
ISTITUTO NAZIONALE FISICA NUCLEARE 

INFN/AE - 84/9 

8 settembre 1984 

C. Cernigoi, R. Cherubini, N. Grion, G. Pauli 

and R. Rui: 

NEUTRONS, PROTONS, AND DEUTERONS EMITTED AFTER ABSORPTION 

OF STOPPED n- IN 6 Lr, 

SERVIZIO RIPRODUZIONE DELLA 

SEZIONE DI TRIESTE DELL'INFN 

.J 



NEUTRONS, PROTONS, AND DEUTERONS EMITTED 

AFTER ABSORPTION OF STOPPED NEGATIVE 

PIONS IN 6Li, 'Be, "0 AND "AI 

c. CERNIGOI, N. GRION <*), G. PAULI and R. RUI 

Istituto di Fisica, Universita' de91i Studi , Trieste 

and 

INFN, Sezione di Trieste, Italy 

and 

R. CHERUBINI 

Istituto di Fisica, Universita' de91i Studi , Padova 

and 

INFN, Laboratori di Le9naro, Padova, Italy 

<*) Present address: TRIUMF, Vancouver, Canada 



CONTENTS 

1.0 INTRODUCTION 

2.0 EXPERIMENTAL PROCEDURE 

2.1 Pion BeaM Monitor 

2 . 2 Absolute NUMber Of Stopped Pions 

2.3 Neutron Detection 

2.4 Charsed Particles Detection 

2.5 Data Reduction And Analysis 

2.6 Enersy Resolution 

3.0 EXPERIMENTAL RESULTS 

3.1 Neutron MeasureMents 

3.2 Charsed Particle MeasureMent~ 

4.0 CONCLUSIONS 

REFERENCES 

TABLES 

FIGURE CAPTIONS 

5" 

6 

6 

B 

10 

11 

12 

15" 

16 

16 

21 

27 

31 

.. 33 

37 



5 

1.0 INTRODUCTION 

The measurement of inclusive energy spectra of ~ighly 

energetic (E 2 20 MeV) neutrons, protons and deuterons 

emitted aFter the absorption of stopped negative pions in 

light nuclei is an useFul tool For investigating the pion 

absorPtion process [1-8J. This process is described in terMS 

of either the two-nucleon [3J or the many-nucleon [4J 

absorPtion mechanism. Measurements of the high-energy parts 

of neutron and proton spectra can provide indications about 

the competition between these two mechanisms, since in these 

regions Final state interactions (FSI) weaKly aFFect the 

inFormation brought by nucleons directly involved 

absorption process (primarY nucleons). 

in the 

Another problem concerns the single-nucleon emission 

process [5,8] 

measurements of 

spectra . 

which can be investigated by accurate 

the highest energy end of the nucleon 

Finally , energy measurements of the highly energetic 

deuterons can give inFormation as to whether subh particles 

are emitted aFter many-nucleon absorPtion of pions (and are 
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then "pre-existing" in the nucleus) or whether they are 

emitted as a result of two-nucleon absorption Followed by 

FSI (picK-up or KnocK-out reactions) [7.8J. 

The present report siues the results of an eKPeriment 

conducted with the aim of Measuring neutron. proton and 

deuteron spectra From 'Be, "0 and "AI (only 

neutrons). Measurements were perFormed with sood enersy 

resolution. such that in the neutron spectra of all the 

studied nuclei clear evidence was obtained of structures 

Kinematically correspond ins to the emission of a sinsle 

neutron. 

Inclusive enersy spectra of neutrons were measured For 

'li by 8assailecK et al. [9J and by IsaaK et al. [12J. For 

"Be by BassallecK et al. [9J. For "0 by Klein et al. [10] 

and by Madey et al. [11]. and For "AI by Madey et al. [111. 

Inclusive proton and deuteron spectra were measured For 'li 

by Sennhauser et al. [13] 

2.0 EXPERIMENTAL PROCEDURE 

2.1 Pion 8eam Monitor 

The eKPeriment was carried out usins the Mll and M13 

beam lines at TRIUMF. Particles Furnished by these channels 

were monitored by a beam telescope (BTl of 6 plastic 

scintillator counters placed. with respect to the pion beam 

direction. as shown in Fis.l. 

