 57T L+ 17 1.3x10%

3. Liquid Hydrogen Target

- The liquid hydrogen.,target was located at the final focus of the
beam system.  The vacuum chambecr and hydrogen flask are shown in
Fig. 6.  The flask and vacuumn chamber were designed with three ob-
_jectives in mind: (a) to be able to surround the target as completely as
possible by counters, (b) to minimize the amount of matér:ial other than

liquid hydrogen in the bedus, and (e¢) to minimize the amount of material
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Fig. 6. Liquid hydrogen target and surrounding scintillation
counters,
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that could act as converter for gamma rays and scattefer for neutrons
- leaving the target. The vacuum chamber consisted of a 6-in. -diameter
Al cylinder with 0.040-in. walls and a 0.020-in. spun.Al end dome.

The front window of the vacuum chamber was 0.030-in. Mylar.

The liquid hydrogen flask was a 3-in. -diameter 8-in. -long
horizontal cylinder with walls of 0.015-in. Mylar. The end windows
. were 0.015-in. Mylar. The flask was supported in the vacuum chamber
by styrofoam braces. Because the ends of the hydrogen flask were
. slightly curved, the mean value of the tairget length was obtained by
averaging the target length weighted by the beam profile over the cross-
sectional area of the target.- This.value was 7.79 in.. and was computed.
by using 0.069 g/cm3 as the difference between the density of liquid
hydrogen and the density of hydrogen gas at li(juid nitrogen tempera-
ture. 18
4, Electronics _

Figure 7 is a schematic diagram of the electronic system. As
indicated in the diagram, it may be subdivided into three major sec-
‘tions--(a) the pion beam monitor sec?;ion,‘ (b) the neutron—detecfion
and time-of-flight analysis section, and (c) the event-routing section.

- Some of the bbxes in-the diagram are simplified representations of
several circuits which together performed the indicated function.
References to special circuits are by LRL Engineering Drawing Num;
ber.- Descriptions of all other circuits may be found in the LRL
Counting Handbook. 19 | |

.a. Beam monitor section

Three counters were located in the beam to monitor the incident
pion flux (see Fig. 2). - Counter 2 also served as the source of zero-
-time signals for the time-of-flight analysis.- Counter 3 defined the
area of the beam accepted by the monitor system. A fourth counter,
located after the hydrogen target, rejected the incident pions that were
not scattered by an angle greater than 10 deg in the hydrogen. The
configuration of counters 3 and 4 with respect to the liquid hydrogen

target is shown in Fig. 6.
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Td-s = (4X-6381-18-slow)
G = gate
S = splitter
M = mixer
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Each.of these counters was made of a circular piece of plastié
scintillator optically connected by a lucite light pipe to a photomulti-
plier tube.. Their dimensions and phototubé types are listed in Table
I1I. . ‘The.phototube type for the zero-time counter was chosen for its

19

better timing characteristics. ' . The beam-defining counter was. thin,
so as to reduce the number of non-hydr'ogen-scattered pions accepted
by the system. The zero-time signal was not derived from this counter
because the timing resolution would have been deteriorated by the

_ statistical fluctuations in the small number of photoelectrons produced
at the photocathode by a beam pion passing through the thin scintillator.

- Table IIIL Counter description,

Counter Dimensions Phototube
thickness diameter . type 4
(in. ) (in.)
1 1/4 1 RCA 6810A
2 1/4 5 g RCA 7264
3 1/32 2-3/4 RCA 6810A
4 1/2 7 RCA 6810A

The monitor system was required to be 100% efficient in scaling two
pulses with separations 2= 50 nsec. The cyclotron beam possesses a
fine structure in time.. Beam is produced only in 13-nsec bunches
- with a frequency of one bunch per 54 nsec (the frequency of the cyclotron
accelerating voltage). The monitor counters could not resolve two
particles within one bunch, so there was no need to require the asso-
ciated electror;ics to be able to resolve particles separated by less
than 54 nsec.

At the beam intensities available for this experiment there was
a nonzero probability of more than one pion's being in the same bunch.
The system would not resolve these particles and the monitor had to
be corrected. The auxiliary dee facility of the 184-inch cyclotron was
used throughout this experiment. The advantage of the cyclotron
auxiliary‘dee operation was that this probability was limited.to 2% at

the highest fluxes listed in Table II Because. the same total flux was



-19-

distributed over.more time (i. e. more bunches).  Just before the
beam reaches full radius, control of the internal beam is. transferred
from the main rf accelerating dee to the auxiliary deé‘_(see» Fig. 2).

- The frequency modulation. of this electrode is programmed in such a
way as to spill beam onto the Be target over a period of 6.to 10 msec
- instead of the normal maximum duration of 400 psec. The duty cycle
~ of the accelerator is thus potentially improved by a factor of approxi-
mately 20. However, .tota.l flux-is lost in the transition process and
the average intensity was reduced by a factor of about.three to five

for high-energy pion beams in.the meson cave. About 10.to 20% of

:;; the beam was located in.the first 200 psec of the spill and corresponded

to very high instantaneous-intensity. - The electronics system of the
experiment was gated. off during this so-called ''spike. "

The measurement of the probability of more than one pion's
‘being.in one bunch was based ori.thé assumption that.the probability
of two particles' being in two specified bunches is independent of which
two bunches are specified. In.other words, the number of times two
pions are in one bunch equals the 'numbe'r of times one pion is in one
bunch and another pion is in the next bunch 54 nsec later.

- The phototube pulses frorﬁ al.l“the counters in the system
triggered tunnel-diode discriminators (4X-6381-18) whose outputs were
uniform in amplitude and time duration. The zero-iime or start signal
was clippingmlinex—diffe rentiated at the input to the tunnel-diode dis-
criminator to provide better .timing information. : The direct tunnel-
diode output of the discriminator was used as the start signal in the
time-analysis sytem.  The signals that ~wefe used in anticoincidence
were amplified to Z'Volts in order to comfortably satisfy the amplitude
requirements of the. anticoincidence input of the coincidence circuits.
A beam pion gave a 123 coincidence, and a 1234 response ( denotes
anticoincidence) indicated that the pion had interacted in the target.
The resolving time of the chncidénce circuits was 10 nsec.

Bunching measurements were made by inserting 54 nsec in any

of the signals 1, 2, or 3. The relative probability of more.than one
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pioﬁ. in a fine-structure pulse was 1.9% for all beam pions (123) and

< 0.1% for .interacting pions (1234).  The 4 signal was also placed in
.anticoincidence in the 123 circuit after a 54-nsec delay to compensate

. the monitor for cases in which two pions were in one bunch and one
interacted but the other passed through counter 4 and killed the event.
The 20-Mc discriminator-scaler consisted.of a 20-Mc tunnel-diode
discriminator-octal scaler circuit (4X-6383-16) whose output triggered
a-10-Mc transistor discriminator which drove a 5:Mc transistor decade

~

P
1

scaler,

As stated above, the electronic system wa'sfr gated off during the
beam spike. All scalers in the system were controlled by this gate
signal. - In.addition.the system was gated off during the time the pulse-
height analyzer was busy. One of the monitor scalers was also con-
trolled by this gating signal. This dead-time corr‘ectibr} was.always
less.than 0.1%. The monitor 20-Mc di.scriminator—sca;lﬁer system was
doubled for reliability.

- The tunnel-diode discriminator thresholds were set at 100 mV.

- Phototube high-voltage plateaus and delay curves were determined for
each counter. The counting rates as a function of threshold of the dis-
criminator following each coincidence circuit were measured.. All the
corresponding settings were such that the systern was inseusitive to
any reasonable fluctuation. If the two coincidence circuits were both '
set to measure.the same quantity (123 or 1234) the circuits agreed to
within 0.1% at all beam intensities. | | -

b. Routing section

A cylindrical scintillator viewed by two RCA 6810A phototul;*»es

surrounded the target vacuum chamber. A cross section of this counter,
5, is shown.in F1g 6. This counter determined whether or not the
neutron had been accompanied by charged particles. - The two photo-
tubes 5 and 5' were calibrated for equal gain settings. Their outputs
were mixed and then triggered a tunnel-diode discriminator whose out-
put was placed in both coincidence and anticoincidence with.the output

of the 1234 circuit. A 12345 response indicated an interacting incident

pion with charged reaction products. A 12345 response indicated
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an, inte.racting incident pion with all neutral reaction products. The
outputs of the discriminators following these coincidence circuits were
~the inputs to one side of a two-by-two diode coincidence matrix
(4X-6381-12). - The other two inputs were signals indicating.the de-
-tecftion of a neutral particle in either the N1, N1' pair or the N2, N2'
pair of neutron counters. .The four possible outputs each triggered a
fixed-level discriminator (4X-6382-15) which produced an output pulse
of the proper polarity and duration to supply the external routing inputs
of a 400-channel pulse-height analyzer (PHA). The analyzer was used.
in‘the external .routing-foilr quadrant mode of operation.- For example,
dala stored in locations UUU-09Y corresponded to NI, N1' accompanied
by charged particles, locations 100 to 199 to N1, N1' accompanied by
no charged particles, etc. ‘

The OR circuit (4X-6381-17) preveﬁted ambiguous. combinations
" of routing and signal inputs 'fror.n're;a.chiﬁg_t':he' PHA. ' If one é.n& only
one of the outputs of the coincidence matrix were present the OR cir-
- -cuit produced an output of proper amplitude and polarity to triéger the
~ delayed coincidence.input in the analyzer.  Thus each input signal that
was analyzed was accompanied by one and only one routing pulse. - The
frequency of arrival of signals for analysis at the PHA was low enough
to exclude any problems involving loss of efficiency due to this circuit.

c.- Neutron-detection and time-analysis section.

Neutrons were detected by the light produced by the charged

products of interactions bétween the incident neutrons and the hydrogen
and carbon nuclei of the scintillator. The efficiency of this detection
method is a function of the _iowest lightA outpﬁt the syétem can detect.

- In order to set this threshold.it was ﬂecé.ssary'to maintain a reasonable
pulse-height resclution. The scintillator size and geometry were

- limited by this requirement and by the alldwé.ble spread in angle sub-
tended. at the target by the detector.  On the other hand, a lower limit

'~ was placed on the: total area of detéctor by countingérate considerations.

. These factors determined the number of neutron counters used to be
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four. However, the number of PHA memory quandrants available
required that the outputs be combined into the two pairs.
Figure 8 is a photograph of a disassembled neutron counter and

the anticoincidence counter that surrounded it.- The detector was a
4-in. -thick piece of plastic scintillator with 40-in. 2 cross-sectional
area.- The front face of the anticoincidence counter was .3/8 in. thick
and the molded side walls 1/4 in. thick. The scintillator was viewed
by an RCA 6810A phototube through a lucite light pipe. The anti-
coincidence counters were voltage-plateaued and timed in the pion
beam.- Each was determined to be > 99.5% efficient in anticoincidencing
the beam pions. ' _

. A phototube with a 5-1/4-in. —,diameter photocathode was used
.in order to obtain efficient light collection from a large piece of scin-
~ tillator.. The Amperex 58 AVP phototube was selected because it had
the best timing characteristics of the tubes with a large photocathode.
- The pulse r-ise“tkime was slightly better, and the cathode transit time

differences considerably better, than with any other phototube available.

