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A B S T RAe T 

The absorption of negative pions at rest in 6 Li , "Be and 12e nuclei 

has been investigated by the study of energy spectra and the momentum di­

stributions of two neutrons, emitted at a correlation angle around 180 de 

grees. A time-of-flight technique has been used for the determination of 

the energy and the momentum of the neutrons. 

* * * 



1. - INTRODUCTION 

There is theoretical evidence (') that some information on nuclear 

structure and on nucleon pair correlations can be obtained by the study of 

reactions in which a pion is absorbed by a nucleus with a consequent emis­

sion of two or more energetic nucleons. In fact, if one assumes that the in 

teraction is direct and that it does not involve the whole nucleus, then the 

simultaneous requirements of energy and momentum conservation lead to the 

conclusion that a two-nucleon absorption process is dominant as compared to 

a single nucleon interaction. ' 

The study of the summed energy spectra of the emitted nucleons gives 

information on the two-hole excitations of the nucleus; in addition their 

relative momentum distribution, after the emission, is related to t he momen 

tum state and to the correlation of the nucleon pair in the nucleus before 

the absorption process. We performed this work limiting our attention to 

some nuclei involving the 1p shell, as is the case of 6 Li, "Be and '2 C. A 

time-of-flight technique has been used for the determination of the ener~ 

and the momenta of two neutrons emitted at a correlation angle around 180 

degrees. 

2. - EXPERIMENTAL TECHNIQUE 

The experimental apparatus is shown in Fig. 1 and Fig. 2 and is simiJar 

to the reported in ref.(2)*), apart from the fact that a proton range tele­

scope was inserted in order to investigate simultaneously (rr-,nn) and 

(rr-, np) reactions on the same nucleus; the results on the (rr-,np) reactions 

will be published in a following paper. 

*) In that arrangement the distance of both neutron counters, with respect 
to the target, was 2.40 meters; also the angular acceptance was larger 
as comparerl to the present one. Because of these facts, the energy res£ 
lution and the angular uncertanity were poorer. The effect resulted in 
a broadening of the peaks in the summed energy spectra. 
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A beam of 120 MeV negative pions from the CERN Synchrocyclotron 

brought to rest in targets of about 0.3 gr/cm2 in thickness; this was 

sible because of the excellent energy definition of the beam realized 

was 

pos­

a t 

CERN. The thickness of the targets was so small in order to reduce at a mi­

nimum the energy losses of the outgoing charged particles in the (H-,np) 

part of the experiment: a stopping rate of about 6.103 pions/sec was achie­

ved in a 10x10 cm2 area. Following a capture of a pion, a (H-,nn) event 

was r ecognized by the detection of a neutron in the smaller scintillation 

counter in coincidence with another neutron detected in any of the three 

larger scintillation counters a t the opposite side with respect to the tar­

get. The start signal of the time-of-flight of the neutrons was given by 

the output signal from the photomultiplier connected to the scintillation 

counter number 3 in Fig. 1 which was placed as close as possible to the tar 

get. This counter was a plastic scintillator of only 0.5 mm in thickness 

in order to minimize the absorptions of pions in the counter itself and 

also to minimize the ener gy losses of the outgoing charged particles in 

the (H-, np) part of the experiment. The neutron detectors were plastic 

scintillation counters of 5 cm in thickness; the smaller one was a cylin­

der, 40 cm in diameter, viewed at the rear by a 58 AVP photomultiplier 

while the other one was a system of three scintillation counters, 45x135 cm2 

in area. This system was build in such a way to approximate a spherical s~ 

face in order to minimize the differences in path from the target to the de 

tectors. Each of these counters was viewed, at the opposite shorter sides, 

by two 58 AVP phomultipliers. Due to the large lenght of these counters,the 

true time-of-flight of a neutron, hitting them, was measured by taking the 

mean value of the apparent times -of-flight determined separately by each 

photomultiplier. 

On the other hand, this arrangement enabled us to measure, the relative 

angles of emission (to a certain extent) of the emitted neutrons, by taking 

the difference of the above mentioned times-of-flight. A relative time cali 

bration of the system was done by means of light signals of simultaneously 

triggered hydrogen discharge lamps; an absolute calibration was then given 

by the position of the peak corresponding to the ground state of 4He in the 

reaction: 
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rr - + 6 Li -+ "He + 2n 

The counter number 4 in Fig. 1 acted as an anticoincidence in the beam 

telescope to detect a stopped pion and also as an anticoincidence for the 

larger neutron detector system. 