This 8T. described in reF.14. is diFFerent From the 
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conventional ones [9.10.12.13] since it includes two More 

vetocounters which facilitate a better deterMination of the 

absolute number of stopped pions. 

All the incomins beam particles (,,-. 1'- were 

identiFied by measurins their time-of-Flisht (TOF) between 

the Tl pion production tarset [15] and the plastic counter 

labelled CT2 in Fis.1. To this purpose. a sisnal from a 

capacitive probe (CP) in the main proton beam line was used 

as stop sisnal. while the start sisnal was delivered by the 

CT2 counter. 

An incident pion was monitored by the coincidence 

r =CP*CMl*CT2*CM3*CA4*CAG and a stopped pion by the 

coincidence S =CP*CM1*CT2*CM3*CA4*CA5*CAG. The ratio R = 5/1 

determined the ineFFiciencY of the CAS counter. When only 

the electron beam component was selected R = 0.37.. The same 

value was obtained For vetocounters CA4 and CAG. 

Fis.2 shows the ranse curve measured For "0 (H,O 

tarset) as a Function of the CH, desrader thickness usins 

M13 pions with initial enersy of 43 MeV. Ranse curves for 

the other tarsets had the same behaviour as for "0 and are 

not reported in the Fisure. The outstandin. feature of such 

ranse curves is the hish stoppins rate in thin tarsets (see 

table 1). It is important to note that the doorway For both 

reliable bacKsround subtraction and absolut~ pion stop 

normalization is a hish stoppins rate tosether with a hish 

tarset-in to tarset-out ratio. Relevant quantities related 

to th e experiment are listed in table 1 . 
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In the case of the Mil channel, a satisfactorY 

comprom i se was obtained between the pion flux intensity and 

the degrader thickness needed to slow · ,jo~," the inCOMing 

pions when pions with initial energy of 80 MeV were chosen. 

However. the use of thicker targets (2 g/cm 2 ) was necessary 

to assure significative statistics for the collected events 

(only neutrons) in a reasonable amount of time. 

2.2 Absolute Number Of Stopped Pions 

As de5cribed above. a stopped pion was monitored by a 

-- -- --
coincidence signal CP*CM1*CT2*CM3*CA4*CA5*CAG. However, 

e~Jery particle passing through CM3 and missed by 

vetocounters simulated a stopped pion. When the selected 

degrader thicKness was inserted. the largest source of such 

events l.Jere pions decaying into muons between CM3 and the 

target position. Other sources, liKe the BT inefficiency. 

did not sensibl y contribute to the statistics. since they 

accounted for only a few per mill. 

A slowed down pion merging from CM3 has an energy which 

was calculated to be 12 MeV. on the average. The probability 

for the pion to decay before being absorbed by a target 

J'\ucleus is G%. Within this probability. due to the "non-

-conventional" geome t rY of our BT. about 30% of the daughter 

muons are not vetoed . Thus. the total number of stopped pion 

coincidence signals is contaminated by (less than) 2%. 
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As stated above, the BT ineFFiciencY was Mainly due to 

daughter Muons of lower energy cOMing FroM pion decays, 

speciFically, Muons of energy not greater than 2 MeV. In 

Fact, a 2 MeV Muon born at CM3 and travelling FroM CM3 to a 

vetocounter loses at Most 0.5 MeV and reaches the 

vetocounter with about 1.5 MeV energy. Now, the beaM 

electrons release 0.9 MeV in the vetocounters and 1.5 MeV 

muons have the saMe scintillation response as these 

electrons [lS]. So the BT eFFiciency of 99.77. Measured For 

beaM electrons can be attributed to 2 MeV Muons cOMing FroM 

pion decays. These Muons, according to the KineMatics of 

pion decay (Full curve in Fig.3) span an angle FroM 0 UP to 

34 degrees and the fraction of Muons eMitted in this 

angular range can be evaluated by integrating the dashed 

curve in Fig.3 within the saMe angles. This curve 

illustrates the relative nUMber of Muons eMitted aFter the 

decay of 12 MeV pions as a Function of the lab angle; it was 

generated by exploiting the isotropy of pion decay in the 

center-oF-Mass FraMe. In our case the percentage of muons 

with an energy less than 2 MeV, eMitted FrOM 0 to 34 

degrees, accounted For 297. of the total number of eMitted 

muons. 