The design specifications for the neutron time-of-flight system .. ... : |

were (a) time resolution less than 1.0 nsec over a range of input pulse
amplitudes corresponding to 100 to 10,000 photoelectrons, and (b) a
linear dynamic range of 100 nsec. The basis for the first requirement
was a desire that the system have no systematic time shift for pulse
amplitudes falling between the extremes expected in the detection of
neutrons in this experiment. The lower limit corresponds to the
lowest scintillation light threshold expected, 1.0 MeV equivalent elec-
tron energy.- The upper limit corresponds to the scintillation light
produced by a recoil proton with a range equal to the thickness of the
counter.. This energy was 120 MeV and .the equivalent light output was
100 MeV (see Appendix B). The second specification allowed. measure-
ment of neutron energies down to 5 MeV at the expected flight path.
The critical cémponents in the systém wer’e the phototube, the photo-
tube base, the discriminatof triggered by the phototube, and the time-

to—height converter (THC). The final combination adopted had a time
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resolution of 0.5 nsec (full-width-half-maximum) in light pulser tests.
The method of obtaining the timing information from. the phototube signal
was pulse differentiation by an overdamped LC-tuned circuit to produce
a zero-crossing signal whose zero-crossing point was detected by a
tunnel-diode discriminator.

In order to prevent pulse saturation. which would spoil the
timing intormation of the differentiated pulse, the photomultiplier base
was a graded voltage divider chain. A normal signal was taken from
dynode 14 and the anode signal was differentiated by the LC-tuned cir-
cuit located in the base (4X-6382-20). Typical signals are shown in
Fig. 9. The dynode pulse was used for amplitude information and the
anode pulse for timing information.

The threshold for detection was controlled by the discriminator
triggered by the dynode output. This threshold was set with the Compton
edge of the 1.28-MeV vy of NaZZ“ The maximum Compton electron en-
ergy 1s 1.07 MeV. The dynode signal was split and stretched for input
to the PHA. The pulse-height spectrum of the Naz‘2 source was dis-
played and the threshold of the dynode discriminator set at the location
of the Compton edge. An example is shown in Fig. 9. The pulse-
height resolution of the counters under these conditions of uniform
illumination by gamma rays could be estimated from the shape of the
Compton spectrum and was 30% to 50% for the four counters used.
Attenuators were used in front of the dynode discriminator to set the
threshold at levels higher than 1.07 MeV. The experiment was per-
formed at a threshold of 2.3 MeV equivalent electron energy.

For good timing resolution it was desirable to set the zero-
crossing detector discriminator threshold as close to zero as possible.
It was also necessary that the input pulse exceed this threshold by
approximateiy 100 mV in order for the delay time to the discriminator
cutput to be constant to within 1 nsec. To avoid this region near
threshold the amplitude of the zero-crossing signal corresponding to
the threshold of acceptance set by the dynode discriminator must be

at least 100 mV above the threshold of the timing discriminator.
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(a) 58 AVP waveforms.

A: anode after LC zero crossing;
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D: amplitude discriminator threshold. 22
(b) Compton spectrum of 1.28-MeV y from Na™", observed
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measured spectrum cut off by amplitude discriminator.
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Satisfaction.of this requirement determined the voltage at which the
phototube was operated. The direct tunnel-diode output of the timing
discriminator was used as the .stop pulse in the time-analysis system.
A coincidence NANTK (see Fig. 7) indicated the detection of a
.neutral particle producing enough light to'exceed the amplitude dis-
criminator threshold. - The summed output of'the four coincidence cir-
- cuits controlled the gate G1(4X-1112-6D).- When one of the neutron
.counters detected a neutral particle within 90 nse¢ of the arrival of an
interacting beam pion the 1234 signal passed through the gate and in
turn opened the gates for the 4start and stop pulses.- These gate's could
be disabled by an external pulse. . This was the point at which the
system was gated off during the beafn. spike or a PHA busy condition.
The start and stop signals proceeded to the THC, which actually
consisted of two tunnel-diode discriininators (4X-1112-18) to shape the
start and stop pulses, the THC (4X-6422A), and an LRL Model V
linear amplifier.. The THC 6utf)ut provided the PHA with an input
pulse whose amplitude was pro’por'fional to the separation between the
time of arrival of the start and stop signals.

A check was provided on the THC and PHA systems by coinci=
dence circuit START-STOP which sampled a fixed time interval in the
spectrum. - . The output of the coincidence was routed by diode coinci-
-dences with the routing pulses. A check on the routing network was
provided by determining whether the lower scaler equaled the sum of
the four scé.lers above it.

- d. System-‘test routine

Each counter in the system had a Alight pulser attached. The
electrical signais that triggered these lamps passed through a relay
matrix which was programmed to produce a sequence of pulses in.the
various counters that would simulate real events. This test system
provided considerable convenience. in the system setup and a fast
means of chec%cing the operation. of the system throughout the éxperi-
ment. The test routine also included a series of fixed delays to the
. neutron detectors; these delays gave the time scale calibration for the

system.
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B.  Experimental Procedures

The time-of-flight system was essentially a double-"coincidénce
- with 90 nsec resolving time. - Random accidental coincidences occurred
in the system at a definitely nonnegligible rate. These accidentals
were measured by inserting 108 nsec of delay at the points A in Fig. 7.
This delayed the entire stop side, including routing, by two fine-

- structure pulses.. Two fine-structure pulses were used to ensure that
no real events were included in the accidental measurements. A time
of flight of 108 nsec corresponded to a neutron energy that was below
 the detection threshold, whereas 54 nsec would not have. -Relative
accidental rates at 374 MeV and l.4-meter flight path averaged 5%, at

" 374 MeV and 2.0-meter flight path averaged 10%, and at 417 MeV and
454 MeV averaged 2%. '

'~ - The measurements were performed in cycles of liquid hydrogen.
target-full-real, target-full—accidental, target-empty-—accidental,
target-empty—real.- In order to minimize the-statistical error in.the
yield for the available running time the respective amounts of incident
pion flux for each type of measurement were proportional to the square
root of the ratio of counting rates in each condition.

The members of each pair of neutron counters were operated
at .the same angle with respect.to the beam direction since their outputs
were combined in the PHA. The angle of measurement was changed
frequently and all angles run by both pairs of counters. - Most of the
measurements were made with the members of a pair on opposite sides
of the beam, but measurements were also made with the counters
stacked vertically on one side of the beam.

At the beginning of the experiment.it was believed that the time
scales of the members of a pair could be aligned ‘with the light pulser
system, but it was soon evident that the timing of the lamps had short-
term fluctuations of the order of 1 nsec. Subsequently the time scales
were equalized by adjusting the relative timing to produce coincidence
between the gamma peaks in an individually measured time-of-flight
spectrum of each counter. The relative timing was stable to within

the order of 1/4 nsec for 12-hour periods.
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The neut_ron-detec’:to.,f:thresholgi were checked every few hours

. by a rate count w.ith‘ a Nazz’ source. - S_hoi'teterm.»flugt'uations in gain

.'6f,_the-phototubes,A of the order.of 5%, were observed but never under-

-+ stood. - If the fluctuation was.larger than 5% the threshold of the

.counter was reset,:

The hydrogen target was not defined by the neutron detectors.

-Presumably the target full-target empty subtraction would eliminate

non-target-derived background. ‘l'o check the validity of the rueas-
urement, a.large amount of data, particularly at 374 MeV, was.taken
at a Z.U-meter separation between the hydrogen target and the neutron

counters.: This decreased the solid angle subtended. at the target by

- _a factor of two, and a corresponding decrease in yield should have

occurred for.target-derived neutrons.  This .also changes the coefficient

. for converting.time of flight to energy (see Sec. IIIL. F. 3) and might

.. reveal systematic errors. in the time-analysis system.- The results of

this test are discussed in Sec: IV, Table IV. is a list of.t:hAelmeasure-

ments made.
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- Table IV.. Summary of running conditions.

Energy

. (MeV)

374

417

454

~ Angle

(deg)
10
20
30
35
40
45
50
55
60
65

.10
15
20
25
30
35
40
45
50
55
60

10
15
20

25

MORN NN N NN NN

W W W W W W W W w w w

[N A A SRR AN
w W W W

. Threshold
{MeV)

.3

w W W w Ww

W W W W

° ° . ° ° . . o °

Flight Path

O O O O O O ©O © O O

o

{meters)
. 1.4 2.
1.4 2.
1.4 2.
1.4 2
1.4 2,
1.4 2,
1.4 2.
1.4 2.
1.4 2.
2.
.4 2.
4
4 2.
4
4
4
4 2,
4
4
4
1.4
1.4
1.4
1.4
1.4
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‘ ‘ III. DATA ANALYSIS . -

'The memory of the PHA was read out in the form of punched
. paper tape after each run. For prel.irnina:rl.y analysis thé"{;‘.nformation
-on the punched tape was immediately printed in page form.. Later the
paper tapes were converted to magnetic tape on the IBM 140l system.
- These magnetic tapes were the starting point for subsequent data analysis
using the IBM 709-7090 system. All computer programs were coded
in FORTRAN for this system.

- /The first step was to:compute the yield per incident pion per
PHA‘:c};a.nn'e‘l for hydrogen, Yi’ and its statistical error, 65_, The data
from the four quadrants of the PHA memory were separately combined

channel By channel for each. cycle of runs according to

F., . FA, MT. = MTA,
Y. = _l w __1 - 1 - s 5
L \Mp Mg, Mmyr MuTa
(6)
'F, FA, MT, - MTA, 1/2
61 = ——-—=M2 + MZ + MZ + MZ s
F FA MT MTA

'where Fi’ FAi’ AMTi, MTA,i are the yields in channel i with the ex-
perimental system under the conditions, respectively, of hydrogen
target full, electronics normal; target full, electronics accidental;
target empty, electronics normal; and target empty, electronics

accidental. MF’ M are the numbers of pions incident

Fa’ My MMTa
on the target in the respective conditions.

. The yield as a function of channel number was on a scale pro-
portional to the time of flight from the target to the detector. . The
vobjective of the data analysis was to extraéi; the yield of neutrons from
_ the inelastic reactions and to transform i_t._f.',o the differential cross

section as a function of neutron energy and direction, dzo/deﬂa
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A. Gamma Peak Analysis

The neutron detectors had a sizable probability (approx 15%)
of detecting gammas by the processes of Compton scattering or pair
production in the scintillator. Because of their single velocity all
gammas from the target were located in one peak in the time-of-flight -
spectrum. The location of this peak gave an absolute time-scale
calibration, and the width of the peak provided a measurement of the
time resolution of the system. The principal source of gammas was
the two-gamma decay of neutral pions from the charge-exchange
reaction.- Theretore most of the gammas appeared in the neutral-
quadrant data.  Gammas from the reactions = +p—=n + n°+ p and
m +p—>m +y+p were located in the charged-quadrant data.

