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The energy spectra of neutrons between 2 and 28 MeV emitted following radiative pion
capture in carbon, oxygen, and calcium fall off exponentially. An enhancement, however,
is observed for neutron energies below 5 MeV in carbon and oxygen. Neutron yield peaks
at #n-y angles of 180°, indicating a quasifree absorption mechanism in this process.

NUCLEAR REACTIONS !2c(n™,nv), %o@™, ny), Y%Ca@™,ny), E=0 MeV;
measured reaction rate, neutron energy spectrum, and n-y angular
correlations; deduced giant resonance states and direct emission
contributions.

I. INTRODUCTION

Nuclear absorption of negative pions from atomic
orbits results, 1 to 3% of the time, in a photon
being emitted with an energy nearly equal to that
of the pion rest mass. This process, radiative
pion absorption, was first observed by Petrukhin
and Prokoshkin.! Subsequently, the photon energy
spectrum and branching ratios for various ele-
ments were measured.'™ The effective interac-
tion for radiative pion capture is dominated by an
axial vector term®*’5; thus, the resulting excita-
tions are similar to those in electromagnetic scat-
tering and muon capture.

Three processes are responsible for neutrons
emitted following radiative capture: If capture
takes place on a single bound proton,

(1)

then a neutron with a kinetic energy of about 9 MeV
will be produced in a direction opposite to that of
the photon. Even with the proton’s Fermi motion
the neutron will display the characteristic kinemat-
ics of (1).°*7 We call these neutrons “direct emis-
sion neutrons.”

Neutrons can be produced by the decay of nucle-
ar excited states

T +(A,Z2)=~ (A, Z-1)f+y=-(A=1,Z=-1)*+y+n
(2)

which are primarily giant resonance analog states.®'®
This mechanism involves intermediate states which
are reasonably well defined and thus will be coher-
ent with the direct emission process. These reso-
nance emission neutrons have kinetic energies*®
and neutron-photon (n-y) angular correlations char-
acteristic of the decaying state.

The third process occurs when a large energy is

T +p=n+vy,

10

transferred to the nucleus by either the pion ab-
sorption or the rescattering of the outgoing neu-
tron. Deexcitation of the nucleus can proceed by
the isotropic evaporation of neutrons with very
low kinetic energies.

Here we report the result of an experiment in
which we obtained two dimensional distributions
of the energy and n-y angle for neutrons following
radiative pion capture by carbon, oxygen, and
calcium.

II. EXPERIMENTAL DETAILS

A. Experimental setup and electronic logic

The experimental setup, which used a 100 MeV
negative pion beam from the Space Radiation Ef-
fects Laboratory 600 MeV synchrocyclotron, is
shown in Fig. 1. The beam telescope contained
plastic scintillation counters 1, 2, 3, and 4 and a
water Cerenkov counter (C). High energy photons
from radiative pion capture were detected in sev-
en lead-glass total absorption Cerenkov counters,
placed at various n-y angles between 26 and 165°.
The target faced the neutron counter minimizing
flight path differences of neutrons originating from
different sites. The counters which bracketed the
target were kept out of view of the neutron counter
because the n-y coincidence rate from hydrogen in
the scintillators was 100 times larger than from
our target nuclei.

Pions traversed the beam telescope, were slowed
down in an absorber, and stopped in the target.
The radiative pion capture event signal was a co-
incidence between a stopping pion signal (1C234)
and a signal from one of the seven lead-glass
counters (y;). The electronic logic is shown in
Fig. 2(a). The neutron energy was found using a
time-to-amplitude converter (TAC) gated with a
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FIG. 1. Schematic of the experimental apparatus. A
radiative pion capture event trigger was 1C234y;.
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linear gate (LG) by a signal from the neutron
pulse shape discrimination circuit which set the
neutron counter threshold and rejected y-ray-in-
duced signals. The time-of-flight information and
the tagging signals and pulse heights of the y coun-
ters were fed into an IBM 360/44 computer through
an IBM Scientific Nuclear Interface (SICU). The
tagging signal also routed the TAC pulse height
into different sections of a pulse height analyzer
(PHA) memory which was used as a backup and
monitoring device.

B. v counters

A y counter, a piece of lead glass 43.2%X15.2
x20.3 cm3, converted photons to charged particles.
The resulting Cerenkov radiation was collected by
two arrays, A and B, of seven RCA 6655 photo-
multipliers from which both the anode (A) and dy-
node (D) outputs were used. A schematic is seen
in Fig. 2(b).

