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The non-Dadiative single neutron emission process fol l ow

ing the 1T-- capture in nuclei plays an important role in t h e 

studies regarding the nuclear structure, the existence of ~-

condensation and Ll-isobars in atomic nuclei, as well as in 

the investigation of the pion absorption mechanism itself, 

particularly of the single nucleon absorption mechanism. Two 

other single nucleon emission processes are relevant to this 

regard, that is,the charge symmetric process ( n+ ,p) and the 

(1T-,p) process. 

Theoretically, the single nucleon emission following the 

pion absorption is ascribed to either the absorption by an 

1) . f b uncorrelated nucleon or to a mechanlsm 0 capture y a 

correlated pair of nucleons with the emission of one energetic 

nucleon while the other nucleon remains trapped in the nucleus 
2 ). Both these mechanisms have been studied and the different 

models predict rather different absorption rates. 

Experimentally, the non-radiative single neutron emission 

following the absorption of negative pions at rest in nuclei 

heavier than 4He (see ref. 3» has been observed in rather 

few investigations. In fact, as far as we know, there are but 
4 

two such investigations, i.e., that of Deutsch et al. ) re-

garding the 7Li (7{,n)6He (g.s.) reaction and giving a yield 

-2 f 1 5) .. of 1.8x10 ,and that 0 Bassalleck et a. glvlng rates 
-3 

of (1 - 2) x10 per stopped pion for the (rr-, n) reaction on 

6. 7. d 12 Ll, Ll an C. 
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In this paper we present the results of a measurement of 

the inclusive energy spectrum of the neutrons, as well as of 

that of the protons, emitted after the absorption of negative 

pions at rest in 12C. The high energy tail of the neutron 

spectrum exhibits a peak. corresponding kinematically to the 
12 _ 11 

single neutron emission process C(~ ,n) B. The area under 
-2 

such peak gives an emission rate of 1.7x10 per stopped pion, 

which is about ten times greater than that reported in ref. 

5) • 

The neutron and the proton energy spectra have been mea-

sured during a kinematically complete experiment regarding 

the pion absorption at rest on 12C that we have carried out 

at TRIUMF. The main purpose of the experiment was to study 

the emission of (n,n), (n,p), (n,d) and (n,t) pairs in time 

correlation with an event of capture at rest of a negative 
6 

pion in the target ). 

The single neutron emission is predicted to be a rather 

rare process with respect to other neutron-emitting channels 

of the pion absorption reaction. This fact implies some ex-

perimental difficulties concerning the background which, on 

the other hand, are partially compensated by the fact that 

the neutrons produced in the single neutron emission channel 

are expected to appear in the 

case of 

high energy region of the spec-

12C the single neutron emission trum. In the specific 

channe l ~+ 12C -.llB + n gives a monokinetic neutron of 

residual nucleus 11B remains in its ground 111.7 MeV (if the 

state), that is a value which is as much as 10 MeV greater 

than the kinematical limits of the two-particle emission 

channel s ( rr ,nn) and (1f"" ,np) . 

The experiment has been performed using the low energy 

ff-JA channel M13 of the TRIUMF cyclotron 7). This channel 
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provides a pionic beam selectable in both momentum and inten-

sity. For our experiment we have chosen a momentum of 113 

MeV/c (corresponding to a pion energy of 40 MeV) with a mo

mentum dispersion of 2.8% determined by the aperture of the 

horizontal slits of the beam transport system. Through the 

choice of such momentum a compromise between beam intensity 

and stopping rate of pions in the target was realized which 

was compatible with the use of a target thin enough to let 

the charged particles, produced in the absorption reaction, 

to escape from the target without a significant energy loss. 

was a 

In fig. lour experimental set-up is shown. The target 

slab of graphite 0.204 gr/cm
2 

thick. The rate of stopped 

pions was measured by means of a beam telescope very similar 
. 8 

to that described ln ref. ). 