To quantitatively determine the location and width of the gamma
peak the neutral-quadrant hydrogen yield in the region of the peak was

fitted with a function of the form

N totg) 2
f(N, 0,t5) = Nes exp |- 1/2 5 ) (7)
L O

where N, 0, and t, were the parameters varied to minimize the

0
function

2
i
x 2= z< dt £(N,0,t5) - Yi> /8| (8)

where t; and ti+ are the times of the lower and upper limits of

channel i and.the sum extended from approximately 10 nsec before the
peak to 3 nsec after .the peak.: Figure 10 is a typical fit.- The values
ofty and 0 were held constant and the gamma peak.in the charged
quadrant was fitted with ‘N as a parameter. The XZ test of statistical
‘siignificancezz was, applied to these fits in order to determine the
validity of the hypothesis that thé gal;nma peaks were Gaussian in

shape. - The values of xz obtained in the fits were systematically too
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Flg. 10 Neutral mode time-of-flight. spectra (0 5 nsec/channel)
(a) 374 MeV, 2.0 rneters, 50 deg;
"A: gamma peak 0 .= 1.6 channels; B: ‘charge-exchange
neutron peak, 0 = 2.5 channels; C: inelastic neutrons.
(b) 374 MeV, 2.0 meters, 10 deg;
A: gamma peak, 0 = 1.9 channels; B: charge-exchange
neutrons, 0 = 2.25 channels; C: inelastic neutrons.
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“high for the degrees of freedom .of the fit.- Fits were attempted with.a
function of the form

No
. - (9)
Tr[(t—to)2+ 02]'

.f(N,‘to,o) =

The XZ. values obtained were much worse than for the Gaussian function
: (Eq.» 7). Equation (7) fell off too rapidly and Eq. (9) fell off too slowly.
- The discrepancies between.the observed peaks and the functional forms
were understandable. . The data were the superposition of the spectra
of two counters of the pair, and fluctuations in.the relative alignment

- would change the shape of the peak.

.. The: best-fit yield was subtracted from the hydrogen yield.after
the error had been increased by the square root of the ratio of 2 to
,the degrees of freedom of the fit.- Figure 11 shows the gamma yield .
(area of the gamma peak) in the neutral and charged modes as a. function
of laboratory-system angle at 374 MeV. The average value of 0 ob-
tained in fitting all the runs corresponded.to 0.90 nsec for the N1l pair
of neutr,oni detectors and 0.75 nsec for the N2 pair.. The time scale for
each counter pair.in each cycle of runs was set by the value of to

obtained. in the fitting procedure.

- B, Time-of-Flight System Resolution

The measured width of the gamma peaks is the resultant of
fluctuations .inl.the flight path.due to.the finite size of the targét and the
detector and.the resolution of.theAtime-o‘f-.ﬂight system. The variation
in flight path for finite target and counter geometry was computed as
a function of laboratory-system angle. Figure 12, a and b, gives the
half-width at half-maximum as a function of angle and an example. of
the relative probability of a given value of flight path at a mean.value.
of 2.0 meters. - The fluctuation. of flight path was a negligible contribution
to the gamma peak width, but was taken into consideration for the
‘slower neutrons (B <1l).- The light-amplitude range produced by the

gammas. should be equalto that produced by neutrons and therefore .the
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- width of the gamma peak was a valid. measure of.the resolution of.the

time-of-flight system for neutrons.

- C.. Charge-Exchange Neutron Analysis

The separation of the neutrons from the charge-exchange and
inelastic reactions was much more ambiguous than the gamma situation.
At forward angles.the separation in.time between the charge-exchange
neutrons and the maximum-energy inelastic neutrons was of the order
of or.less than the.time resolution of the system. At angles greater
~than 40 deg the charge-exchange neutrons stood out clearly but:the
~inelastics were less obvious in the tail of the charge-exchange neutron

peak in:the time-of-flight spectrum. ‘

The overall resolution in measurements of.the neutron spectra
-.was more complicated than.the problem in.the gamma case.  The.time-
of-flight system resolution was only one factor in.the total resolution.
- In addition, .the following .contribuftions h-j;l&l.to be considerbed:, (2) the
finite angular resolution of:the neutron detectors; (b) the flight-path
uncertainty; and (c).the energy spread of.the incident pions.- The solid
éngle subtended by a neutrén counter as a. function of angle about.the
mean.angle, 6, with respect to the beam direction was computed for
the finite target and counter geometry. - Integratlon was performed
over the counter volume and the target volume weighted by the beam
profiles. - Figure 12c is.the result for 6 = 30 deg at flight paths of 1.4
-and 2.0 meters.  The spread of charge-exchange neutron energy and
the inelastic kinematic limit resulting from the finite angular resolution
. can be visualized by considering.the kinematics dié.gram (Fig. 1).- The
kinematics diagram is for a unique incident energy. The energy spread
of the beam produced fufther smearing of the energy spectrum of the
neutrons incident upon a counter located at any mean angle, 6. - The
angular resolution was transformed to resolution in both neutron
energy and time of flight.  The variation of neutron energy due to
spread. of incident beam energy was also’ transformed to neutron.time

of ﬂlght The effect of uncertamty in the fhght path has ‘'been mentioned
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- but becomes important for neutrons because

N Y o | (10)

where AZ is the flight path uncertainty, fc. is the velocity of the
neutron, and. At is the resultant uncertainty in.time of flight. - For the
neutron energies under consideration, 0.1 <pB <0.7.  The fluctuations
in time of flight from these sources were assumed.to have a Gaussian
.distribution and were combined with the time resolution of the time-
of-flight system accordingly to give the total resolution. The con-

- tributions  of each source as a function of @ are-shown in Fig. 13 .for

- charge-exchange neutrons at 374 M€V incident energy and 1.4 meters
flight path.

Presumably the existing measurements of.the angular dis-
tribution for the charge-exchange reaction could have been used to
subtract the contribution of the charge-exchange neutrons from the
time -of-flight spectra once the resolution discussed above had been
determined.  However, the best estimate of the charge-exchange
. angular distribution available in the data of this experiment diifers
. significantly from the measurements by Caris et al. 23 These dif~
ferences are discussed in more detail in Sec. .IV.

For data at angles = 45 deg the charge-exchange neutrons
dominated.theAtirne—'of-flight spectra and were unambiguously sub-
tracted from the spectra.  The shape of the charge-exchange peak
a_greed:in all cases with the calculated resolution. An example for
50 deg, 2.0 meters flight path, and 374 MeV incident energy is shown
. in Fig. 10a. At angles forward of 45 deg the charge-exchange con-
-tribution was subtracted by normalizing.the area of.the calcﬁlated
resolution function to twice the observed yield between the center of
the charge-exchange peak and a point.two standard deviations from
" the center in the direction away.from the inelastic portion of.the
spectrum. Figure 10b is an illustration for 10 deg, 2.0 meters

flight path, and 374 MeV.
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-D. Data Combination and Consistency Tests

Each cycle of runs was treated separately to this point in the
data analysis. - The data in fnost of the conditions listed in Table IV
were taken in at least two different cycles. - Normally the.time scales
of the several cycles were displaced relative to one .another and there-
fore were aligned to the nearest channel before combination. - Before
the data from these several cycles were combined the results were

checked for statistical consistency. The ¥ 2 test of statistical signif-
‘ 22 '

icance was used to make the check.

'I'he average yield per channel was computed according to

‘;’iz -2 Z -Z
Y, Z Y800/ ) 80 (1))
j J :

where j denotes the cycle of runs.in which the data were taken. By
using these. S_{j the quantities “ |
: : 5 | |
x5 - ‘Z[('Yij = /6ijJ (12)
1 . ) :

were evaluated.. The probability that ij would have the calculated
. value was computed. - If one or more cycles had a probability of less
than 0.05, the cycle with lowest prébability was deleted and the
procedure starting with' Eq.- (11) repeated.- Inorder to catch gross
- single~channel errors, any cases in which an individual S
I (Yij - ?i ) /61J| =z 3 were also noted. AllL cyéles of runs ﬁérfo;med
were included in this analysis regardless of a prior knowledge that
mistakes had been made in some portion of the experimental procedure
for some cycles. - Thé.consistenéy test was successful in identifying
and deleting these cases.- It was no"c necessary to delete data for

which there was no known instrumental or procedural error.
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E. CORRECTIONS
The corrections discussed in this section are divided into four
categories:

1: those applied to the beam monitor;

2: thé effects.of rescattering of the products of elastic and
charge-exchange interactions of the incident pions;

3: the effects of conversion of gammas leaving the hydrogen
target; and )

4: the absorption losses and rescattering of inelastic neutrons.
The first correction was a straightforward adjustment of the normali-
zation. The other processes affected the data in a more complicated
way. - Normally the particles from elastic processes could be dis-
tinguished by their energy. However, the energy lost in a rescat-
tering process could result in a final neutron whose energy was in the
kinematically allowed range for an inelastic reaction. These con-
tributions were subtracted from the total neutron yields. Any charged
particles produced by gamma interactions in the target could cause the:..
incorrect determination by the electronic system of the reaction identity.
The relative numbers of events in the charged (reaction 3) and neutral
(reaction 5) modes were corrected for these effects. Finally, the
observed inelastic differential disfributions contain distortions intro-
duced by the interactions of the inelastic neutrons in the target. . An
estimate was made of the magnitude of these distortions.

1. Beam Monitor Corrections

The determination of the muon and electron contaminations in
the beam was discussed. in Sec: II. A. 1.. Since these particles did not
interact strongly with the target protons, the incident flux was corrected
to correspond to the fraction of pions in the beam.

Another correction was applied specifically to the flux used in
analysis of data for the charged mode. A correction was necessary to
compensate for the fraction of interactions in which one o'f the charged
pions accompanying the neutron registered in Counter 4 and '"anti-

coincidenced' the event. This fraction was calculated by using the
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previously measured ir+ angular distribution. 8 The n angular dis-
.tribution.was assumed to be identical.- This calculation computed the

. average loss to.be 5%. Actually the correction would be a function of

. the neutron energy and angle, but insufficient' knowledge of the dynamics
of the reaction exists to enable a more detailed correction to be calcu-

~Jlated.

2.- Charge-Exchange Neutron Rescattering

The following four double-scattering processes were considered:

. Direct - Rescattering

‘ ntp-+n+p
1r-+p—>1r°jl—n 'n+ C—n' +X (13)
n+ Al -n' + X
T Hp=Tm +Dp C w +p-n+o
The effects of rescattering in an expériment using a target
surrounded by a small amount of material are usually small in com-
pa,i'ison with the direct process. - In comparison with another reaction
with smaller cross section these effects may be significant. - The cross
- - sections for the direct Pprocesses in this experiment were an order of
. magnitude larger than those expected for the inelastic modes. The
. cross sections for the i'escattering processes were two to three orders
of magnitude larger. , ‘
An initial estimate. of thé relative importance of four reaction
combinations was made by computing the totalirescatte‘ring cross sec-
- tion,

do

ol = ae o7 <el)nt(e,1)_o§(qr1.<91)> 2 (14)

-for each process. Here -do 1/dQ is the differential cross sectlon for
the primary process, nt is the number of scatterers per cm for .the
. rescattering reactlon,«.cg‘ -is the total cross section for the rescat-

- tering reaction at incident energy Tl' - As indicated, do‘l/ds‘z, nt, and

. T, are functions of '91’ the angle of emission in the direct process.

1
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" The limit of infegrat‘ibh for the first three processes of (13).was

"0 < 91 < (a value such that Tl‘(elf = 10 MeV). -~ This limit was chosen
to estimate the contribution for rescattered neutron energies greater
than 10 MeV, which was the lower energy limit of the data analysis.