The y counters were calibrated using an electron
beam. Figure 3 shows two extreme examples of
v counter efficiency. The fractional resolution
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FIG. 2. Schematic of electronic logic.

(a) Data collection.
neutron counter electronics. The circuit (----) monitors the n-y discrimination while (----- ) checks the neutron coun-
ter threshold.
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thus measured was an optimistic estimate, as the
photons in the experiment diverged in the counters.

C. Neutron counter

The 30.5%30.5%17.8 cm?® active volume of the
neutron counter was filled with NE213 liquid scin-
tillator and was viewed in coincidence by two 58
AVP photomultipliers, (A) and (B). A n-y pulse
shape discriminator using a linear output (L),

a high-low threshold timing using dynode (D) and
anode (A) signals, and a coincidence between A
and B to reduce accidentals due to the tube noise
were included in the neutron counter electronics
seen in Fig. 2(c). The neutron counter threshold
was set at 100 keV in electron energy using a **Na
source: the Compton edge at 0.34 MeV and the
1.27 MeV photopeak.

The energy dependent neutron counter efficiency
was calculated by a computer code designed for
counters with cylindrical geometry.'? We approxi-
mated our counter by the one shown in Fig. 4(a).
For a large counter the dependence of efficiency
on the lateral dimension is small because the
mean free path of the recoil charged particle in
the scintillator is very much less than the aver-
age escape distance. The efficiency for 20 MeV
neutrons in cylindrical counters with radii of 15
and 17 cm differed by 2%. Neutron efficiencies at
20 energies between 1 and 30 MeV were calculated
with 5000 events per point. The curve fitted to
these points is displayed in Fig. 4(b).

D. Targets

All targets were kept scrupulously free of hydro-
genous materials. The carbon target, a piece of
graphite 22.9 cm square and 4.76 cm thick, was
baked at 200C for a day to dehydrate it before it

EFFICIENCY

- L L 1 J

020 40 60 80
ENERGY (MeV)

ENERGY (MeV)

FIG. 3. 7y counter efficiency as a function of energy
for the two extreme counters. The fractional resolution
(FWHM) for 80 MeV electrons is (a) 59% and (b) 123%.
The energy scale is uncertain by +10 MeV. The solid
(broken) curve is the efficiency determined by the anode
threshold (for a 55 MeV threshold set by the dynode
pulse height).

was wrapped in 0.05 mm aluminum foil. The cal-
cium target, desiccated commerical grains, was
sealed in an air tight aluminum can with ~0.25 mm
thick walls. The liquid oxygen target, 5.08 cm
thick, was surrounded by a cooling jacket through
which boil-off nitrogen circulated. The oxygen con-
tainer was an aluminum flask, the front and back
face of which were 0.8 mm while the sides were

1.6 mm thick. About 10% of the pions were cap-
tured outside the oxygen.

E. Backgrounds

The neutron counter was enclosed in a 10.2 cm
thick lead shield surrounded by a paraffin block-
house which reduced the singles rate to 500/s.

With counters 3 and 4 closely bracketing a 5.08
cm thick CH, target, 80,000 stopping pions per
second resulted. With these counters moved out
of view of the neutron counter, the stopping pion
rate increased ~30%. These spurious stopping sig-
nals, however, were rarely in coincidence with a
v counter signal.

I1I. DATA REDUCTION

A. Data

Four types of data were collected:
(1) Neutron and photon energy distributions from
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FIG. 4. (a) Cylindrical approximations used in the ef-
ficiency calculation of the neutron counter. (b) Neutron
counter efficiency as a function of neutron energy.
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radiative pion capture in elemental targets. For
each y counter three spectra were taken. The first
had neutron flight time versus pulse heights of as-
sociated photons, while the second and third had
photon pulse heights in coincidence with prompt
and delayed stopping pion signals, respectively.

(2) Same data as above with a CH, target without
n-y discrimination. A y counter was placed at
180° to the neutron counter and the spectra were
used to detect radiative pion capture on hydrogen
in order to obtain the energy-time conversion fac-
tor and the resolution of the neutron flight time.

(3) Neutron time-of -flight spectrum, with n-y
discrimination, following pion absorption. These
data were used to subtract the accidental contribu-
tion from the radiative capture neutron energy
spectrum.

(4) Neutron time-of-flight spectrum without n-y
discrimination due to pion absorption in the target.
These data were used to study the effects of the
energy dependence of n-y discrimination on the
neutron detection efficiency and to monitor the
stability of the time-of-flight system.