The electronic logic is shown schematically in Fig. 3; its main featu­

res are the following: identification of (~-,nn) events with localization 

in the larger neutron detector system, selection of the pulses generating 

these events from the photomultipliers and, finally, time-to-height conveE 

sion of these pulses *). After this procedure a suitable counting and memo­

ry system was used to take the relevant data of the events, namely number or 
stopped pions and three separate times-of-flight; the data were recorded on 

a tape for further analysis. 

The proton range telescope acted as an anticoincidence counter for the 

smaller neutron detector in the present experiment. The overall time resolu 

tion of the system is of the order of 1 nsec which, with the distances of 

the neutron counters, was quite sufficient to separate clearly two peaks in 

the summed energy spectrum of 6 Li (see later in the text). The energy reso­

lution is increasing in the higher excitation region corresponding to the 

lower part of the summed energy spectrum. 

*) From the electronic logic it was also possible to recognize (v-,nn) 

events when one neutron was converted in the proton range telescope; 

these events were counted but any time analysis was not possible for 

them. The proton range telescope consisted of a "sandwich" of 30 plas­
tic scintillators, each of them connected to a photomultiplier. Any cha.!: 

ged particle, traversing the telescope or some part of it, was ident! 
fied by the signals of the photomultipliers connected to the respective 
plastic scintilla tors. 
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3. - ENERGY SPECTRA 

The summed energy spectra for 6 Li, gBe and '2C are displayed in Fig.4 

*), where on the ordinate the number of neutron pairs per MeV per stopped 

pion per sterad~ is reported. This number has been calculated according to 

an evaluation of about 3.10-' for the combined efficiency of the two neu­

tron counters. This evaluation may lead to an error of about 40% in the ab 

solute absorption rate for the process under investigation because of the 

uncertain~ies in the efficiency of plastic scintillators. On the abscissa 

the sum of the energies of the detected neutrons is reported. 

All these spectra present pronounced peaks near the threshold of the 

corresponding reactions; only t he 6 Li spectrum presents a more com~ stru 

cture. In order to derive the excitation spectrum of the residual nucleon 

system, an evaluation of the momentum sum K = k'+k2(see Fig. 2) of the two 

neutrons was first done, according to a procedure discussed later in the 

paper. Af'ter this, the energy reco-il of the residual nucleon system in each 

case has been evaluated and the excitation energy spectra for the three nu 

clei correspondingly derived. 

3.1 - 6 Li (1T-,nn) 'He reaction. 

In Figs. 5 and 6 the excitation energy spectra for the 6 Li case are d~ 

splayed. In Fig. 5 the excitation spectrum is reported for three different 

ranges of the recoil momentum IKI = Ik1+k21 and for a neutron threshold ener 

gy of about 20 MeV; in Fig. 6 t he same spectra are reported for a neutron 

threshold energy of 35 MeV. The first threshold has been experimentally de­

termined by our time-of-flight acceptance interval while the second one has 

been introduced in the data analysis in order to see the influence of a hi­

gher neutron threshold on our energy spectra. By. inspection of Figs. 5a, 5b 

and 5c one can see that the first peak, corresponding to the transition lea 

ding to the 4He ground state is composed mainly by events of less than 100 

MeV/c of recoil momentum . On the other hand, the second peak (at an excita-

*) All the curves in the following figures of this paper are only tentative 
fits of the experimental points. 
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tion energy of about 30 MeV) seems to have a more complex structure as the 