'For the second and third of Reactions (13)," 01

2
‘calculation was the total cross section minus the estimated elastic

actually'used in the

scattering for angles less than the first diffraction minimum (see

' Appendix B for more details ot this estimate). Lkor 1) =20 MeV
almost all the-elastic scattering is in this category. The energy and
direc.tion of t.l"1e neutrons scattered into the first diffraction peak were
changed very little. Therefore these neutrons would not fall into the
kinematically allowed region for inelastic neutrons. - The values of
ox
and 0.05 mb, respectively, for the four Reactions (13).

at 374 MeV incident pion energy were 0.38 mb, 0.18 mb, 0.09 mb,

" These results indicated that the first'reaction was most im-
‘portant.. Fortunately this reaction was the most amenable to a detailed
treatment. - This calculation is described in Appendix A. The result
~of the calculation is dzo"r/deQ for the final neutrons from the double
scattering proceéss as a function of neutron angle and energy..- Figure
14 shows dz'or/d"I‘dQ for 50'deg. The strong rise at low energies is
a property of the results at all angles.. The calculated charged-mode
vield was consistently much smaller than the neutral-mode yield.

. In the absence of detailed computations the neutron distributions
from the ‘last three of Reactions {13) were assumed to bé identical to
those calculated for the first reaction. The correction applied to the
data was the sum of the distributions weighted by the respective values
of 0;.., 'The‘ m'ag'nit-u;de of this correction may best be seen by com-
paring Fig. 14 with the 'ézo/deQ for the inelastic reactions (shown
 in Fig. 16). " - e -

' An approximate hand calculation of the effects discussed here
was .peffbfi'ned' prior to the'experiment.. The result indicated that the
:ef'f.ect;rﬁ.ig}{t‘ have been sizable in comparison to the inelastic yields at

angles ér;“éafér than 40 deg.””" To test this tonclusion in'the charged
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Fig. 14. Differential energy -distribution of double-scattered
neutrons at 374 MeV, 50 deg.
A: neutral mode
B: charged mode
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mode a second cylindrical counter,designated 5', was placed around
Counter 5 (see Fig. 6)and 1/8 in. of Cu placed betweén them.  Routing
to the charged-mode quadrants of the PHA was made to require a 123455
coincidence, which should eliminate few of the inelastic neutrons that
are accompanied by at least one fast pion. However, the rescattered
charge-exchange neutron would be accompanied by a relatively short-
range proton and hence be routed to the neutral-mode quadrant if the
proton did not traverse both cylindrical counters and the Cu.- No
statistically significant change was observéd in the charged-mode
distributions. This agreed with the results of the calculation fbr_ the
charged mode. ' |

3. Gamma Conversion

A fraction of the all-neutral final-state reactions did not appear

in the neutral mode data because:z (a) a gamma in the final state in-

- teracted with material in the target or surrounding counters and pro-

- duced an 'e+, e pair, or (b) a neutral pion decayed in the w0 -yt e +"e+
. mode.  If one of the resulting charged particles passed through Counter
4 the event was lost.. If one passed through Counter 5 the event was
routed to.the charged quadrants of the PHA.

In order to make the necessary correction the average con-
version probability for gammas origirating in the charge-exchange
reaction and of those originating. from an inelastic neutral pion must
be known. The calculation of this quantity is described in‘Appendix
C.. The average probability of conversion, ¢, is given in ['able V.

The branching ratio for the internal-conversion modé, of 7° decay,
€3’ equals 0.012, 24 The neutral-quadrant data were multiplied by
the factor 1/(1 m€g - ?.(e4 + 65)

cx) for the charge-exchange neutrons
and by the factor 1/(1 - Zed-4(e4 + ¢

S)in) in the inelastic portions of
the time-of-flight spectrum.- The corresponding fractions of the
neutral-mode yield were subtracted from the charged-mode data.

To check this calculation some data were taken with.0.020 in.
of Cu between the target vacuum jacket and Counter 5 to increase the

conversion of gammas by a calculable amount. Table V gives the
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calculated conversion probabilities and a comparison of the observed

.and predicted results of.the Cu measurements.

- Table V. Gamma conversioh probability and results with 0.020 in. Cu

Charged pfoduct : Conversion pr’obabilﬁy per vy
in counter : Charge exchange . Inelastic
4 ' 0.002 o 0.0005
5. . 0.027 . 0.020
5 with 0.020 in. Cu 0.060 0.045
Type of particle | Angle . Yield with 0.020 in. Cu
- . Ratio: - -
Yield without Cu
(deg)
. _ Observed Calculated
Gamma ' o 10 0.96+.03 0.93
Charge-exchange neutron .60 0.97+.03 0.93
Inelastic neutron ' 10 . 0.90%.06 . 0.89

'The gamma ;onvérsion also contributed to the ~g'a.mma peé.k in
the charged-mode spectra (see Sec. IIl. A). A comparison of the pre-
| dicted charged-mode yield and the actual measurements constituted
another check on this caﬁlculatior;.,~ The line in Fig. 11 is.the predicted.

%% p mode. There are three

yield from gamma conversion and the =
" possible explanations for the remainder of the charged-mode gamma
yield: ‘ -

(a) thé reaction 7 p—~ yﬁ_.p, measured to be = 0.1 mb at 346 MeV, 25

(b) the fourth of.the rescattering reactions (13), and :

(c) elastic m (B = 1) rejection inefficiency in the anticoincidence
counters. ' '
A 1.3% inefficiency would account for the entire discrepancy in Fig. 11
- (in Sec. II. A, 3 the measured inefficiency was < 0.5%). - Taken together,

these factors restore consistency between the predicted and observed

results.
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4. Inelastic Neutron Rescattering and Absorption

The effectiveness of hydrogen, relative to carbon and aluminum,
as a neutron scatterer increases with decreasing energy. 26 The lower
average energy of inelastic neutrons caused interactions with hydrogen

.to be more predominant than in the case of charge-exchange neutrons
{(see Sec; IIL. E. 2).. No neutrons were.lost in the interactions with
hydrogen because all the scattering was elastic. However, the dif-

 ferential distribution in energy and angle was distorted. The details
of this distortion were not calculated; however, the magnitude of the
effect was estimated. The fraction of inelastic neutrons that re-
scattered in hydrogen, Afr" was calculated for a statistical differential
distribution in energy and angle, dZ'p/deQ,
- c..12 :
i = fdﬂ(de - (ﬁ-gﬁ onp(T)>nt(6), (15)

Vc‘/h‘ere. notation is analogous to that in Eq.,. (14). At 374 MeV incident
pion energy.-'frj was Q¢046, which indicated that the total average
effect was not large in comparison with.the statistical weight of the
data. However, the rapid rise of onp(T) as T decreased:would.cause
the effect to be strongly energy-dependent.

- No correction was épplied to the data to compensate for this
distortion.  The qualitative behavior would be to shift the neutrdns
down in energy.- The smearing of the angular distribution would be
greatest at low energies becaﬁse, in. addition to. the rise of O‘hp, the .
angular distribution of np scattering becomes morc isotropic as the
energy _decreasesi ‘Therefore, the differential distributions for neutron
-energies below 50 MeV should be regarded with increasing‘reservation
‘as the energy decreases. '

- The data were corrected for losses of neutrons due to reactions
.with carbon and aluminum in which no neutrdﬁ. existed in the final state
[Clz(n, a)Beg, A127(n, p)Mg27, etc. ]. 26

correction was approximately 1%.

The total magnitude of this
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F. Transformation to Differential Cross Section

The double differential cross section dzo/deQ as a function of

neutron energy and angle for inelastic neutrons was calculated from the

formula .
> .
= _ d%¢ ’ dT
Y. = g3 (T 6) €(T,) A2 nd |—¢ i At, (16)

where ?i is the yield defined in Sec: II. B corrected as described in
Sec. III.E. Here T,. is the energy corresponding to channel i, t, is
' dT

dt |,
of the transformation from time to energy in channel i, At is the.time

the time of flight corresponding 'to channel i, is the Jacobian

- width per PHA channel, e_(Ti,) is the neutron detection efficiency at
energy Ti’ FANY) ;s'the solid angle subtended by.the neutron detector,

n is the number of target protons per cm, and d .is the mean. length
of the hydrogen target (see Sec: II. A. 3). . The evaluation of these '
q.uantiti'es".is described i‘n, this section.

1 Solid Angle .

‘The solid angle subtended,by a neutron detector at the hYdfogen
_target, averaged over the finite detector and.target geometry, was
computed by the program that calculated the .flight path .fluctuations
(see Sec. III. B), ' If P(f) is the relative probability of:flight path £
computed by the program, then '

AQ=A/ Up(z,)zzcu/[ p(z)dzJ ) (17)

where A is the cross sectional area of the counter. For a mean £
of 1.4 meters, AQ was 0.01312, 'an,d for a mean £ of 2.0 meters,
AQ was 0.00642. "

- 2. Detection Efficiency.

The neutron-detection efficiency of plastic scintillator.is a
function of the neutron energy, the threshold for detection of scintillation
light, and the detector geometry. Appendix B describes a prograrﬁ
that computes the efficiency as a function of these variables. The

calculated detection efficiency as a function of neutron energy for the
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detector used in.this experiment is shown in Fig. B-3 (in Appendix B).
.. The .1“1nc-e_1f1.:Aain"c-y"lest4im.at.ed for the calculated value of the efficiency

. was +1 0%. . . This uncertainty was not included in the errors quoted
for:the results of the measurement because.it was impossible to make
a reliable estimate of it. . The magnitude of the uncertainty quoted is
regarded as an upﬁer limit,

3.- Conversion to Energy Scale

The conversion from channcl number.to time of flight may be

exﬁressed as
t, =iAt+C, (18)
. The At was determined by the fixed delays of the electronic system

_test routine (Sec. IL A. 4) to be 0.505%£.010 nsec/channel.,- C was ob-
tained from the gamma peak fits (Sec. .III. A) by

C=14/c -ty
where 'ty is.the channel location of the gamma peak and- £ is the
flight path. |

at, (19)

- The relationships )
_ _ 1/2 -
;=4 vy =1/ (1] ) . and T, = M(y, - 1), (20)

where M is the neutron mass, were used.to transform t1rne of flight

. to neutron.energy. The Jacobian of. this. transformation is given by

| = Mey /. @

i
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N

G. Integrated Cross Sections

The integral of the double differential cross section over energy

- was evaluated by -the summation

+
do ' 2 S dfo(T,0)
3o (0) = dT 'd“0/dTdqQ =  —gTaa— AT, ,
10 MeV i
(22)
: _|aT
. where ATI = —a-fi At.

The lower limit of 10 MeV corresponds to the longest time of flight
measured. The upper limit, T+, was the inelastic kinematic limit at
‘the angle 6. In the sum over channeis, the N that corresponds to
T+_ was taken as the channel which included the point on the time scale
.two half-widths of the total resolution (see Sec. III. C) past.the
kinematic limit. At values of 8 such that inelastic neutrons were not
kinematically allowed, N was taken as the channelthat: included the
point on the time scale three half-widths of the total resolution from
the location of the 'charge-é'xchange neutrons. '

The integral of do/dQ over dQ (i. e., the total cross section)
was also evaluated by a summation,
op=[an SZO - 2 Z g-%_(ej) A cos 6, (23)

J

where A cos 6, for each j was taken.to extend one-half the distance
between the adjacent measured points. Use of.this value for A cos Gj
assumed that do(é,j)/’d.s"z', was an average over this region.. .SinceT for
. almost all values of Qj the angular resolution (see Sec. IIL. C) was
. greater than or equal to A cos GJ., this assumption was valid. The
total cross sections at 454 MeV incident pion energy were estimated
from the measurements at 10 deg < 6j < 25 deg by normalizing to the

sums obtained for the same interval at 374 MeV and 417 MeV.
p ’
)
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- IV.- RESULTS

A. Summary of Resolution and Errors

~Before the results of the data analysis described above are
presented a summary of the energy resolution, angular resolution,
and errors is givén., - The charge-exchange neutron energy resolution
was discussed in Sec. III. C. - Since inelastic neutron energy was not
a unique function of direction, the energy and angular resolutions
become essentially independent. The energy resolution was deter-
-mined by all the factors considered in Sec. III. C except.the anguiar
resolution. - The energy resolution (half-width at half-maximum) as
a function of neutron energy is shown in Fig. 15 along with the angular
resolution (HWHM) as a func¢tion of ueutron dircction.: Nofe that the
resolution with which the experimental system defined the inelastic
neutron kinematic limits corresponded.to the charge-exchange neutron
case. .