The neutrons were detected by means of four neutron coun-

ters and their energies were measured with the time-of-flight 

method. Each counter consisted of a NE 110 scintillator slab 
. 2 

havlng an area of (200x15) cm and a thickness of 5 cm. The 

performances of such counters are reported in ref. 9). The 

four counters were arranged in two pairs and placed one on 

the top of the other in each pair. Each counter had its own 

electronics so that the four counters were working independent-

ly one from the other. So, it was poss ible to accumulate a 

higher statist ics than by using only one. counter, as well as 

to check the relative consistency of the behaviour of the 

counter pairs, which were located in zones of the experimen-

tal area c h aracterized by different backgrounds. Because of 

t heir locations with respect to the beam telescope, and due 

to the presence of anticounters in the latter, the four neu-

tron counters did not detect the c harged particles. 
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The neutron time-of-flights were measured over a flight-

path of 5.2 meters and with an overall time resolution of 

about 650 psec. This value of the time resolution was deduced 

from the energy resolution of 3.5 MeV associated with the 

peak 

ref. 

of 90-MeV neutrons of the "-+ 4He reaction measured in 
8 

). Such overall time resolution was originated by (a) 

the intrinsic time resolution of the neutron counters measur -

ed with the beam electrons (see fig. 2), which included the 

time resolution of the b eam telescope counter delivering the 

start signal (counter CT2 in fig. 1), and (b) the spread due 

to the different flight paths of the pions hitting the target 
10 

as well as to the degrader effect (see ref. ). A rough e-

stimation of the two contributions mentioned in (b) l ead to 

a total value of the time resolution that was in agreement 

with the aforesaid value. Owing to the large dimensions of 

the neutron counters it was necessary to determine the momen-

tum directions of the detected neutrons in order to take into 

account the differences in the lengths of the neutron flight

paths. This was performed by means of a time-of-flight tech

nique, described in ref. 11), which allowed the determination 

of the neutron momentum directions with an uncertainty of the 

order of 1 degree. The energy threshold of the neutron detect-

ors was set at about 6 MeV for electrons, i.e., at about 11 

MeV for protons. This was done by using the beam electrons 

and taking into account the equivalence in light output of 

electrons and protons in plast{c scintillators according to 
12 

the data of ref. ). Setting the threshold at higher values 

would not have improved the overall time re solution signifi

cantly. On the other h and , since the object of our experiment 

was to investigate the particle emission due to the direct 

reaction mechanisms of the pion absorption reaction, the c ho-
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sen threshold was high enough to eliminate the low energy 

boiling-off neutrons emitted in the pion absorption processes 

as well as to suppress almost completely the low energy gamma 

rays coming from the deexcitation of the residual nuclei or 

from neutron captures and pion anelastic reactions. Finally, 

it has to be pointed out that a low energy cut at 14 MeV was 

introduced in the neutron energy spectrum by the computing 

program used off-line for handling the data. 

The energy dependence of the efficiency of the neutron 

counters, for the chosen threshold, 
13 

8 
(see ref. )) was calcu-

lated using a MonteCarlo Code ). The calculated curve has 

been normalized to the experimental value for the 90-MeV neu-
4 trons of the (n,t) channel of the reaction 11 + He, as report-

ed in 
8 

ref. ) . 

The protons were detected by means of a counter which 

is described in detail in ref. 11). It is called range tele-

scope in fig. 1. Such counter allowed the identification of 

the detected particles emitted following the pion absorption 

reaction, which were either neutrons or protons or heavier 

ions. The proton energies were measured with the time-of-

flight method with a flight-path of 4.02 meters, and being 

the counter overall time resolution of the same order as , 

that of the neutron counters. The energy threshold 

proton detection was set at 19 MeV as described in 

for the 
11 

ref. ) . 

In fig. 3 the measured inclusive neutron time-of-flight 

spectrum is shown. It results from the addition of the spec-

tra of the four counters corrected for background (different 

for each counter) but not corrected with regard to the posi-

tion of the detection point. The latter correction is not 

large and affects the spectrum structures negligibly. It has 

been introduced, anyway, in the energy spectrum, as pointed 
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out below. 