The overall percentage of muons Missed by vetocounters 

was deterMined by integrating over the pion energy range. 

Such a value turned out to be slightly lower than 297.. 
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2.3 Neu t ron Detection 

Part i cles i n coincidence with a stopped pion were 

detected by four bars of NE110 plastic scintillator 

(200x1SxS)cm 3 [17-19J. Neutron signals were electronically 

picKed out by vetoing charged particle signals with 

vetocounters CA4, CAS and CA6 and by rejecting nuclear gamma 

signals with a safely high pulse threshold correspopding to 

14 MeV proton energy . In fact, since this experiment 

proposed to measure the high energy region (E } 20 MeV) of 

the particles emitted after pion absorption, a high common 

neutron detection threshold (14 MeV) was chosen. The neutron 

efficiency was ca l culated with the Monte Carlo code of 

ref.20 and normalized to the experimental value at 90 MeV 

obtained by measuring the yield of monoenergetic neutrons of 

the 'He(lt-,n)'H reaction [21J. 

Neutron energies were measured with the TOF method over 

a flight distance of S10 cm for Nl and N2 and 480 cm for N3 

and N4 (notations are referred to fig.l). The overall 

resolution was of 6S0 psec at FWHM. 

time 

As an example, the neutron TOF spectrum measured for 

'Li is shown in fi g .4. In this figure a prompt peaK is 

evident, which is due to particles flying with the speed of 

light. These partic l es are mainly gammas produced by 

radiative pion capture s or pion charge exchange reactions in 

proximity of the target. I.1deed, electrons missed by 

vetocounters might also contribute to this peaK . It is 
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interesting to note that in the bacKground spectruM the 

proMPt peaK is Much broader. This is due to the Fact that 

induced gammas do not originate in a Fixed point (the 

target). but in an extended region surrounding the tarset 

(lJetocounter, CM3. Frames and air). In Fact. aFter 

bacKground subtraction. the prompt peaK is sharply deFined. 

clearly indicatins the tarset contribution. and this was 

used For calibrating the time axis of the spectruM [ZZJ. The 

part of the TOF spectrum correspond ins to the hishest 

energies is shown in Fig.5. The contribution of particles in 

the kinematically Forbidden resion. correspond ins to TOFs 

between 18 and 34 nsec, is ascribable to chance 

coincidences. 

2.4 Charsed Particles Detection 

Protons and deuterons were Mass identiFied by a range 

telescope (RT) described in reF.23. It consisted of an array 

of eisht NEll0 plastic scintillator slabs 20.80 CM' havins 

diFFerent thicknesses. For every detected particle the three 

quantities P • approximate ranse and E*dE were measured. 

The two plots E*dE versus and versus range 

unambisuosly identiFied p and d FrOM other detected charsed 

particles. A charsed event was deFinitevely rejected when 

only a dE signal (provided by the First slab of the RT) was 

recorded. This resulted in an enersy threshold of 18 and 26 

MeV For p and d. r~spectively. An E signal (provided by the 
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other seven slabs of' the RT) not Followed by a dE signal 

identiFied "neutral " events. These events were mainly due to 

neutrons, since nuclear were biased by the high 

neutron detection energy threshold. set at 12 Met.! proton 

ener9Y. The neut ron eFFiciency was calculated with the 

Method ' described in the previous paragraph. 

Proton and deutero'1 energies (.Jere deterMined by 

Measuring their TOFs over a Flight path of 388 CM with an 

overall tiMe resolution of 700 psec at FWHM. 