The errors quoted are solely statistical.. The uncertainty in-
-volved in the subtraction of the accidental background (see Sec. II. B)
is included in this error. The major possible systematic error is the
neutron-detection efficiency (see Appendix B. 3.c).- Systematic. errors
introduced by inaccuracies in'the corrcctions discussed in Sec: IIL E
are negligible compared with the efficiency uncertainty. - The sub-
traction of the charge-exchange neutrons described in Sec. III. C does
introduce a much.larger uncertainty than indicated by the statistical
errors.  The shape of charge-exchange peaks was taken to be Gaussian.
This assumption is poor in the tails of the distribution. Consequently,
.the systematic error may exceed the quoted error for neutral-mode
.inelastic data separated by less.than three half-widths of the charge-
exchange neutron resolution function (Fig. 13).from ;the _charge—e;(change
energy.  This is particularly true at angles > 45 deg, since the éharge

exchange neutrons dominate the neutral-mode spectra (see Fig. 10).
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B. - Inelastic Neutron Distributions

The differential‘distributions dZO‘/deQ, as a function of ncutron
energy and direction, are shown in Fig. 16 for 417 MéV incident energy
-and 1.4 meters flight path.. The energy spectra extend from 10 MeV
-to the charge-exchange neutron energy.  The distributions with statis-
~tical errors for all the running conditions listed in Table IV are.tabu-
-lated as a function of neutron energy in Appendix D. The 1.4- and
.2.0-meter measurements are statistically con_sisteht except .for the
low-energy porf'ion, of the distributions as d-islcussed below. The dis-
-tributions presented in Fig. 16 are representative of the data at all
. three incident energies in both the charged and ncutral modes.
Two features are notable:. (a) the peaking in the region corre=-
- sponding to the highest available values of the nm system energy, -
(see Fig. 1), and (b) the peaking at low energy, particularly noticeable
at angles > 40 deg in.the ché.rged mode. Because the first effect also
corresponds to an increasing yield as the neutron detector moves
towards the beam, the anticoincidence counter efficiencies were re-
checked (see Sec. II. A.4). The 2.0-meter measuremeﬁts were pri-
marily motivated by a desire to check this high w enhancement. All
evidence indicated that the effect was real.

- On the other hand, it is questionable whether the low-energy
peaking was associated with the nnN final states. It did not fall off.at
the kinematic limits for these processes.: In Sec. III. E. 4 it was pointed
out that.this region of the energy spectrum should be regarded with
reservations.  In addition, two spurious sources could produce the
observed energy behavior--the double scattering of charge-exchange.
neutrons (see Fig. 15) and a non-time-correlated baickground°
Correction has been made for the first effect. The s.econd‘ possibility
_ arises because a time-independent background (yield per unit time) ‘
transforms to a l/(rnomentum)3 dependence in the energy spectrum
. ’(Eq, 21). The second Countcr 5 test {Sec. IIL E. 2) also provided a
check on the second possibility. . The Cu introduced should have

attenuated low-energy neutrons. The results of this measurement,



40

cross section

‘Differential
(Hb/ MeV — sr)

8:30 deg

Neutron energy ( MeV)

201

cross section

(pbs MeV ~-sr)

10

Differentiol

(o] | IOOLI © 200

Neutron energy ( MeV)

MUB-1492

Fig. 16. Inelastic neutron differential distributions for
(a) charged mode, (b) neutral mode.
Incident =~ kinetic energy = 417 MeV; flight path = 1.4 meters.
CX: charge-exchange energy
IN: neutron kinematic limits for #N — 7N
PS: 0-deg invariant phase-space distribution normalized to
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and.the comparison of l.4-meter data with 2.0-meter data, for neutrons
in thekrange 10 to 20 MeV are presented in Table .VI.- These results
| were averaged over .the measurement angles. - The conclusion was that
. the data in this energy region represented a mixture of hydrogen and
background effects.

The results for the integrated cross section, do/dQ, are pre-
sented in Fig. 17.  The previous results for .the proton in.the = «%p
mode are included for comparisoxir The total cross sections derived
.frorn integration of the angular distributions are presented in Table VII.

- If-the low-energy peaking discussed above was regarded as completely
spurious and subtracted, the cross sections were decreased by approx
0.3 mb. A summary of the total-cross-section measurements in
inelastic w p interactions for the energy region of 250 to 500 MeV -is
contained in Fig. 18. The errors indicated for the measurements of

. this experiment reflect the uncertainty in the low;enexfgy neutron dis-

-tribution.

- Table VI. Tests on neutrons in the range 10 to 20 MeV.

- {Test-run.cross section)
(Normal-run cross section)

Expected . Measured
Test - Not LH,- . Real
‘ : derived
l.4to0 2.0 m 2.0 1.0 1.4+ .1
. Counter 5! 1.0 0.86 ° . 0.93%.1

Table VII. - Total cross sections for inelastic reactions.
(Indicated errors for cross sections are statistical only; see Sec.IV.A.)

Energy ‘7o n m°1°n . <"rr+1'r»_n

(MeV) (mb) (mb) 7 %n
374 2.77x.07 1.45+ .04 . 1.91%.07
417 3.59+.04 : 1.48+.04 | 2.43+.07

454 4.16%.11 1.14+.10 3.65+.34
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- C. - Charge-Exchange Neutrons

Although the results obtained at angles < 40 deg can be regarded
only as an approximation, .the results differ. from. those of Caris
sufficiently to be significant. - The measured y,ield-,was.transfofmed
to the c. m. system after correction had been made for gamma con-

- version and target-rescattering losses.- Figure 19 shows the 374- and
417-MeV charge-exchange differential distributions as a function of

c. m. scattering angle along with Caris's distribution at 371 MeV.  The
differences at forward neutron angles (backward n° direction) between

0 contamination

‘the distributions could be a consequence of inelastic
in the gamma measurements by Caris.  This contamination would be

maximum in the backward hemisphere (see Fig. C-1).

D. Total Neutral Cross Section

.After correction for gamma conversion (Sec. IIIL E. 3), the
1234_5’ (Sec. II. A. 4) yield provided a determination of the total cross
section for m p — neutrals. . The statistical error of this measure-
ment was completely negligible (< 0.1%). An estimate of the un-
certainty was obtained.from the consistency of data taken at different
times,throughout_the experiment. A short run was performed at
391 MeV incident energy to measure the total neutral cross section.
The 0.020-in. -Cu measurements (Sec. III. E. 3) gave a check on the
conversion corrections.- The results are listed in Table VIII and
shown in Fig. 20 along with other measurements in this energy

. 23,28, 30 :
region.
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Table VIII. Total neutral cross section.

Energy ] "Run Cross Section
(MeV) _ (mb)
374 1 | 12.11
2 12.27
.3 | 12.20
4 12.07
-5 12.15
6 12.30
0.020 in. Cu 12.23
Average ' 12.2+-1
T s T T 12.0£.1
) ;}.1-7 ------------------ T 1 -1—2; ----------
2 11.27
Average 11.25%.1
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V. - DISCUSSION OF RESULTS
A It should be noted that the inelastic neutrons are assumed to be
from the wnN reactions. Only the charge--not the number or identity--
of the particles accompanying the neutron was observed.- In terms of
these final states there are three interesting features in the data:
(2) the branching ratio 1T+1r-n/-rr° m°n cémpared to’Schnitzer's pre-
‘ dictions.; 10
(b) the absence of observable effects of the very strong I = 0, low-
energy mr interaction corresponding to the results of Abashian, Booth,
and Crowe13 {ABC); and
(c) the enhancement of the distributions at high values of the ww
system energy.

The parameters of Schnitzer's calculation were chosen to fit
the 11+ angular distribution in the 1T+1T-n reaction at '430 MeV and the
magnitude of the 1'r+p inelastic interaction at 470 MeV. 11 Therefore,

a test of his model comes in its ability to correctly predict the behavior
of the other channels.  The solid lines in Fig. 18 represent the cross-
oscction predictions of this model., The observed m%n%n cross section
is about two to three times the predicted value, or.in terms of the

. 1r+-rr-n/7r°1r°n ratio, the prediction is higher than the observation by

a factor of two or three. However, the energy dependence of the
branching ratio is consistent with the qualitative behavior expected on
the basis of a model involving a nw interaction. Both modes in which
the I = 0 s-wave 7w state is available rise rapidly from threshold,
whereas the 7 w°p mode remains low. As the I =1 p-wave 7w inter-
action becomes significant the m w°p channel begins to rise and the
-rr+1r_1j1 mode continues to increase. The w® ®n channel, without access
to the I = 1 nwr state, levels off as the s-wave ww interaction levels off.

The absolute magnitudes of the 1T+'n'-n- and w®n®n cross sections
in the above interpretation require that the s-wave ww interaction be
appreciable. If it were of the magnitude required to fit the results of

ABC the simplest expectation would be a strong enhancement of the

regions of the neutron distribution corresponding to the lowest values
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of W e This behavior was not observed. Unfortunately this exactly
corresponds to the regions of greatest uncertainty in-the measured
neutron distributions, i.e., closest to the charge-exchangé neutrons
or at low neutron enéxjgies (see Fig. .1).- Because of this uncertainty,
- together with the. fact that the distributions are domina;ted by a strong
enhancement at the opposite extreme of the available nr eriergy' range,
it becomes .impossible to make quantitative statements about-the ABC
ellect in.walN (inal states. - The absence of a st¥ong maniféestation of
. the ABC effect observed here is consistent with the results of Kirz,
. Behwartz, and Tl’ipyz9 ublained Ly measurements on the 'ﬁ"i.. and w of
. ‘the 'n'+n-n final state.- It is not probable.that the effect appears solely
in the °#%n channel, since the results of the ABC measurement are
consistent with a ratio of charge states that corresponds to the I = 0 wr
state and disfavor possible .interpretations as a particle: with solely
~neutral decay modes. |

Thevobserve-d peaking of the neutron distributions at the lowest
neutron c. m. momentum (i. e., highest o available) has also been
observed by Kirz et al. 29 for incident eneﬂrﬂgies between 350 and 450
MeV in their studies of the 1r+1r"n channel.- The presence of the effect
in the 7%:%n state in this experiment and its apparent absence in the
1r°rr°p reaction at 377 MeVl'2 indicate that it is an I = 0 state effect if
the mwm interaction is responsible for the enhancement.  The simplest
assumption would be that a diagram of the type below dominates the

7N = #aN reactions.
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In order to deal m‘ore_ quantitatively with the behavior of the
neutron distributions as a function of the .nm system parameters, it is
convenient to transform to.the Chew and Low variables, wZ and pza 31
The w?; is the square of the total energy of all the outgoing particles,
excluding the neutron, in their barycentric system. It is specified by
the energy and d1rect10n of the recmlmg neutron. If the neutron-
proton mass difference is neglected, p is the invariant square of the
difference of four-momenta for the target proton and the final-state
neutron.. The pz is linearly related to the neutron energy {lab). . For
fixed pzq QZ is proportional to the cosine of the lab angle of the neutron,

8. The Jacobian for the transformation is specified by

22 : 2
a-o - ] d o (24)

: d.p’zdw2 ZMpql dTdQ

]
-

where q is t}ie incident =« momentum and p is the neutron lab .
momentum. For a diagram of the type under consideration, the
quantity d;cr/dpzdw2 is related to the cross section of the process
ww = ww by

i ,' - 2 2 1/2
y C P. 5 w(w /42'1) 0'““((02), (25)

2
do”  p -l (p~+ 1) 9,

where m r has been taken as unity. If the relationship is assumed to
bé an equality for physical values of p > pZ min >0, o TT(c.)z) can
be related to d U/deQ Specifically, for fixed p2 (i. e., fixed T),

2 d°20: . (26)

To investigate the wn system in the region corresponding to
the observed enhancement it was nece"ss,aryv to use a value of pz quite.
far from that specified as the limit in Eq. (25). The results of this
analysis with 5 < pz <7 are presented in Fig. 21, The behavior of
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c_.2asa function of incident momentum indicates that the ass'umptions
~of this- simple treatment are not valid. Evidence from the second ex-
.. periment in this programs_ and the studies by Kirz et al. indicate that
there are strong effects of the nucleon isobar in the 1r+1r-nv final st'a.te29
to compete with the one-pion exchange diagram considered here.
Finally, an interpretation solely in terms of a simple enhaﬂced I=0
mw interaction would be inconsistent with the energy dependence of the
1T+-n'-n/1'r°'rr°n branching ratio.