range of momentum recoil is restricted to values lower than 100 MeV/c;there 

is some indication that this structure may consist of two peaks, occuring 

at 50 and 40 MeV, within our experimental resolution and statistics. It is 

to be remarked that our energy resolution in this part of the spectrum is 

almost double than in the first peak, simply because the neutron energies 

involved are much lower. Anyway it is clear that the peak at 30 MeV is 

strongly depressed when events of less than 100 MeV/c are considered; this 

fact is confirmed by comparison of Figs. 5b, 6a and 6b, which show that also 

the cut of events with less than 35 MeV for each neutron affects the height 

of this peak, without changing significantly the 'He peak. The value of 35 

MeV threshold has been chosen in connection with the different sensitivities 

of the two neutron counters in the energy region below 35 MeV; for the smal 

ler counter there is an excess of low energy neutrons, as it can be seen 

from Figs. 7a and 7b. From a shell model point of view the possible absorb­

ing nucleon pairs in 6 Li can be the (p)-2, (ps) and (S)-2 respectively; the 

corresponding peaks ahould be found at an energy excitation of 0, 20 and 30 

MeV ('). There are several arguments ( low correlation between p and s nu­

cleons) which lead to the conclusion that the 20 MeV peak has a low probab~ 

lity to be excited. From our experimental results there is evidence of two 

peaks, one corresponding to the ground state of 'He, already found in the 

experiment of ref. (4), and the other one at 30 MeV in excitation. An even­

tual peak at 20 MeV does not appear clearly, within our energy resolution, 

although can not be excluded. In an alpha-deuteron cluster model of 6 Li one 

should .expect mainly two peaks, one corresponding to the absorption on the 

peripheral deuteron, the other one corresponding to the absorption on the 

alpha structure with its consequent partial or total break-up; in the latter 

case, the corresponding peak should start at an excitation energy of about 

22 MeV. These , predictions were confirmed experimentally by the Authors of 

ref. (5), which results are in f airly good agreement with ours, although 

their experiment concerned (rr~,2p) interaction in flight. 

9(- ' )7 12 - 1 3.2 - Be rr ,nn Li and C(rr ,nn) "B reactions. 

In Fig. 8 the excitation energy spectra of "Be and 12 e are displayed. 
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The spectrum restricted to events less than 100 MeVlc in recoil momen­

tum is reported only for ·Be because for 12 C the statistics is too poor; 

this is due partly to the fact that is was found experimentally that the re 

lative absorption rate in this nucleus is 0.50 as compared to the 6 Li nu­

cleus while in ·Be is 0.80, if we normalize to 1 the absorption rate in~. 

From the figure one can see that the ·Be and 12C spectra are similar in 

shape, showing a peak near the zero excitation energy and a more or less 

smooth tail towards the higher energy excitation region. The main difference 

between the two spectra is the position of the peaks; in ·Be the maximum of 

the spectrum occurs at about 10 MeV whil e in 12C the maximum is nearer to 

the zero point. From the shell model point of view, this can be explained 

by the fact in the reactioR on ·Be the residual 7Li nucleus presents only 

5 known levels up to an excitation energy of 10 MeV which will contain a 

small fraction of the (p)-2 configuration. On the other hand, in the reac­

tion on 12C, the residual 1°B nucleus presents more than 25 l evels up to an 

energy excitation of 10 MeV which will probably exhaus all the (p)-2 confi­

guration. From Fig. 8b it can be seen that there is evidence that also s-nu 

cleons take part in the absorption process in ·Be. 

In Figs.9a and 9b the one neutron spectra, corresponding to (rr-,nn) 

events, are reported. The main features of these spectra is the absence of 

any pronounced dip, within our statistical error. In connection with the p~ 

per of ref. (6) , this fact may indicate that the observed (n,n) pairs come 

mainly from absorption in the 1S atomic orbit of the pions or, if there are 

contributions from the 2P orbit, the final state interaction does not play 

a so important role as claimed by these Authors. 

We believe that much more experimental effort should be devoted to the 

study of these TIore complex nuclei to see to what extent this kind of pro­

cess may play an important role in nuclear structure investigations. 

4 . - MOMENTUM DISTRIBUTIONS 

As previously sta ted, it was possible to obtain experimentally, to a 

certain extent, the angle a between the two detected neutrons. This was ne 
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cessary in our experiment because one can see from Fig. 2 that in our geom~ 

trical conditions, it is not possible to approximate the angle a as 180 de­

grees; in fact the maximum angle of acceptance 8 is of the order of 16 de­

grees. The procedure adopted is the following: from an approximate evalua­

tion of the hitting point of a neutron on the larger detecting system, 

cos 8 is calculated according to the formula: 

D 
cos 8 = JD2 ... X2 ... y2 

where X and Yare the coordinates of the hitting point and D is the distan­

ce between the target and the counter (see Fig. 2). The coordinate X, along 

the larger dimension of eadh counter,was measured, within 15 cm, from the 

difference between the apparent times-of-flight previously mentioned. In~ 

direction normal to this one, the uncertainty in 1ile coordinate Y corresponds 

only to the lateral dimensions of each counter (45 cm), because the electro 

nic indicated the counter involved in the event. Y is assumed equal to 

~x22.5)cm for the central detector and equal to (Rx45 + 22.5)cm for the 

other two detectors, R being a random number between O. and 1 •• *). 