2.5 Data Reduction And AnalYsis 

The diFFerential neutron and proton energy spectra. in 

units of events per stopped pion per MeV. were calculated 

with the Following expression: 

EVENTS 4" A 
= * 

" -stop*dE 

where A is the nUMber of counts in an interval E , E+dE. Q 

is the total solid angle of the counters. ,,--stop is the 

absolute nUMber of stopped pions. and dE is the binning 

energy interval lin units of MeV). For a given energy E. the 

quantit y A was evaluated as A = IB-aC)/,IE). where B are the 

events collected with target - in. C the events collected with 

target-out. " is a paraMeter ,jeFined below. and , (E) is 

the eFFiciencY of the counter, being 1 in the case of 

charged particle detection. The absolute nUMber of stoPfJed 

pions was evaluated as T - a F. where T and F are the total 
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number of pions stopped with target-in and -out, 

respectivel y, and CL is deFined as 

CL = 
T 

F * 
F 

t 

where t and F are the numbers of pions stopped per second 

(100 ~A priMarY beaM) 

spectively. 

with target-in and target-out, re-

The neutron spectra obtained From Five independent 

counters allowed us to checK For possible sYstematic errors 

that would result in an incorrect behaviour of the Final 

spectra. In Fact, FrOM this COMParison data FrOM the neutron 

counters Nl and N2 were rejected because they showed the 

beaM tiMe structure added UP over the time of Fl ight 

spectra. Moreover, having used one of the Five counters (RT) 

For both neutron (n) and charged particle (ch) detection, 

and being both spectra Measured simultaneously, we were 

conFident that the values of the nlch ratios evaluated FrOM 

these data were accurate. 

Vertical error bars in the neutron and charged particle 

spectra were calculated FrOM the above eKPression by 

propagating the errors. Poisson statistics were used to 

evaluate errors For Band C. No error was aSSUMed in the 

evaluation of the solid angle because of the small depth of 

the counters compared to the counter-to-target distance. 

Because of the very good discrimination between pions and 

other particles (Muons and electrons) in the beam, and 

because of the high target-in to target-out ratio, the e rr or 



14 

i.n deFining the absolute nUMber of stopped pions in the 

target was relatively sMall cOMPared to other errors. 

Finally, the error associated with the evaluation oP [(E) 

was ±5X as given by the authors oP reP.20. 

Particular accuracy was used to evaluate the yields Par 

the single nucleon eMission: both bacKground due to chance 

coincidences and three bodY phase space contribution Polded 

with the energy resolution were subtracted. The statistical 

error associated with the bacKground was taMen into account. 

In the case oP charged particle eMission all the 

Measured yields are given with an error that also includes a 

6X error (upper liMit) due to inePFiciency in discriMinating 

among charged particles. 

Finally, the yield of neutron eMission 

,jiFPerent target was calculated For two 

collected in diFFerent runs using two 

FroM 

sets 

the 

oP 

diFFerent 

data 

b ea., 

channels (see table 1). Neutron intenSities with Mll were ax 

lower than those with M13 ("uoted in this paper), while 

there was no appreciable diFFerence in the shape of the two 

spectra. This discrepancy is MOst liKely ascribable to Muons 

FrOM pion de ca YS that were stopped by the thicKer target, 

and to a large experiMental baC~~9raund originated by the 

slowing down of the higher energy pions delivered by the Mil 

channel. 
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2.6 Energy Resolution 

Horizontal error bars in the neutron energy spectra 

were deterMined froM the tiMe resolution of the SysteM. 

while in the case of charged particle spectra the error due 

to energy loss in the target also contributed to the total 

error. Thin targets of 0.5 9lCM' thicKness or less were 

used so that the error in the energy deterMination of 

protons and deuterons due to energy losses in the targets 

did not appreciably affect the energy resolution in the high 

energy region of the spectra. The overall tiMe resolution of 

the SYsteM was assuMed to be equal to the observed width 

(FWHM) of the proMPt peaK for the 'Li target. The tiMe 

resolution was 650 psec for counters N3 and N4. and 700 psec 

for the other counters (In the TOF spectruM of fig.5 it 

results larger because of the binning interval of 400 psec). 