B. Calibration of time of flight

Stopping pion capture on hydrogen results in two
reactions which completely calibrated the neutron
time of flight to an energy scale. The reaction

T +p—=vy+n

produced a monoenergetic neutron (8.9 MeV and
B,=0.137) while

T +p=n+n°
LZ‘y

gave two photons. Signals from the neutron counter
and a diametrically placed y counter in coincidence
signified that a pion had been captured on hydrogen.
The TAC analog outputs H,, which corresponded to
neutrons, and H,, which corresponded to photons,
were given by

H,=A(C+DB,™") and H,=A(C+Dc™),

where c is the velocity of light, D is the length of
the flight path, A is a conversion constant, C is
the arbitrary constant time delay between the sig-
nals from the beam telescope and neutron counter,
and the neutron velocity 8 corresponding to some
TAC pulse height H is given by

R-1
B=pT_pg>
where
R H=H,

which is independent of A and D.

Figure 5, which shows the time-of-flight spec-
trum recorded using a CH, target with the y rejec-
tion gate removed, has prominent 8.9 MeV neu-
tron and photon peaks whose separation yields a
D of 1.62 m, which compares favorably with a
measured value of 1.64 m. The width of the peaks
gives the time resolution for 8.9 MeV neutrons to
be 4.75 ns full width at half-maximum (FWHM)
which corresponds to 6E ~1 MeV.

C. Accidental coincidences

The observed coincidence rate between stopping
pions (7,) and neutron counter [r({)] pulses can be
written as

[mon®)]=[7,n(®]" + gl 7 ][ n(D)],

where each counting rate is indicated by a bracket,
g represents the effective resolving time of the co-
incidence circuit, and a superscript T indicates a
true rate. The neutron time-of-flight spectrum
beyond the photon peak, the negative time region,
was caused by the accidental rate which is the sec-
ond term above.

The observed coincidence rate of stopping pion,
y counter, and neutron counter pulses is

[7oyn®)]=[myn(®)]"
+g{[my17[n@®)]+ [7,n(®)] [ 7]
“[ym®][ 7]} + 0(g?) + -+
Now we can write
gL, B 1,15
EAIOIN

:T{g["s”ﬂ},

where g[n,][y] is the observed delayed coinci-
dence rate between stopping pion and y counter

signals, [7,y],.
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FIG. 5. Time-of-flight spectrum from a CH, target
for neutron signals in coincidence with photon signals
from the vy detector placed diametrically opposite to the
neutron counter.
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TABLE 1. Percentage of background counts in the neutron time-of-flight spectra. The
number in parenthesis is the accidentals in the photon counts.

6,

ny
(deg)
Element 165 155 135 112 68 48 26
Carbon 16(11) 24(16) 36(28) 50(23) 49(22) 40(22)
Oxygen 30(19) 37(25) 43(25) 55(29) 61(31) 50(30) e
Calcium 33(7) 34(9) 41(9) 73(24) 51(11) 56(13) 49(10)

The accidental rate between neutron and y coun-
ter signals not associated with a stopping pion is
[yn(®)]=g[¥][n(®)].

Combining, we get

gllny17[n@®]+ [yn@®]1[ 7]}
=g[n®){[7,7]7 v g [y 171}
=g[n®][m,¥].

The observed coincident rate is now

[msn(®)]
(7]

+g[mgyl[n®)]+0(g?) +--- .

The first correction term has the same time dis-

[mgyn(®)]=[myyn(®)]" + (7574

PHOTON ENERGY

tribution as [ m,n(#)] and is proportional to [, y]4,
while the second is derived from the negative
time spectrum.

Corrections for accidental coincidences, which
depended on the target element and thresholds and
characteristics of the individual photon detector,
are summarized in Table I for photon counters.

D. Angular resolution

The angular resolution function for each neutron
counter-target-y counter combination was comput-
ed numerically by averaging over all points on the
target and counter faces. Besides geometrical ef-
fects, the angular resolution was affected by out-
going particles interacting with the material of the
target. Scattering of photons and neutrons smeared
out the angular resolution function but by no more
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FIG. 6. (a) Typical photon energy spectra from radiative capture for two extreme 7y counters using a carbon target.
(b) 65 MeV photon spectrum from 7° decay. (c) 129 MeV photon spectrum from the reaction 7p—yn. The highest chan-

nel is the overflow counter.
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TABLE II. Neutron energy and angle distributions for C target: E, indicates the lower end of the energy bin.