. Suggestions have been advanced of a more complex mechanism
.associated with the presence of several thresholds in this energy range.
- In particui‘ar, the.threshold for the process wN —= 1rN'§‘7 3 is located at
395 MeV. The thresholds for the various charge states of the process
N — 37N are located around 360 MeV. Takeda has proposed a model
. in which the enhancement in_AtlAqe neutron distributions arises from the
_interference between a process of the type N - WN*' (s-wave final
state) and a peripheral process involving a strong I = 0 s-wave wr
interaction. 32 Detailed calculations are in process.

To summarize, a definite deviation from the behavior expected
on the basis of a statistical (phase-space) distribution or a simple
peripheral collision model has been observed in the distributions of
neutrons in inelastic m p interactions at energies between 350 and
450 MeV. The inelastic neutron differential distributions show a strong
preference for low neutron c. m. momenta. The measurements by
"Kirz et al. indicate that this behavior disappears at energies above

450 MeV. 29

it is assumed that the anomaly also disappears below 350 MeV, the

The region below 350 MeV has not been investigated. If

energy dependence is suggestive of a mechanism involving a nucleon

isobar threshold effect rather than a I = 0, wr resonance phenomenon.
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APPENDICES

A. Charge-Exchange Neﬁtron Double Scattering

The type of double scattering event considered here is sketched
in Fig. A-la. The first neutron, n, has an energy that is a function of
the aﬁgle 91 and the incident pion energy. The rescattered neutron,
n', has an energy that is a function of the angle 92 and of the energy -
of n.- The direction of n' with respect to.the original beam direction,
M, is also a.function of 91 and 62,~ For a fixed final direction, 9, .the
energy of n' varies as a function of the combination of 61 and 62 that
produces the resultant direction ®. The differential distribution of
n' as a function of energy and direction is computed by the program
DBLSCT by use of.the known dynamics of the successive processes in
the double scattering. The primary charge-exchange scattering is
' treated as an elastic reaction to facilitate the kinematical calculations.
- For .the same reason the masses in the second scattering are assumed
to be equal. - Geometrical simplification is introduced by restricting

both interactions to the central axis of the cylindrical hydrogen target.
Both these.approximations are justifiable. The first amounts to neglecf
of the mass differences between the charged and neutral pion and between
.the neutron and proton. Since the distance to the detector that fixes

the final direction, 9, is fifty times the radius of the hydrogen target,
the second approximation is valid.

The coordinate system and some quantities used in the calcu-
lation are shown in Fig. A-1b. Additional definitions are listed in .

Table A-I.

- The starting point for the calculation is

> dCIl dOZ .
dN =n dZ Fl (pop Gl)dwl t(Zyel) a‘a’_z‘_' (plp 92) dwzp (A—l)

which represents the differential number of neutrons arising from a
first scattering in the element of target dz into dw,, at 91, followed by
a second scattering into d“’z at 92.,~ The calculation consists of

transforming this quantity to dZO' (Tn, ’ «E))/d'I‘n, daQ.
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Table A-I. Symbols used in Appendix A.

= cos Oi, fori=1,2

cos 9
é) - ¢
cos ¢

laboratory-system momentum and total energy of the

incident pion

laboratory-system momentum and total energy of n

‘laboratory-system momentum and total energy of n'

laboratory-system momentum and total energy of p'

" distance in the beam direction

hydrogen target length and radius

velocity of the center-of-mass system of the first scattering

velocity of the center-of-mass system of the second scattering

rest mass of the nucleon

distance to escape the cylindrical liquid hydrogen flask for

a scattering at z into direction 6,

differential cross section of scattering i as a function of Gi
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Two equations are critical in the problem,

, - ,1/2 . -
X = xpx, ] (L - x 0 - x5) y (a-2)

and
p, = 2 x;x, B, M/(1 - x5 x5 p2). - (A-3)

Equation (A-2) is the expression for the cosine ot the angie bétween
two vectors. Equation (A-3).is derived by successive use. of the

Lorentz-invariant relationship for elastic collisions,

AP, -+ P=0, S . (A-9)

where P 1is the total.four-m_omentum.of.'the system and AP.i-i‘s,the
four-momentum transfer of particle i. in.the collision. Applying

.Eq: {A-4) to the neutron in.the first s‘cattering', one has.
- PoP 1%y + EI(EO + M) - M(EO + M) =0,
E, = Poplxl/(Eo + M) + M,

E)=Bppx + M,

2 2 222 . 2
p1+M =(31~plxlA+ZMBlp1x1.+M s

Py =28, Mx /(1 - p%'x%). ' (A=5)

If the masses are considered equal,.the same relationship holds for

the neutron in the second scattering, i.e.,

Py = 2B,Mx,/(1 - B5x5). - (A-6)
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" But,
B, = p/(E| + M),

and if Eq. (A-5) is substituted for Py
ﬁz = xlBl’ (A'-7)

so that one has
o 2 2.2
Py = 2B Mxpx, /(1 - pYX| X)),
which is Eq. (A-3).

The 'de,siijed.f,ransformafion. of Eq (A-1) can now be performed.

0 by (6 9)

and integrate over ¢,, which simply gives a factor of 27. ‘Then let
g 1 y.8
- (xl’xz’ ¢)“’ (pz’ X’¢)’

" with the result
' do .- 'do

d.“’l d“’g

. dN = 27 nz_d.z t(z,xl) J(xl», Xy y) - d¢dp2dX, , (A-8)

where J(xl, XZ’-'Y) is.the Jacobian of the transformation and is calcu-

lated from Egs. (A-Z)’a‘n_d- (A-3). . This result is related to the

differential distribution of.n' by
- £ -n
2 o1 dN
d"0/dp,de = g j J/ Ip,ax ~ (A9
0oJo ¢

where the integrations are over z and ¢.
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Equation {A-9) is evaluated. as a function of P, and O in the
program DBLSCT in.the following way.- Equations (A-2) and (A-3) are

inverted to give two relationships,

5 = fl(xl’ $y X) - (A-10)
and

X, = £, (x5 py)-

The values of X and pzﬂfor which d-zo/dpde is to be computed are
fixed.  The integration over ¢ is perfornﬁed by setting ¢ and searching
.that simultane'ously satisfy both parts

‘for a pair of values of x, and x

of Eq. (A-10).- These .vi,lues.aje used to calculate vJ(‘xl, x2~,y),
do(xl)dwl,. ,and)do(xz, pl(xl))/d92,~ The measurements of the charge-
exchange angular distributions of Caris et al. 23 were used for do 1/dt.n1
and the neutron-proton angular distribution data listed in thé compilation
by Hes's'33 were used for dO’Z/de, At this point the. integration over
z is performed. At each Vélue of z  the escape distance.t(xl, z) is
. computed. - In addition the momentum and direction of p' are calculated
and the events are classified into four cateéories,- These events in the
four categories are: ' '
. (a) p' stops in.the target,

(b) p' escapes the target and passes through Counter 4 (Fig. 6),

(c) p' escapes the target and passes through Counter 5, and
. {d) p’ eséapes the target and misses Counters 4 and 5.
The value of ¢ is increased by a fixed increment and the process is
repeated until the integrations are completed.. The differential dis-

- tribution in neutron energy is obtained. by;the,transformatic)n'

dzo/dTn, daQ = ﬁr'l,l dzo/dpzdﬂ, (A-11)

where ﬁn' is the velocity of n'.

Finally, -it should be noted that the tractability of this calculation
~depends upon applicability to both scatterings of a relationship of the
type in Eq.- (A-5).- This e.quati_c-m. is valid for the recoiling target par-

.ticle in all elastic collisions, and for both particles in elastic collisions
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- of equal-mass particles.. The program DBLSCT can be utilized in
. any case of double scattering in which both interactions are of either

of these two types.

§
B.  Neutron Detector Efficiency

1.. Introduction

In scintillator, neutrons are detected by the scintillation light
produced by the charged products of interactions between the.incident
. neutrons and the nuclei of the scintillator. One of the main problems
involved in.the use of a scintillation counter for neutron detection is
the determination of its detection efficiency. A computer program to
calculate this efficiency in plastic scintillator (composition CH,
density 1.05 g/cm3)<for neutron energies from 1 MeV to 300 MeV is
described here. '

For neutron energies below 10 MeV only neutron-hydrogen (np)
interactions contribute to the efficiency, and it may be calculated
reliably. 34 Above this energy interactions with the carbon nuclei
become significant. Although there is considerable information for
the np interactions in.the energy range under consideration, almost
no systematics, other than the total cross section and elastic cross
section, are available for neutron-carbon (nC) interactions, The nC

"reactions that are considered are listed in Table B-1.

Table B-1.- Neutron-carbon reactions.

Reaction -Q Threshold
' : . (MeV) (MeV)
C(n, n)C 0 0
C(n,n'Y)Cy 45 -4.43 4.7
. C(n, a)Be -5.71 6.2
C(n, n' 3a) ' -7.26 7.9

C(n, p)B -12.59 13.6
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For detectors that have dimensions of the order.of magnitude
of the mean free path for neutron interactions, _conti‘ibutions to the
efficiency from successive scatterings is significant,~ Rescattering
of the final-state neutrons from np interactions and the(n, n' 3a)
reaction is included.in this calculation.

.. Before the calculation is described, a summary of the cross
-section data used is presented. | |

.. 2. Cross Section Data

Figure B-1 presents the total cross sections for np and nC
interactions as a function of neutron energy. - The values below 100
MeV are taken from the compilation by Hughes and Schwartz. 26 Above

100- MeV the existing measurements are indicated,"33-’ 35

Also shown
. are the total nC nonelastic cross section and the nC total cross section
minus the elastic scattering inside the first diffraction minimum. This
- cross section is used in the calculation and was estimated by using both
nC and pC elastic scattering data, since nC and pC elastic scattering
are essentially identical above 14 MeV incident energy..