The part of the spectrum corresponding to the fastest 

. neutrons is reported in fig. 4. To show the mutual consistency 

of the behaviour of the neutron counters, two of the components 

of the spectrum of fig. 4,as measured by one counter of each 

counter pair,are reported in fig. 5. Such spectra are not 

corrected at all, that is, they represent the straight output 

of the time-to-digital converter. 

The spectrum of fig. 4 (or fig. 3) clearly exhibits a 

"prompt peak". This peak originates from gamma rays that are 

produced by charge exchange or radiative capture reactions 

induced by pions in the target itself as well as in the ab-

sorbing materials present around the target. Few electrons 

bypassing the electronic discrimination performed with the 
10 

beam telescope as described in ref. ), may also contribu-

te to such peak. So, the source of the particles responsi-

ble of this peak, although correlated in time with the pion 

absorption event, is not geometrically well defined but is 

distributed in the target region. This is why the fwhm of 

the peak is relatively large (1600 psec). 

Apart from the prompt peak, in the spectrum of fig. 4 

two other peaks are clearly present at 39 nsec and 42.5 

nsec, respectively. Their positions on the time scale with 

respect to the prompt peak correspond to the time-of-flight 

values - calculated on the basis of the pure kinematics -

pertaining to the 111.7-MeV neutrons emitted in the 'IT' + 
12 11 C _ B + + n reaction (38.7 nsec), 

to the 90-MeV neutrons emitted in the 

and, 

11 + 

respectively, 
4 

He _t + n re-

action (42.5 nsec). The latter reaction is supposed to oc-
12 

cur on an alpha-cluster of the structure of the C nucleus. 

The energy spectrum, corrected by taking into account 
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the neutron impact point position, is shown in fig. 6. It 

exhibits structures at 111 MeV and 89 MeV corresponding to 

the two peaks in the time-of-flight spectrum at 39 nsec and 

42.5 nsec, respectively. 

The peak at 111 MeV, which is well above the kinemati

cal end point of the ( ~- ,2n) reaction at 101 MeV, corre-

sponds - as said above - to the 
12 _ 11 

action C( r ,n) B, leading to 

single neutron emission re-
1 1 . . 

the B nucleus ln ltS 

ground state or one of its low energy excited states. In 

fact, our energy resolution in this energy region is of 

about 4.5 MeV (fwhm value) and is not sufficient to sepa
l! 

rate the ground state of B from its low energy excited 

states, if populated.It should be pointed out, also,that the 

neutrons contributing to this peak can be originated by the 

pion absorptions in the carbon nuclei of the target as well 

as of the scintillating medium of the beam-telescope coun

ter which is located just before the target. Such counter 

(CM3 in fig. 1) is a plastic scintillator NE102A of (lOx 
2 10) cm and 0.05 cm thick, located 16 cm before the target. 

The contribution due to this counter relative to that due 

to the target can be estimated from the ratio of the coun-

ter-to-target thicknesses. Such contribution is equal to 

w 16%. (In this estimation it has been neglected the pion 

captures occurring in the air present between the counter 

and the target, which anyway do not involve carbon nuclei). 

The aforesaid contribution has been found also experiment-

ally and is shown in fig. 7 by the dashed curve. In such 

figure the dashed curve appears shifted towards the higher 

energies with respect to the solid curve which represents 

the contribution due to the target. This shift is in agree

ment with the fact that the latter contribution is due to 
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neutrons originated by pions stopped in the target, that 

is, 16 cm after the counter, or, about 1.5 nsec later than 

those stopped in the counter. The latter number is the e

stimated average time required by the pions to cover the 

counter-to-target distance. Furthermore, the differenc e in 

the neutron flight-paths from the counter or from the tar

get to the neutron detectors is taken to be negligibl e. 

The area under the peak at 39 nsec of fig. 4, that is, 

the a r ea under the peak at 111 MeV of fig. 6, is equal to 
-2 

(1.7Of:O.34) x 10 

ten times greater 

neutrons per stopped pion, that is about 

that the value reported in ref. 5). Such 

discrepancy might be due to a different estimation of the 

energy dependence of the neutron detection efficiency at 

such high values of the n eutron energies. Also the degree of 

accuracy with which the absolute number of stopped pions is 

determined may sensitively affect the evaluation of the peak 

area. 