Neutron Neutron yields (N +AN)x 10"™ per MeV per sr per photon at various neutron-photon angles Oy .
energy bins
E, 0,y =165° Opy = 145° Opy =121° Oy =13° Oy =48° Oy =29°
(MeV) N AN m N AN m N AN m N AN m N AN m N AN m
1.33 1.09 0.20 2 1.36 0.19 2 0.93 0.12 2 0.56 0.11 2 0.49 0.13 2 0.93 0.12 2
1.66 1.08 0.18 2 1.09 0.16 2 5.57 0.86 3 0.64 0.10 2 0.55 0.11 2 0.87 0.11 2
1.93 1.30 0.16 2 1.00 0.13 2 6.69 0.76 3 3.43 0.64 3 6.27 0.96 3 8.86 0.88 3
2.27 140 0.14 2 1.13 0.12 2 7.33 0.67 3 5.48 0.66 3 8.12 0.94 3 8.62 0.75 3
2.64 1.20 0.11 2 9.85 0.92 3 5.73 0.51 3 7.65 0.67 3 6.39 0.72 3 7.82 0.61 3
3.11 1.26 0.11 2 1.09 0.10 2 6.07 0.52 3 5.55 0.56 3 5.90 0.67 3 8.06 0.60 3
3.63 1.42 0.11 2 1.03 0.08 2 7.14 0.49 3 5.69 0.49 3 5.68 0.58 3 7.35 0.50 3
4.29 1.30 0.91 2 9.72 0.71 3 5.11 0.37 3 5.49 0.43 3 3.97 0.43 3 6.52 0.43 3
5.02 8.92 0.63 3 6.45 049 3 4,39 0.30 3 3.04 0.27 3 3.56 0.36 3 4.80 0.31 3
5.96 7.72 0.55 3 6.13 0.44 3 3.64 0.25 3 1.99 0.21 3 2.56 0.28 3 4,71 0.28 3
7.19 5.76 0.41 3 4,92 0.3¢4 3 2.85 0.19 3 2.28 0.19 3 2.16 0.22 3 2,95 0.19 3
8.85 5.36 0.37 3 4,20 0.30 3 2.43 0.17 3 1.23 0.13 3 1.47 0.18 3 2.27 0.16 3
10.6 4.80 0.32 3 3.32 0.24 3 1.96 0.14 3 0.83 0.10 3 1.07 0.13 3 1.89 0.14 3
13.0 3.82 0.25 3 2.41 0.18 3 1.62 0.11 3 5.71 0.73 4 5.10 0.80 4 1.25 0.10 3
16.3 2.68 0.18 3 1.99 0.14 3 1.15 0.08 3 4.64 0.59 4 3.74 0.61 4 8.25 0.69 4
21.1 2.17 0.16 3 1.50 0.11 3 8.86 0.65 4 3.07 0.45 4 2.84 0.51 4 6.13 0.55 4
28.3
than 35%. Neutron losses due to interactions in subtracted. In each spectrum there is a substantial
the target material were calculated to be ~7.5% for low energy component. The resolution of a photon
carbon, ~2.5% for oxygen, and ~5% for calcium. detector using uncollimated photons from radiative
capture on hydrogen with the same geometry as for
E. Corrected spectra the data collection runs is shown in Fig. 6(b) and
1. Photon energy spectra 6(c). The 129 and 65MeV photons are resolved with
about 100% FWHM as compared to the resolution
In Fig. 6(a) are displayed typical photon energy for a collimated 70 MeV electron beam of 70%
spectra from carbon. The contribution of acciden- FWHM.
tal coincidences, summarized in Table I, has been With no distinct peak in the photon energy spec-

TABLE III. Neutron energy and angle distributions for O target: E, indicates the lower end of the energy bin.