The FWHM Measured with the counters positioned downstreaM of 

the beaM. and using the electron COMPonent of the beaM. was 

found to be of 400-450 psec. thus confirMing the calculated 

value of 530 psec for the tiMe Jitter of the pions going 

frOM the CT2 counter to the target. 
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3.0 EXPERIMENTAL RESULTS 

3.1 Neutron Measurements 

The measured enersy spectra of neutrons emitted aFter 

absorPtion of stopped nesative pions in 6 Li , 'Be, "a and in 

"AI are shown in Fiss.6-9. The error in enersy in all these 

spectra is about 41. at 110 MeV. All spectra are shown with 

bacKsround subtracted. The residual bacKsround From chance 

coincidences is indicated by dashed lines. The expected 

contributions of the reactions to the inclusive 

neutron spectra were calculated with the three-body phase-

-space and are shown by the solid lines. These calculations 

were normalized to the measured spectra in the region 

delimited by the Kinematical limi;ts of three-body (,,- ,2N) 

and Four-body (,,- ,3N) reaction channels. To carry out the 

normalization, the chance coincidence bacKsround was 

subtracted From .the enersy spectra. 

eLi spectrum (Fis.6). A bUMP at about 110 MeV standins 

out above the continuous distribution of neutrons FroM the 

three-body (,, - ,2n) channel is a possible sisn of the sinsle 

neutron emission. On Kinematical srounds, this bUMP can be 

attributed to the two body channel lead ins to 'He 

residual nucleus. In any case, even settins aside the enersy 

resolution of our apparatus, one would not expect to see a 

peaK since the sround state of 'He appears to be a resonant 

state ('He + n) + 1 . lS MeV. By subtractins the three body 

phase-space contribution and the chance coincidence 
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bacKground froM the high-energy tail of the spectrUM. one 

unfolds the area of the bUMP at 110 MeV that corresponds to 

-, 
a rate of (1.31±0.28)x10 neutrons per stopped pion. 

The spectra Measured by BassallecK et al. [9] 

(histograM) and by IsaaK et al. [12] (open triangles) are 

shown for cOMParison. 

Both the present spectruM and that Measured in ref.12 

show a broad MaxiMUM centered around 65 MeV. It is accounted 

for by neutrons of the 6Liex-.2n)4He reaction eMitted with 

an opening angle " close to lBO·. In this case. neutrons carry 

away an energy E = (1/2)*~ = 67 MeV. where ~ is the C)-value 

of the reaction. The present spectruM differs froM the 

MeasureMents of IsaaK et al. in the 20-50 MeV region. where 

it is UP to 507. higher. and above 90 MeV. The discrepancy in 

the region frOM 20 to 50 MeV can be attributed to diFferent 

deterMinations of the neutron detection eFficiencY. As 

pointed out by K. NaKayaMa et al. [24] and Madey et al. [11]. 

differences in e i ther neutron detection threshold or code 

contribute to different deterMination of tIE). In ref.12 a 

Monte Carlo code based on the code of Del Guerra e t al .• 

therein quoted. was used and the threshold was set to 3 MeV 

neutron energy. In the present worK a Monte Carlo code based 

on the Stanton code was used [20]. with a neutron energy 

threshold of 12 MeV. As far as the discrepancy above 80 MeV 

is concerned. one notices in the spectra of IsaaK et al. 

[12] that the energy resolution was of the order of 167. at 

110 MeV - cOMPared to 47. in the present MeasureMent so 
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that possible structures were sMeared out. 

With respect to the MeasureMent of BassallecK et al. 

[9J, which covers the energy region of 90-120 M.V with an 

energy resolution of 4 MeV, the present spectrUM agrees in 

shape but is one order of Magnitude higher in intensity. In 

fact, as reported in Table 2, BassallecK et al. found a rate 

for the (,,- ,n) reaction of (1.G±0.B)xl0-' n eutrons per 

stopped pion, that is, SMaller by a factor 10 than that 

found in the present MeasureMent. The possible sources of 

this discrepancy were discussed in detail by the authors in 

ref.22. 

'Be spectrUM (fig.7). The Monotonically decreasing 

curve of the neutron spectrUM with energy UP to about 100 

MeV does not point to any particular reaction channel. In 

this spectrUM a shoulder is observed at 110 MeV which could 

represent a contributio'n frOM the (,,- ,n) channel leading to 

the ground and excited states of 'Li. For this channel a 

rate of (2. 4G±0. 40) * 1 0-' neutrons per stopped pion was 

unfolded frOM the experiMental data. BassallecK et al. [9J 

found a rate between 0 and 0.15*10-' per stopped pion. 