..Figure B-2 shows the breakdown, according to reaction, of
the nC nonelastic cross section used in the calculation.- These values
were arrived at in the following manner.- First, the (n,n'y) cross
section was estimated by using both nC data and pC data above 14 MeV.
This cross section was subtracted from the total nonelastic cross
section.- Next the (n, n' 3a) reaction cross section was estimated from
the measurements between 10 and 20 M&v>7 and data at 90 Mev. >°
. The data at 90 MeV were taken in a cloud chamber and indicate a high
mﬁltiplicity of reactions that were grouped as'two—prong and movre-
- than-two-prong reactions. The data for more-than-two-prong reactions
were used as the 90-MeV value of the (n, n' 3a) reaction cross section.
- At this incident energy the details of the reaction are not critical to
the calculation. The principal information is.that all nC nonelastic
‘interactions produce ch.argedféécondarieso This estimate of the

(n,n' 3a) cross section was subtracted and the remaining cross section

was treated as that for (n, a) and (n, p) in a manner suggested by the
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~ shape of the curve and the location of the thresholds for these reac-
‘tions. Actually the C(n, d)B reaction has a threshold at 14.9 MeV,
so that the treatment of what will be called the (n, p) reaction includes
both. The two-prong category of the 90- MeV data was used as the
~value of the (n, p) cross section at that energy
The np angular d1str1but10n data used 1n the computation were
..from the parameterization by Clements and Wlnsberg 39 s

3. Efficiency Calculation

The efficiency program TOTEFF calculates for a spec1f1ed

. series of neutron energies, E, the total eff1c1ency. € (E) Th1s .

. quantity is the result of a folding 1ntegrat10n over the detectlon thresh—

-old, T, of the type ‘ C

N -UT-TG)rTy) ¢ S

¢ (E) = dT e € (E T)» © o (B-1)

where TO is the mean threshold, T is the fract‘icnal resolution;' and

€ (E, T) is the efficiency at energy E a.nd threshold T.' ThlS funct1on

€ (E, T), is in turn computed in.two portmns. € (E T), the eff1c;ency

for an initial interaction with hydr.ogen, and e C(E’- T), the eff1C1enc'y _

for an initial interaction w1th a carbon nucleus The essential elements

. of the program used to compute these’ quant1t1es are two subroutlnes

- One, HYD(E, T), computes the single-scattering efficiency for np

collisions and the other, CARB(E, T), computes the single-scattering :

efficiency for nC collisions. from the (n, a), ‘(n, n' 36,), ‘and- (n, p) re-

‘actions.. Since they contribute only through re'sc.atter'ing; the’ (n,.n)

and (n, n'y) reactions are treated separately. IR
Multiple-scattering effects are calculated by 1ntegrat1ng over

the neutrons in the final state of primary react1ons that d1d not produce

sufficient light to be detected. This 1'ntegrat10n 1nvolves, the successwe

use of HYD(E', T') and CARB(E' T"), ‘where E' is the scattered

" neutron energy and T' is the light threshold reduced by the l1ght

produced in the pr1mary reaction. ThlS 1ntegra.t1on involves’ we1ghtmg

these efficiencies by the differential distributions of the first reactlonb

and.the mean escape distance at the angle of the pr1mary scatterl ig.
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The use of an escape distance averagéd over the counter geometry is
an approximation that is reasonable as long as the dimensions of the
counter are not large compared with the mean free path of the incident
neutrons.- It is'neces"sary to include a subroutine that computes this
mean distance for escaping the detector as a function of the angle of
scattering. ‘

- In terms of particle energy the detection threshold is - a function
of the type of particle. Because of saturation effects in the scintillation
process, heavily ionizing particles are less efficient in producing
scintillation light. These saturation effects must be taken into account
when considering the light output of the various interactions in the
detector. The response of plastic scintillator calculated and measured
by Gooding and Pugh40 is used in this calculation. Their data were
parameterized in.two wéys°' First, the light output of a particle as a
function of its energy in units of the energy of an electron required to

produce the same light output is given by

L(E)=-0.118+ 0.297 E_ +.0.022'E 2
P P j j

for protons in the range

1 MeV < Ep < 10 MeV, ' ' - (B-2)

and

L (E )=0.046 E + 0.007E 2
a Ta’ . a a

for alphas in the range

- Second, the inverse relationships that give the particle energy as a

function of its light output, T, are

E,(T) = 0.474'+ 2,66 T - 0.153 T2  (B-3)
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for protons, and

E_(T) = 2.13+ 6.36 T - 0.368 T

for alphas, both in.the range
0.2 MeV < T <5 MeV.

The details of the calculation of € H(E’ T) and ¢ C(E_, T) are
presented in the next two sections. Table B-II lists and defines
symbols used in these sections. - The results of the calculation are

presented in a third section.

Table B-II.. Symbols used in Appendix B.
(Prime refers to c. m. system)

E = incident neutron energy
T = scintillation light detection threshold in units of equivalent.

electron energy

6,90' = angle with respect to the incident neutron diriection_

X, X' =cos 6, cos 8

Ei’ E ; = energy of particle i,

B = velocity of the center-of-mass system with respect to the

labor:atory system
=2.-1/2
(1 -87) /

Y =

P’ = momentum (c.m. )

Mi = rest mass of particle i

o = sum of the neutron-proton and neutron-carbon total cross
sections

E* = total energy (c. m.)

dGi/dQ‘ = differential cross section as a function of X'. '

n = number of hydrdgen or carbon nuclei per cm3 in the
scintillator

d(o) = mean escape distance at angle 6

zZ = distance along the incident neutron direction

W(E, z)= 271 - exp(-no (E)z)]/(f(E)
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a. Hydrogen interactions

The. hydrogen single-scattering efficiency:for a length £ seintillator

is given by

-

2
an( e “POIE)Z F (B, Tz  (B-4)

b

W(E, £) Fi(E; T),

€ Hl (Eb T)

Y

where FF.(E’ T) is the portion of the np cross section that produces
detectable recoil protons. HYD(E, T) computes 'FI(E° T) accerding

. to the relation

max

F,(E, T)’= ' dcnp,(E.-X' )/dQ' dax', . (B-5)
-1

where X' ma# is the value of X' such that the recoil proton produces

2 light ocutput in the scintillator equal to T. In other words,
=y '} - R R ) - . = F
E v (E'  + ‘Mp pp' X max) MP‘ Ep(T)g

where Ep(T).is given by Eq. (B-3), and y, f3, Ep‘ , and p' are functions
of E. Then

K T GO, M) - (B (1) ¢ MY/ B ! (B-6)

1?;escattermg ofthe neutrons 1eav1ng the prlmary mterac&lon
with hyd;ogen is 1nc1uded by calculating
' 1
1
= . e ’ (. -
FZ(E,‘T) donp/dﬂ € (X')dX',.  (B-7)

Xi
max
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where ¢ 1(X' ) is the total single-scattering efficiency from hydrogen
and carbon for a thickness of scintillator equal to the mean escape

distance in a direction 6 corresponding to X', and where

11 , , T ]
¢ e [En(X b T - L(E (X ))] toeg [En, T Lp], (B-8)
and EI-II is given by Eq. (B-4) with £ replaced by d(X),
]1/2

]

X = [(x' + 1)/2
Oy o 2 2 -2 2,
En(X )" ZMnB X /(l “’.‘3 X )9..
CE () =M AL - X/ - R - X )/2)

The. quantity ¢ ! is a function for carbon interactions analogous

C
to eIl-I’ and is discussed in the next section.

. Finally,
¢ (B, T) = W(E, £) [ F (E,T)* F,(E, T')] . - (B-9)

b. Carbon interactions

The treatments of the kinematics for the three nC interactions
are different. It is assumed that there is no c¢c. m. angular dependence
in any of the reactions. 4

- The (n,a) reaction is treated as a two-body reaction. Be*g.
excited states are not considered becauée the assumed cross section
has become negligible before energies sufficient to allow.much ex-
citation have been reached. To determine the fra,ctiori‘..of' ('nf a) in,te'r-

actions detected it is necessary to use the quantity

do/dE_ = do/de' - A9 /dE_ : . (B-10)

=0./28 vp!
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For this reaction, CARB(E, T) computes

E max
a .
- Ao .1 - Mmax min ;g _11 .
gq(E: T) dE_/Byp' = (E E, /Byp', (B-11)
E min
a
where
max = U 3 vp' Av -
E YE . +Byp' + My - 1)
and
Eq.rnln - Ea(T)’

where Ea(T) is as defined in Eq. (B-3).

The selection cf.the method of calculation of the {n, n'3a)
reaction was based on.the available experimental data. 31 Although the
reaction appears to proceed through intermediate states, the essential
features needed here are adequately described by aésuming a four-
body phase-space distribution of the final-state energies. This per-
mits calculation of the average light produced by the three alphas.

The calculation of the fraction of (n,; n' 3a) reactions detected
procceds in two steps, The four-body phase-space distribution is

given by37

N(s)as = cs/2(1 - 62 as, | = (B-.12)

where & is the ratio of the kinetic energy of any particle to its maxi-
mum possible kinetic energy, in.the overall c. m: system. The ex-
citation energy of the recojling carbon nucleus available to the.three
alphas, Q(E, SIL)g. is derived from
' * 2 2
E' K (E -Mn) (MC12+_ 7.26 + Q)

6_ = = > (B-13)

n . % 2 o 2
Enmax (E —Mn) -(MC12‘+‘7°26)

where E " is a function of E, or

- e "\" | i 2 * /2
Q= -(Mc12+ 7.20) + |6 (Mg | 7.26)7 + (1 8 )(E "Mn)] '

C
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Using Eq:. (B-2), one finds the light produced by the three
alphas: '

- ' 2
3q = 0.046 Z E_, + 0.007 Z (E_{) ) (B-14) .