Neutron Neutron yields (N +AN)x 10~™ per MeV per sr per photon at various neutron-photon angles Oy
energy bins
E, bpy =165° 0y =145° 0,y =121° Opy =73° 6, =48° Oy =29°
(MeV) N AN m N AN m N AN m N AN m N AN m N AN m
1.33 0.63 0.12 2 0.88 0.13 2 4,40 0.63 3 7.21 0.96 3 1.78 0.67 3 5.64 0.80 3
1.66 0.79 0.13 2 5.19 0.97 3 5.76 0.69 3 4.41 0.74 3 5.11 0.90 3 5.71 0.74 3
1.93 7.41 0.92 3 8.41 0.90 3 6.28 0.54 3 5.55 0.61 3 4.03 0.61 3 5.13 0.53 3
2.27 9.53 0.96 3 8.58 0.77 3 5.80 043 3 4,13 0.44 3 446 0.53 3 5.49 045 3
2.64 1.01 0.08 2 7.08 0.60 3 5.69 0.37 3 6.57 0.48 3 6.33 0.54 3 7.59 0.46 3
3.11 9.45 0.72 3 8.89 0.66 3 6.19 0.38 3 5.47 0.43 3 5.70 0.51 3 7.26 0.44 3
3.63 9.65 0.63 3 8.33 0.55 3 5.70 0.32 3 6.95 0.42 3 6.13 0.46 3 7.84 040 3
4.29 8.72 0.54 3 8.79 0.51 3 5.33 0.28 3 4.81 0.32 3 4,94 0.38 3 6.69 0.33 3
5.02 7.71 0.45 3 6.91 0.39 3 4.67 0.23 3 3.61 0.24 3 3.04 0.27 3 4.68 0.25 3
5.96 5.46 0.34 3 5.83 0.33 3 3.62 0.18 3 2.83 0.20 3 2,15 0.21 3 3.64 0.21 3
7.19 4.27 0.26 3 4.37 0.25 3 2.65 0.14 3 2.34 0.15 3 1.63 0.15 3 2.87 0.15 3
8.85 4.21 0.25 3 3.76 0.23 3 2.29 0.13 3 2,04 0.14 3 1.60 0.15 3 2,16 0.13 3
10.6 2.94 0.19 3 3.20 0.19 3 1.57 0.10 3 1.24 0.10 3 6.74 0.94 4 1.64 0.11 3
13.0 2.42 0.15 3 2.24 0.14 3 1.08 0.07 3 6.40 0.70 4 5.12 0.75 4 1.36 0.09 3
16.3 1.86 0.12 3 1.63 0.10 3 1.13 0.06 3 4.91 0.57 4 3.99 0.62 4 0.83 0.06 3
21.1 1.35 0.10 3 1.17 0.09 3 0.82 0.51 3 4,07 0.50 4 1.87 0.48 4 0.66 0.06 3

28.3
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TABLE IV. Neutron energy and angle distributions from Ca target: E, indicates the lower end of the energy bin.
Neutron Neutron yields (N +AN)x10~" per MeV per sr per photon at various neutron-photon angles Oy .

energy bins
E, 0,y =155° 0,y =135° 0,y =112° 0,y = 68° Opy =48° O,y =26°
(MeV) N AN m N AN m N AN m N AN m N AN m N AN m
1.33 2,64 040 2 3.00 0.47 2 2.39 5.8 3 1.87 0.38 2 1.65 0.37 2 2.26 0.37 2
1.68 1.90 0.22 2 1.92 0.25 2 1.55 0.35 2 1.37 0.20 2 1.08 0.19 2 1.35 0.19 2
2.19 1.52 0.22 2 1.55 0.24 2 0.64 0.31 2 1.14 0.20 2 0.88 0.18 2 0.78 0.17 2
2.54 1.48 0.19 2 1.37 0.20 2 0.95 0.27 2 0.85 0.15 2 0.86 0.15 2 0.78 0.14 2
2.98 1.05 0.14 2 1.15 0.16 2 0.60 0.20 2 0.59 0.11 2 0.73 0.12 2 0.84 0.13 2
3.55 9.9 12 3 1.06 0.13 2 0.54 0.16 2 0.71 0.10 2 4.77 0.91 3 0.72 0.10 2
4.30 7.74 0.92 3 7.21 0.97 3 0.63 0.14 2 3.88 0.70 3 4.47 0.74 3 5.07 0.74 3
5.32 5.09 0.65 3 4.10 0.65 3 0.45 0.10 2 3.70 0.57 3 2.77 0.52 3 3.01 0.51 3
6.76 4.08 0.49 3 4.00 0.53 3 2.35 0.67 3 2.02 0.38 3 1.57 0.35 3 246 0.39 3
8.87 2.61 0.33 3 2.49 035 3 1.08 0.43 3 1.08 0.24 3 1.00 0.24 3 1.17 0.24 &
12.2 2.75 0.28 3 2,02 0.26 3 1.06 0.31 3 0.75 0.16 3 0.50 0.15 3 0.59 0.15 3
17.7 1.42 0.16 3 1.19 0.16 3 0.42 0.18 3 0.31 0.09 3 2.94 0.92 4 2.77 0.86 4

trum, we made an arbitrary choice of photon ener-
gy threshold at 55 MeV which excluded events with
large backgrounds. We found that the neutron en-
ergy spectrum per photon was not sensitive to the
choice of photon energy threshold. There was,
however, evidence that high energy photons asso-
ciate with low energy neutrons and vice versa,
especially for n-y angles near 180°. Because of
the poor energy resolution of the y counters, we
were unable to study this relationship.