·0 spectrUM (fig.B). In this case, although no clear 

structure is visible in the spectrUM, a gaussian fit (with 

FWHM equal to the experiMental energy resolution) to the 

final part of the spectrUM perMitted us to unfold a peaK at 

an energy pertinent to neutrons eMitted in the 

single-neutron eMission process leading to the ground state 

of 15 N. Two attendant circuMstances allowed such a 
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procedure: a) "N is stable and our energy resolution could 

resolve the g.s. of "N froM its excited states. and b) both 

the and the (n-.np) channels open at about 10 MeV 

below the (n-.n) threshold. For this process a rate of 

(1.25±0.27)xl0- 2 neutrons per stopped pion was deduced. 

In fig.8 the present MeasureMent is cOMPared with that 

of Madey et al. [llJ (open triangles). The spectrUM Measured 

by Klein et al. [10J closely follows that of Madey et al. 

and is not reported in the figure. The results of Madey et 

al. substanti~IIY agree with the present results above about 

60 MeV. while froM 20 to 60 MeV they are lower by 307.. In 

this case as well. the discrepancy below 60 MeV can be due 

to different codes and detection thresholds used for the 

deterMination of the neutron detection efficiency. As far as 

the high-energy part of the spectrUM ()100 MeV) is 

concerned. it should be noted that the neutron spectra were 

Measured with energy resolutions of 17-187. at 100 MeV by 

Madey et al., and 30Y. at 100 MeV by Klein et al •• For these 

authors the saMe probleM of Isaak et al. [12J arises, 

naMely, that possible structures in the high energy part of 

the spectrUM could not be brought forth. ' 

Oxygen data are also cOMPared in fig.8 with the 

calculations of Chiang and Hurner [3J for 12C (dotted-dashed 

line) and by Jackson and Brenner [4J for oxygen/carbon 

(dotted line). 

12 C, based on 

The 

the 

calculations of Chiang and Hufner for 

two-nucleon absorption. 

reproduce the measured neutron spectrUM for 

reasonably 

1·0 in the 
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uncertanties, the result seeMS 

studied nucleus. 

to be independent of the 

Our Roo 

calculations 

values are also in asreeMent with theoretical 

of the pion absorPtion process by ShiMizu et 

al. [25]. In their predictions the p-wave n-NN interaction 

procedes throush a tJ. excitation in the intermediate state. 

and they calculate Roo = 7.2. 8.5. 

correlations are accounted for n 

nn exchanse. respectively. 

and 15.0 when 

n + y and 

Experimental ratios found in the literature (ref.2, for 

a rewiew. and refs.12.28) were not reported in table 4 

tosether with our results because they were derived from 

yields coverins different resions where protons are mainly 

secondary ones. 

In Fis.12 the measured proton spectrUM for is 

cOMPared with the proton spectrUM calculated for 12C by 

Chians and Hlifner [3], The same observations made in 

connection with the neutron spectrUM of 1·0 hold for this 

comparison. The calculated spectrUM for 12C satisfactorily 

reproduces the measured spectrUM for 1·0 except below 80 

MeV. In ref.3 the calculated spectrum reproduced 

experimental spectra for "c with Ro"p = S.8 . 

The inclusive deuteron enersy spectra of '8e and '·0 

show no structure decreasins SMoothly with increasing 

enersy. This type of behaviour is predicted by calculations 

of Hachenbers et al. [7] of deuteron spectra in piOn-induced 

pre-cOMPound reactions . performed accord ins to a model based 
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on the idea that the observed deuterons can be explained by 

a two-nucleon absorption MechanisM followed by a nuc l eonic 

cascade and in the outer regions of the nucleus. 

Howeuer, a peculiar feature is shown by the deuteron 

spectruM of' 6Li (f'ig.l0) where there is an indication 01' a 

shoulder at an energy of' about 75 MeV. This Feature is also 

present in the deuteron spectrUM of' Measured 

Sennhauser 

SQUal"es) • 

et 

The 

a I . ( 13) , and reported in f'ig.l0 ( open 

shoulder corresponds energetically t.o 

deuterons of' the two-body reaction ThIS 

reaction could be explained in terMS of' c l uster absorption, 

where, in this case, the whole nucleus partecipates an 

absorption process (13,27J. In the case of' 'Li the 

absorption would be followed by the breaK-up of 'Li into a 

deuteron and a 'H where the 'H decays into a triton and a 

neutron. Such a reaction could account for a partIal 

contribution of' tritons to the triton spectruM of' 6Li [13]. 