The less pronounced peak a~ 89 MeV can be attributed -

as said before - to the 4He ( ft'-,n )t channel 
• 

sorption reaction on a n alph a structure of 

of the pion ab-
12 

the C nucleus. 

The fwhm of this peak (~ 10 MeV) is about three times larg-

er than our energy resolution in this region, which is about 

3 MeV. It is also larger than the fwhm (~3.5 MeV) of the 

peak due to the same reaction channel and exhibited by the 
. 8 

neutron spectrum measured ln ref. ), which concernes the 

pion absorption in a liquid helium target. This can be ex-

plained by considering that the alpha-cluster substructure 

that possibly exists in the 12C nucleus is not to be necessa-
4 

rily identified with the structur e of an He nucleus . Fur-

thermore, also the eventual inelastic interactions that the 

emitted neutron might have with the remaining nucl e ons o f 
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12 
the C nucleus, before emerging from the nucleus itself, 

should be taken into account. 

In fig. 8 the single proton energy spectrum is shown: . . 

Remarkable differences in shape between this spectrum and 

the neutron spectrum of fig. 6 are evident. In fact, in the 

low energy region the neutron spectrum exhibits a much more 

complex structure than the proton spectrum. Furthermore, at 

1he high energies the proton spectrum drops down more quickly 

1han the neutron spectrum, terminating pratically at about 80 

MeV and presenting no significant structures. This can be 

expected by taking into account that the probability per 

stopped pion for the single proton emission process 12C(W-,p) 

11. 1 Be 1S equa to 
+ -4 

(4.5 - 0.8) x 10 ,as found by Coupat et 
14 

al. ), that is, smaller by a factor of the order of one 

hundred with respect to the probability for the single neu-

. 12 ( - ) 11B f d' h tron emiss10n C 1r ,n as oun 1n t e present work. 

This result is very important for ·testing different mo

dels for the pion absorption process. In fact, such result 

could find an explanation, for example, in terms of quite 

different absorption mechanisms, that is, the one nucleon 

absorption mechanism 11' + p ..... n in the case of the single 

. . 1 ) neutron emlSS10n , and a more complicated mechanism in 

the case 

exchange 

of the single proton emission in which a charge 
15 

absorption reaction is implied ). Another hypo-

thesis consists in describing the single nucleon emission 
. 2 

through the interaction of the pion with a nucleon palr ). 

In such case different possibilities should be considered. 

In fact, the nucleon which is emitted with all the available 

energy can be either the absorbing nucleon (single neutron 

emission), or the one correlated with the absorbing nucleon 

(either single proton emission or single neutron emission). 
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The various chances involve differently the (p,p) and (p,n) 

pairs. As a consequence the ratio of the single neutron e-

mission to the single proton emission probabilities should 

reflect in some way the relative number of the (p,p) and 

the (p,n) correlated pairs existing in the capturing nucleus, 

and therefore it should be explained by the nuclear structure 

models. 

A final result that can be drawn from the neutron spec

trum of fig. 6 concernes the multiplicity of fast neutrons 

(above about 16 MeV). This turns out to be equal to 1.25 neu

trons per stopped pion, in good agreement with the average 

value 1.4 reported in the lit erature 16). Such number depends 

obviously on the low energy cut-off. 
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FIGURE CAPTIONS 

• 
Fig. 1 Experimental set-up. 

Fig. 2 Intrinsic time resolution of the neutron counters. 

The conversion factor is 40 psec per channel. 

Fig. 3 Single-neutron time-of-flight spectrum. 

Fig. 4 Time-of-flight spectrum of the fastest neutrons. 

Fig. 5 Single-neutron time-of-flight spectra measured by 

the n eutron counters NC2 and NC3. 

Fig. 6 Single-neutron energy spectrum. 

Fig. 7 Contributions to the neutron energy spectrum due to 

the beam-telescope counter CM3 (dashed curve) and 

to the carbon target (solid curve). 

Fig. 8 Single-proton energy spectrum. 
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