2. Neutron enevgy spectva

Tables II-IV list the neutron yields as a function
of energy from carbon, oxygen, and calcium at
various n-y angles. The bin width represents ap-
proximately the FWHM energy resolution of the
system. Backgrounds have been subtracted. The
spectra were corrected for the energy dependent
neutron detector efficiency. In addition, neutrons
were lost because the separation of neutron and
photon signals in the n-y discrimination was not
complete and was pulse height dependent. Appro-
priate compensation for these losses and for at-
tenuation of neutrons by the target and shielding
were made. The energy spectrum for each ele-
ment, integrated over all angles, is displayed in
Fig. 7.

The structure below 5 MeV in the carbon and
oxygen spectra was not due to the neutron counter
threshold as no such structure was seen in neutron
energy spectra from all stopping pions.

The total neutron yield per radiative pion capture
in the energy interval 1.7 to 28.3 MeV was 0.76
+0.01 for carbon, 0.70+0.01 oxygen, and 0.81
+0.02 for calcium, where the errors are purely
statistical. No attempt was made to account for
the contributions from the target containers.

3. Angular correlations

Figure 8 shows the angular distributions binned
by neutron energies for carbon, oxygen, and cal-
cium. These distributions are not isotropic. The
data show peaks at 180° for the higher energy in-
terval becoming more symmetric about 90° for
the lower intervals. Over the entire energy inter-
val, 1.7 to 28.3 MeV, this maximum isotropic com-
ponent is 67% of the total yield for carbon, 74% for
oxygen, and 71% for calcium.

IV. EXPERIMENTAL RESULT

First we discuss the structure in the neutron
spectra and the energy dependence of the n-y angu-
lar correlations in a direct emission model. Sec-
ond we investigate the same for a resonance pro-
cess. We treat these two processes as incoherent,
which may be correct in practice.

A. Direct neutron emission

We calculated the radiative pion capture rates as
a function of the emergent neutron energy and the
n-y angular correlation, using distorted wave
techniques.’® The initial state proton wave func-
tion was described with an independent particle
model and a Wood-Saxon potential using the pa-
rameters of Elton and Swift.*

Final state interactions between the neutron and
the residual nucleus were calculated in an optical
model the parameters of which are known only
qualitatively. We studied various choices of pa-
rameters and the results for *C appear in Table
V. Since the Born calculation is equivalent to a
closure approximation of the capture rates, the
effect of the distortion appears in the fraction of



direct emission neutrons. The number of direct
neutrons depends strongly on the presence of final
state interactions, but is insensitive to reasonable
variations in the absorption parameter as are the
energy spectrum and the angular correlations.

To obtain absolute yields, we normalized the
calculated direct emission energy spectrum to the
experimental data above about 10 MeV. Neutron
yields from the direct emission estimate are com-
pared with the experimental yields in Table VI.
The contribution of this direct emission process
is indicated by the solid curves in Fig. 7 for neu-
tron energy spectra and Fig. 8 for n-y angular
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FIG. 7. Neutron energy distributions integrated over
all angles for (a) carbon, (b) oxygen, and (c) calcium.
The solid curves are the normalized theoretical neutron
yields due to the direct emission mechanism. The
method of normalization is described in Sec. IVA.
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TABLE V. Model parameters and number of direct
neutrons emitted following radiative pion capture by *C.

Model Neutron Relative number
potential parameters of neutrons
(MeV)
Born None 1.00
Wood-Saxon Re(V)=50, Im(V)=0 0.54
Re(V) =50, Im(V)=5 0.30
Re(V) =50, Im(V)=17.5 0.25
Bjorklund-
0.21
Fernbach 2 Energy dependent

2 Reference 15.

correlations.

For the highest energy bins in Fig. 8, the calcu-
lation reproduces the n-y correlation at 6,, >90°
for all targets. There is, however, an excess of
events at small angles, and an indication of a max-
imum at 6,, =0. These effects persist in the lower
energy bins. Thus, either our normalization of the
theoretical direct emission spectrum is incorrect
or the direct and resonant emissions interfere
strongly, modifying the distributions.!®

The calculated direct emission angular correla-
tion in the lower energy bins makes a small con-
tribution to the total neutron yield. Its angular de-
pendence is such that, when subtracted, the result-
ing nondirect component has an angular dependence
nearly symmetric about, and with a minimum near,
90°. This situation is in contrast with photoneutron
angular distributions in the region of the giant di-
pole resonance, which have maxima at 90°"

B. Resonant neutron emission
1. Neutron enevgy spectra

Inelastic electron scattering provides informa-
tion on the energy and spin-parity assignments of
T =1 levels of our target nuclei.'®*”*” The energy
of the analog states in ¥B, '°N, and *°’K can be de-
duced assuming isospin symmetry and correcting
for the Coulomb energy difference.