In f'act, calculations perf'orMed by HacKenberg C2Bl show that 

the observed tritons produced in the pion-induced pre-

-coMPound reactions cannot be explained b y assuMins ani y a 

two-nucleon mechanisM followed b y the f'ormation of cOMPosite 

particles by picKup, but that cluster absorPtion 

be adMitted. 

More refined calculations for the deuteron 

h'U 5 t a l so 

spectra, 

based on the saMe assumption of' HacKenberg et al . [ 7] have 

been perf'orMed b y Datal' and Jain (8), who describe the final 

state interaction usins the partial wave forMali s M of' the 
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DWBA. In order to test the validity of these calculations. 

predicted deuteron spectrum for 12 C, aSSUMing a 

contribution from nucleons of the whole nuclear VOlljl'Tle, is 

compared in Fis.12 (dashed curve) with the measured deuteron 

spectrum for 1·0. The same observations made in connection 

with the neutron spectrum of "0 hold for this COhlParison. 

There is sood qualitative asreement between the calculations 

and the measured spectruM, except that the masnitude is 

overestimated. 

A calculation of the deuteron spectrUM for 1·0 loJas 

carried out by jac Kson an a Brenner [4] on the basis of the 

a -cluster absorption Mechanism. These authors obtained a 

spectruM, not reported in f'ig.12, t.,h i c h is too steep 

compared to the present Measured spectruM. 
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4.0 CONCLUSIONS 

In this report a MeasureMent of the energy spectra of 

neutrons, protons, and deuterons eMitted Following the 

absorption of stopped negative pions on 'Li. 'Be. ,. 0, and 

"AI (only neutrons) was presented. 

FroM the results of tHe MeasureMent the Follow~ng 

conclusions can be drawn. 

Structures put in evidence in the high energy part of 

the neutron spectra were attributed to single neutron eMis­

sion and the corresponding Yields are reported in table 2. 

The probability of single-neutron eMission was 

calculated by Coupat et al. (8] in the FraMeworK of the two-

-nucleon absorPtion Model. and by TroitsKii et al [29] in 

that o~e of the single nucleon absorption Model. In reF.S a 

calculated probability of 2.5-2.8xl0-3 neutron per stopped 

piol1 For 12C is reported. This value is one order of 

Magnitude lower than the probabilities For 'Li. 'Be, and 

1·0 Measured in our experiMent (see table 2) as well as the 

probability measured For 12C in a previous experiMent [22] • 

In the case of vAl the Measured value is cOMParable with 

calculations of both Coupat et al. and TroitsKii et at.. 

TroitsKii et at. give a probability ~ 10-' of single-nucleon 

absorption of slow pions by Finite medium and heavy nuclei. 

and estiMate an enhanceMent of such a probability by -10' 

tiMes iF a pion condensate exists in the nucleus. 
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The single-proton eMission was Measurable only For 160 

where a Yield of 10- 3 was obtained. Calculations of reF.6 

give For 12C a yield . of the order of 10-'. 

FroM the inclusive neutron and proton spectra For E •• 

E, l 20 MeV. shown in Figs.6-12 it is not easy to extract 

deFinite inForMation about the pion absorption mechanisM, 

two- and Multi-nucleon that is, the cOMPetition between 

MechanisMs as 

interactions. 

However, 

contribution 

well 

in 

of 

the 

the 

as the 

neutron 

direct 

eFFects of Final- state 

spectrum of • L i the 

eMitting neutrons and protons around 65 MeV is evident. For 

the other nuclei the contribution From these .two channels is 

iMPlied by the Fact that the spectra extend UP to energies 

which consistent with the Kinematical liMits of such 

reactions. 