- : Z
= 0.046.Q + 0.007 Z (E,;)

For a phase-space distribution of the Eai' s,the average f;a_.__c_tion of

cvents detected for threshold T is AN
£,,(Q,T) = 3 [1 - 2/0.007Q (T/Q - 0.046)] (B-15)

with the additional restriction that for f3a(Q, T)<O0, f3a(Q» T)= 0
and for f3 (Q: T) = 1 3 (Qr T) | |
. For the (n,n' 3a). reactlon, CARB(E, T) computes the average total

. fraction detected, 1

g3, (B TV = [ d6 N(5 )5 [Q(5));T]. . (B-16)
o |

The (n, p) reaction was not censidered as a two-body reaction.
The B12 system has a high density of low-lying excited states4l and
the interaction must be of a direct charge-exchange type rather than
optical in nature. - In the absence of any data the final-state. profon was
~ assumed to have the same energy' distribution as the heutron in the
-(n, n' 3a) case. A distribution calculated on.the baS1s of a direct- .
interaction model might be more accurate, but. the added sophlst1cat10n“
. was not deemed appropriate here.in consideration: of the' specula,twe S
nature of the estimate of the (n, p) reaction cross' s‘eetien -. The calcu-
lation is similar to the (n, a) reaction treatment except that the var1able
excitation energy of the B *l2 must be consxdered.~ The detected
fraction is calculated by integrating the differential distributioh. in

energy and angle,
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d“g/ds_dQ' 46 _dx'
P P

I
[y
=

f(E, T,8 )"
P( P) )

L /2, 2
C 5p (1-6p) (x'pmax+ 1), (B-17)

.where X' ~(E, T, 6 ) is determined by
max P

- _7D p_ pmax

— , /2
BYLE o (6 B ot 2ML)

M_+ E (T) - v(6 E* + M
% p() v( P)

’ (B-IS)

. with the restriction

N

-1 =X ‘
pmax

- CARB(E,; T) calculates the total fraction of (n, p) reactions detected:

1
E, T) = ds £ (E,T,56 ). . (B-1
gp( T) [0 5, 5 ( _p) ( 9)

The single-scattering efficiency for nC interactions is given by

eé (E, T) = W(E, £) G, (E, T), _ (B-20)

where

-G, (E, VT) = Z ok(E) gk(E, ';‘),
-
with the summation performed over the three reactions.
" The efficiency derived from the rescattering of the final-state

neutrons in (n, n' 3a) reactions is calculated according to the expression
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G,(E, T) = as_N(5 )| dx' el (X', 6.), (B-21)

n
0 /0

where ¢ l,(X' s 6n) is the single-scattering efﬁciéncy for np and nC

interactions at the energy of the scattered neutron in the average

escape distance in the laboratory system corresponding to X' .- Ex-
plicitly,
1 ' = ) i 1 ' _
€ (X',8) = W(E,d(X") [F(E_, T' )+ G(E,T')], - . (B-22)
where

. -
E_ (E, §_,X")

: - : 1/2

= ' L AVE -
TV E oyt M) BYGED ok 2M T M
~and T' is the threshold adjusted for the éverage amount of light pro-
duced by the three alphas in the primary (n, n' 3a) reaction.  The

.alpha light is a function of Q, which is in turn a funct_ion of 6n (Eq.
- B-13).- The rescattering calculation is divided into three categories.
For

T <L, min = 0.046 Q+0.007/3 Q% . (B-23)

3
all first scatterings are detected and no rescattering effects are

present.- For

T > L, max = 0.046Q + 0.007/2 Q% | - (B-24)

3a
no. first scatterings are detected and the average threshold for the

rescattering calculation is

T' = T - (0.046 Q + 0.035 Q’Z/IZ),
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Finally, for

““Tmax ' min
(B-25)

T' = [T - (0.046.Q + 0.007 Q%/3))/2.

Tho total efficiency derived from inelé._stic nC reactions with

charged products is

¢c(E.T)= W(E, £) [G(E, T) + G,(E, T)] . - (B-26)

The calculation of the contributions to the detection efficiency
. of the rescattering effects in (n, n) and (n,n' y) reactions is not per-
formed by the program. . At neutron enexjgiﬁés,greater.than 20 MeV the
extreme forward peaking of the (n, n) angular distribution allows a
great simplification in the treatment.  Since the energy and direction
of the scattered neutron differ from those of the incident neutron by
small amounts, .it is reasonable to negleét this contribution to the nC
total cross section used in the evaluation of 0 (E) in.the expressions
above. In order to estimate the contribution below 20 MeV a hand

calculation was performed at 14 MeV based on the data available for

do (n, n)/dS. 36 The contribution is given by .the expression
1
do
: (n. n) i 4(X)
€ayg W(E, £) dXx —a0— ¢ [E-n(X), T] - (B-27)
-1 '

where ¢ [En(,X), T] -is the total efficiency computed by the program.
Both the final-state neutron and the gamma may be detected in

the (n,n'y) reaction.. The detection of the 4.43-MeV gamma is prins-

- cipally by Compton scattering.: The angular distributions of both the ,

gamma and the neutron have been measured at 14 MeV. 36.. The gamma

efficiency is given by
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do,
¢ = W(E, L)) p poy, | aX —BY) gx), (B-28)
Y eff. a0

where

. H
Hegr = 7 Boomp/ 13

and “I(_Jlom is the total Compton attenuation coefficient for hydrogen,
f(t) is the fraction of the Compton electron spectrum of the 4.43-MeV
gamma above T, and p is the density of the scintillator. Here. ¢ y
as a function E was calculated by assuming the gamma angular
_distribution was independent of energy and normalizing to the total
.cross section as a function of energy. - The contribution of the final-
state neutron was calculated by using Eq. (B-27) with don' (n, n' y)/ds
" substituted for do (n, n)/dQ. '

c. Results and discussion

The results of the calculation of the detection efficiency of the
.counters used in this experiment are shown in Fig. B-3.. The thresh-
‘old was 2.3 MeV with a 30% resolution. - The detector geometry was
approximated as a right cylinder with the axis along the incident-
neutron direction.- The average escape distance was computed for
uniform neutron illumination of the cross-sectional area by a separ‘ate
program. - The results of this program were fitted with a power series
“in cos 8. This power series was used as the basis for the required
subroutine in the main program.- The contributions of the individual .
processes are also indicated in Fig. B-3.

The maximum uncertainty exists in the region in which the
efficiency due to the (n, n'3a) and (n, p) reactions rises from zero to
maximum, i.e., 20 to 75 MeV. At 90 MeV the measurements by
Kellogg indicate that essentially all the nonelastic nC interactions
produce charged particles with sufficient light production to exceed

the 2.3-MeV threshold. 38
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Fig. B-3. Neutron detection efficiency.
10.16 cm thick, 9.0 cm radius, cylindrical plastic
scintillator 2.3+.7 MeV threshold (equivalent electron
energy) - ‘

: total efficiency

: np scattering contribution
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data {from reference 44.
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- The efficiency of a similar type of neﬁ_tron counter has been
measured in the energy region 4 to 76 MeV. 43 The program com-
putations and hand calculations described here were performed for

“this counter. The threshold was taken to be 1.1 MeV with a 50%
re solution, and the geometry approximated by a 15-cm tthk cylinder
with 10-cm radius. - The results of the calculation and t_ﬁe measu_red
points are shown.in Fig. B-4. A measurement'a‘t 27 MeV' ﬁeutron
energy of the efficiency of a neutron detector with all parameters
equal to those of the detectors used in this exper‘i‘rhenté? is shown.in
Fig. B-3.: This measurement was not corrected for rescatterihg, and
absorption losses in the target that served as the neutron souﬁrlce,- and
therefore would be expected to be slightly low in é’oﬁdparison wi_th the
calculated value. ' ‘ o .

The uncertainty in the calculated value of the efﬁciéncy wa_s'
estimated to be + 10%. This number was. selected Becausejit.j’s the
order of uncertainty in the total nonelastic nC cross section. -"I?he
appli-cation of a 2 test of‘sta.,tistica.l,si'gnifica.nce22 to the _¢omparison

-with the measurements by Wiegand et al. 43 yielded a result of - ‘
xz/(degrees of freedom) = 1, indicating the éalculatioﬁ té‘ub'e compétible

with the uncertainty quoted for the measured efficiency.
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Fig. B-4. Comparison of calculation with efficiency measured by
Wiegand et al. (reference 43),
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C. Gamma Conversion’

In order to compute the 'probability that“ a gamma, produced in

" the decay of a neutral pion, would intei'act iﬁ the bta-rget or surrounding
counters (Fig. 6) and produce a charged secondary, it is necessary to
know the differential distribution of the gammas as a function of gamma _
energy and direction in the laboratory system "This distribution is
derived by Squ1re4»5 for a neutral pion. .with energy T' and angular

distribution,

do/dQ = a. P (x')
A’ n

in the c. m. system, and is

a0 _ 2 e Yol e N .
dkae — ATYHY(T-px) ‘anpn[‘rfﬁ‘x}.?n [B‘, <1 - W)] (c-1)

where
B = w% rest mass,
B' = c.m. w° velocity,
Yt = (1 - 131 2)'-1/2’
B = velocity of the c. m. systém,
x' = cosine of m® c.m. angle,
x.= cosine of gamma lab anglle,
dQ = observer's solid angle (lab).

For a fixed incident pion energy, f' and y" ,Sf»la chafgg;§>{éha_ngé

m9 are constant,

2 2., = B
y =@t w2oadeEh e
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where
%
E
M

A

c. m. total energy,

i

nucleon mass.

- For-a given set of aﬁ' s, the program GAMCON calculates the
distribution of gammas resulting from charge-exchange n% decays,
dzocx/dkdﬂg for specified values of x, between the limits of k ob-.
tained by setting .the argument of the second Legendre polynomial in
- Eq: (C-1) equal to + 1 or - 1.. The data of Caris et al. 23 at 371 MeV
- incident pion energy were used .for.the =’ c.m. angular distribution
in this calculation.

The B' and y' of neutral pions in inelastic reactions are not
constant.. Before the resultant gamma distribution can be calculated,
the distribution of y' must be specified. - The.angular distribution of
the inelastic pions is assumed.to be isotropic in the c. m. system, and
the energy-distribution is assumed to be given by the invariant.three-
body phase-space distribution,

1/2
(MZ _ pL2)2 L Z(MZ +'H2)'

dp 2
* e *
(E¥ 2B yp+p®)®  (BFP-2E v pt )

87' = 8n (Yﬁ 2—' 1) 14

(C-3)
GAMCON computes the gamma distribution resulting from inelastic

% decay by use of

dZU Y max Z
__in _ gy 4 od0 (C-4)
dkds Y Ty ' dkaq
; ‘
where
' - *2 2 2 *
Y _ax = [E77+ p% - M+ w)°]/2E,

and dZG/dde is given by Eq. (C-1). This result is normalized to unit

total crose section.
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- The probability of the production of a Compton electron or an
electron-positron pair by a gamma in a.thickness Az(g/c‘r‘nz) of material
is ‘

Ce(k) =1 - e 2R, . (C-5)

.where (k) is the mass attenuation coefficient of the material at
gamma energy k. 46, In order.to calculate the probability of gamma
. conversions in which a charged product-is detected in Counter 4 or. 5
A{Fig.- 6), .the argument of the exponential in Eq. (C-5) is replaced.by
a sum over .the various materials encountered in escaping the.target.
- One-half the thickness of Counters 4 and 5 is.included as converting
material.. The thicknesses of the converting materials are functions
of the direction of escape.
. Finally, GAMCON calculates, as a function.of the direction x,
..the probability averaged over gamma energy of conversion of gammas

resulting from charge-exchange and inelastic 7 decays according to
2

fdk c'ldTgQ— exp [—; Vpi(k)zi(x,)]

2
d-o
fdk'm

where the summation. is over.the various materials surrounding the

E(X)': 1 - ’ (C'b)

target in the direction x.- Figure C-1 shows € (x) and
.2
d o . .
dk EVT: [0 for the f:harge-exchange and inelastic 7°® decay gammas
. at 374 MeV.incident 7 energy as a function of x.
The total conversion probability for each type of gamma is
divided into two classes according to whether charged secondaries

are detected in Counter 4 or Counter 5. These probabilities are

given by 1
€y =jx Lodx e (x)
and . o 4 C 7
. x4 (-7
<55=J “dx € (x),
*5

where X4 . is the cosine of the maximum angle subtended by Counter 4

and Xg is.the cosine of the maximum angle subtended by Counter 5.
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Fig. C-1. Gamma "c'::or"xv’é"rsior'l, 374 MeV.
cx: charge-exchange n°, O 13.6 mb
e nelastic s -;_O’in - 1l,4mb.. .

. A: Energy-integrated angular distribution.
B: Energy-averaged conversion probability.
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D. Differential Distribution Data

On the following pages are photographic records of results
as displayed on the IBM 7090 cathode-ray tube (presented in the order
listed in Table IV).
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