Tables VII-IX list excitation energies w,(T,)
from (e, e’) experiments and neutron Kinetic ener-
gies calculated for these excitations. The theoreti-

TABLE VI, Neutron yields.

Neutrons/radiative capture Estimated direct yield

Target Experimental Number %
2¢ 0.756 +0.008 0.42+0.01 55
180 0.694 + 0.006 0.36+0.01 52

40Cy 0.810+ 0.024 0.36+0.02  44.5
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cal excitation energies w,(-1) correspond to w,(-1),
and Y,(J") are the theoretical neutron yields per
photon.®'®' % Pionic atom data is summarized in
Ref. 3.

The uncertainty of the theoretical neutron line
widths and the unknown contribution of low energy
evaporation neutrons prevent us from reconstruct-
ing spectra from the theoretical models.

a. 2C, Kelly and Uberall® calculated strengths
of excitations leading to the giant resonances with
the Kamimura-Ikeda-Arima model (KIA)?*® and the
Lewis-de Forest-Walecka model (LWD).3° Only
strongly excited states which give neutrons in our

energy range and are associated with observed

(e, e’) levels are listed in Table V. Neutron yields
per photon from these levels shown in Fig. 7(a)
were calculated assuming a square distribution

1 MeV wide.

The positive parity and 4~ states have not been
calculated. Only one 2~ state has been calculated
and its neutrons were of too small energy to be
detected. The dominant contribution to the ob-
served structure is from the group of 1~ levels
which comprise the giant resonance. The spread
of the excitation strength is best represented by
the KIA model. The LWD model has w,(-1)~1.5
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FIG. 8. Angular distributions for (a) carbon, (b) oxygen, and (¢c) calcium. The solid curves are the normalized
theoretical zn-y angular correlations. The normalization used is identical to that of Fig. 7.
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TABLE VII. Predicted excitation energies, neutron energies, and yields for 2C radiative
pion capture.

(e, e’') experiments 2 LWDbP KIA P
Level W, (0)  w,(=1) E,° we(=1) Y, Jmd we(=1) Y, (dM¢
JT (MeV) (MeV) (MeV) (MeV)  (per photon) (MeV)  (per photon)
27 19.3¢7¢8 17.6 0.2 19.1 0.086 16.9
4~ 19.6¢7¢ 17.9 0.3
2+ 20.0¢ 18.3 0.9
3* 20.6 ¢ 18.9 1.4
:}_ 21‘66 190 ‘2.3 e “ e e e
1~ 22.0¢€ 203 2.7 21.6 0.015 19.5 0.025
27 B 22.2 0.034 20.3 0.046
1~ 22,7¢ 21.0 3.4 23.3 0.054 21.3 0.034
1~ 23.8°¢ 22,1 4 22.3 0.038
1~ 25.5¢ 23.8 5.9 23.7 0.023
1~ 29.0°¢ 27.3 9.1 25.6 0.014
26.7 0.008
27.7 0.007

# Measured from the ground state of the T; =0 nucleus.

b Reference 8.

¢ Calculated from w, (1), after corrections for nuclear recoil and electron loss.
dFor an excited state J7.

¢ Reference 21.

f Reference 19.

& Reference 20.

MeV too high, which is consistent with the ob- Goldhaber-Teller model, calculated the excitation
served photon spectrum of this reaction® and the strengths for this reaction.” They included the di-
neutron spectrum from muon capture.’! pole® and quadrupole®® resonance levels. We used

b. 0. Murphy et al., using the generalized these strengths and the neutron branching ratio to

TABLE VIII. Predicted excitation energies, neutron energies, and yields for O radiative
pion capture.

(e, e’) experiments ? Murphy et al.” Hill-Uberall €
Level w, (0)  w, (=1) E, ¢ wy(=1) Yo (J™e we(0)
JT (MeV) (MeV) (MeV) (MeV) (per photon) (MeV)
ny N, n, n,
2~ 17.60{ 15.6 1.6 ~--- 18.7
2~ 19‘041' 16.5 2.9 .- 20.0

1- 20957  18.4 4.7 .- 21.0

19'5f 17.0 3.3 .-
19.0f 16.5 2.9 ---
20.4f 17.9 42 .- 17.5 0.148

27 21.3
3* 20.5 0.179 '

27 23.38 20.8 7.0 0.3 e 24.5
1~ 24.48 21.9 8.0 2.0 22.0 0.072 0.030 26.6
0~ “en e cee e 22.5 0.025 29.0
2* 28.1 0.110
1* 29.1 0.179 s 29.0

2 Measured from the ground state of the T; =0 nucleus.

b Reference 9.