From Fig. 2 the recoil momentum K of the residual system of nucleons 

is given by the following formula: 

*) This procedure is performed under the non restrictive hypothesis that ~ 
angular distribution is constant within our angular uncertainty. It has 
been verified that a different sequence of random numbers R, does not a£ 
fect either the recoil momentum spectra or the excitation energy spectr~ 
The extension of the random fluctuations of the quantity Y to the value 

(Rx42.5)cm for the central detector and to (2.5 + Rx85.)cm for the other 
ones, in order to include the angular uncertainty of the smaller detectnr, 
leaves unchanged the excitation energy spectra and affects the recoil m£ 

mentum spectra only within the actual statistical error. The angular di­
stributions within our geometrical acceptance were not plotted; they are 
slowly monotonic decreasing functions of 8. 

18 c 



- 1:;' -

where k, and k2 are the measured absolute values of the neutron momenta, 

,9 = 1800 
- a. The distributions, as function of K, of the quantities so 

calculated,are displayed in Fig. 10a, 10b and 10c, for the three nuclei un­

der investigation. On.t he ordinate, the quantity: 

a W(k) 
aK J 

-1 

- -0.98 aK ay dy 

with Y = cos a is reported in arbitrary units. In the case of 6 Li two cur­

ves are plotted on the same diagram , corresponding to events belonging to 

the 4He peak and the remaining ones respectively. 

From a theoretical point of view (Ref.(7)), it is perhaps more intere 

sting to know the quantity: 

a2 
W(k) I 

aK ay y = -1 

which can be evaluated experimentally only under t he condition of vanishing 

detector solid angle. This was approximately true in the experiment of re 

ference (4); in our case this approximation is very crude. On the other hand 

a selection of events around the center of our counter system has to poor 

statistic to be physically significant. Anyway the momentum distributions, 

obtained by assuming cos a = -1 (i.e. considering K = k,-k2), are reported 

in Figs. 11 a, 11 b and 11 c, for the three nuclei respectivel y. Looking at all 

these distributions, it is to be noted the progressive broadening of the 

curves, going from 6 Li to '2 e, a fact which can be certainly attributed to 

the different momentum states of the nucleon pair before the absorption pr£ 

cess. (Ref. (0) and (9)). 

* * * 
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FIGURE CAPTIONS 

Fig. 1 - Experimental set-up. 

Fig. 2 - a) Geometrical acceptance and b) kinematical relation between the 

two neutron momenta. 

Fig. 3 - Electronic block-diagram. 

Fig. 4 - Summed energy spectra for 6 L· 
~, °Be and I· C• 

Fig. 5 - Excitation energy spectra of 6 Li with 20 MeV neutron threshold; 

a) 0-230 MeV/c, b) 0-100 MeV/c and c) 100-230 MeV/c. 

Fig. 6 - Excitation energy spectra of 6 Li with 35 MeV neutron threshold; 

a) 0-180 MeV/c, b) 0-100 MeV/c and c) 100-180 MeV/c. 

Fig. 7 - 6 Li energy spectra of one neutron, correlated in a (~-,nn) event; 

a) smaller counter, b) counter system. 

Fig. 8 - Excitation energy spectra of 'Be and I· C with 20 MeV neutron thre 

shold; a) "Be, 0-230 MeV/c, b) "Be, 0-100 MeV/c and c) "C,0-230 

MeV/c. 

Fig. 9 - Energy spectra of one neutron, correlated in a (~-,nn) event; 

a) "Be target nucleus and b) '. C target nucleus. 

Fig. 10 - Recoil momentum spectra corresponding to the nuclei; 

a) 6 Li , b) 'Be and c) "c. 

Fig. 11 - Recoil momentum spectra, obtained by assuming cos a = -1, corre­

sponding to the nuclei; a) 6 Li , b) 'Be and c) '·C. 
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