¢ Reference 28.

dCalculated from w, (—1) after correction for nuclear recoil and electron loss. ny (n,) are
neutrons leading to the ground (one hole excited) state of the final nucleus.

€ For an excitated state J 7,

f Reference 23.

& Reference 24,
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TABLE IX. Predicted excitation energies, neutron energies, and yields for *’Ca radiative

pion captures.

(e,e’), (p,7Y), (y,n) experiments 2

Hill-Uberall

Guy-Eisenberg ©

Level We (0)  w, (=1) E, w,(=1) web=1) Y, (J7) e
JT (MeV) (MeV) (MeV) (MeV) (MeV) (per photon)

ny ny ny n ny ny
1- 24.0f 17.7 7.9 5.4 1.7 17.2 14.9  0.072 0.035 0.030
2- 21.3fh 150 52 28 --- 15.8
2” 19.2fh 128 31 1.2 - 13.1
1- 18.7f71 123 2.6 0.6 11.8 12.8  0.17 0.044
2” 17.68h 112 15 - 11.1
1- 16.2fhi 98 0.2 9.7 8.7  0.057
2” 155fhd 91 ... 10.0

@ Measured from the T; =0 nucleus ground state.

b Reference 38.
¢ Reference 34.

dCalculated from w, (~1) after corrections for nuclear recoil and electron loss. 7,, n;, and
ny are neutrons from the ground state and to the first two one-hole excited states.

€ For an excitated state J ™.
f Reference 27.
g Reference 25.
h Reference 26.
! Reference 38.
i Reference 37.

the first one-neutron hole excited state of '°N to
calculate the neutron yields, which are displayed
in Fig. 7(b).

T S ) I S | . J

[o] 2 4 6 8 10
NEUTRON ENERGY (MeV)

FIG. 9. Legendre polynomial coefficients A, and A4,
as a function of the neutron energy for carbon. The solid
lines connect the values of A, and A, obtained without
subtraction of the normalized direct emission neutrons.
The dotted lines are for the values of A, and A, obtained
after the subtraction. .

Prominent are neutrons from the 27(E, =4.2
MeV) and the 17(E,=8.0 and 2.0 MeV) levels which
are spin-isospin states. The 2~ level has been
also seen in the photon spectrum,® and in the neu-
tron spectrum obtained by Holland, Minehart, and
Sobottka.!® The contribution from the quadrupole
states, if any, is much smaller than predicted.

c. “°Ca. Guy and Eisenberg have shown that for
medium mass nuclei, the distribution of the spin-
isospin strength among levels of a given J" is
much more fragmented than in light nuclei.** Be-
sides, the neutrons leading to the *°K single hole
excited states (3* at 15.46 MeV and 3* at 11.64
MeV) also wash out structure in the spectrum.
Thus, it is not surprising that the neutron energy
spectrum is devoid of resonance structure. Ex-
citation strengths of the 1~ states in ‘“°K due to 2p
pion absorption®* were used to calculate the neu-
tron distribution given in Fig. 7(c). The neutron
energies were calculated from the observed (e, e’),
(p,7), and (y, n) levels, and the positions of the
3K single hole states.®®

2. Angular corvelation

As we previously pointed out, the n-y angular
correlation can be used to verify the spin and pari-
ty assignment of a giant resonance state by ex-
panding in terms of a Legendre polynomial 1+A,P,
+A,P,++++ . For 'C the dominant contribution is
from electric dipole, with a computed A, of 0.43
+0.24. The experimental data were fitted to the
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second order of the Legendre polynomial; results
are shown in Fig. 9. The value of A,=0.6 aver-
aged over the energy range of 1-5 MeV is in quali-
tive agreement with a J" =17 axial vector level.
The subtraction of the direct emission neutrons
produced vanishing A, at higher energies as ex-
pected, but did not substantially alter A,.

We performed the same fitting procedure to the
oxygen data. However, the x® obtained for the
fourth order Legendre fit necessitated by both 1~
and 2~ states being present was too large to justify
any conclusion.

For “°Ca the absence of resonance structure in
the spectrum and the insufficient knowledge of the
contribution from quadrupole and positive parity
states make the procedure suspect.
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