On the other hand. calculations of Chiang and HUfner 

[3] For l·C. based on the two-nucleon mechanism. reasonably 

reproduce both the neutron and proton spectra For "0 above 

60 MeV. whereas. calculations of JacKson and Brenner [4] For 

"0. based on the (X-cluster MechanisM. give Much 

the 

soFter 

present neutron and proton spectra than those of' 

experiMent, ending at about 80-100 MeV and 70-BO MeV. 

respectivel y. It is then reasonable to conclude that the 

high energy part of the neutron and proton spectra is 

dOMlnated 

conclusion 

by the two-nucleon absorPtion reaction. This 

is also supported by the Fact that the 
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experiMental ratios 
R '. 

(table 4) are consistent with the 

ratio calculated b v Chiang and Hiif'ner f'or "C. Notice that 

the ratio R of' the Matrix eleMents f'or pion absorption bv a 

np or a pp pair (table 4) results to be independent 

studied nucleus. 

of' 

Finally, on the basis the agreement between 

the 

the 

Measured ratios R,. and 

of' 

the results of' the Microscopic 

calculations of' ShiMizu and Faessler [25J one can conclude 

that the two-nucleon absorPtion model without rescattering 

cannot reprodu~e the experimental ratios. 

From the results of' this experiMent it turned out that 

the neutron spectra are higher in magnitude than the proton 

spectra by a f'actor of' -10. In the frameworK of th .. two-

-nucleon absorption Model, the priMarv neutrons contributing 

to the neutron spectra originate f'rom pion absorPtion on 

both ( n , p) and (p,p) pairs whereas the proton spectra are 

fed bv absorptions on (p,p) pairs onlv. The f'actor of - 10 

cannot be Justified solelv on the basis of the statistical 

ratio of (n,p) to (p,p) pairs in the absorbing nucleus and a 

natural explanation could be given in terms of suppression 

of pion absorPtion bv T = 1 nucleon pairs [30J. 

The emission of' COhlP!ex charged particles is also 

barelv understood. Calculations of deuteron spectra [7,S] 

based on the two-nucleon and PiCKuP mechanisM reasonablv 

reproduce the experiments, as shown for 10 o. Sut the 

cluster-absorption could also Justif'Y SOMe spectral 

features, as discussed in the case of °Li. In this regard, 
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the stateMent that deuterons have no chance to set out of 

the tarset nuc l eus, because of their too short Mean Free 

path cOMPared to nuclear diMensions C7], cannot be applied 

to lisht nuclei, that iSr nuclei having radii cOMParable 

wlth the deuteron Mean Free path, such as 'Li. Moreover, it 

has t~ be noticed that the Mean Free path Doncept has not a 

straightForward deFinition in the case of lisht nuclei, and 

anyhow, where such concept is applicable, it is aCCOMPanied 

by diFFerent values. Thus, in the case of light nuclei the 

KnOCK-out of COMPlex charged particles pre-existing in the 

nuclear structure should also be taKen into account. 
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Table 1 

Characteristics of targets 

Target ThicKness n~5topped n~energy channel ratio 
(9/CM') (10' n-/sec) (MeV) in/out 

-----------------------------------------------------------

'Li 0.30 1.64 43 M13 2.17 

'Be 0.55 1.B3 43 M13 2.42 

0.19 1.57 43 M13 2.08 
"0 

2.43 0.26 90 Mll 6.44 

27A 1 1. 78 0.19 90 Ml1 4.68 



Table 2 

Measured rates per 100 stopped pions of the single-neutron eMission reaction 
(,,-.n) in °Li. 'Be. "C. "0 and "Ai cOMPared with other results 

Reaction aLi 'Be "c "0 "Ai Reference 
---------.-----------------------------------------..:.---------------------------

(,, - .n) 1.31±0.28 2.4G±0.40 1.70±O.34 1.25±0.27 0.32±0.11 this •• orK a) 

0.lG±O.08 < 0.15 O.10±O.05 ( 9J 

a) The value for 12C is taKen froM ref. 22. 

VI 
.j::" 



Table 3 

Measured Multiplicities Y of neutrons. protons and deuterons froM 
absorPtion of stopped negative pions in 

eLi. 'Be. "C. "0 and "AI cOMPared with other res·ults 

·Li 'Be 12c 1.
0 27 A I Reference 

Y, [n/n-] 1.98±0.21 2.12±0.22 1.25±0.11 1. 72±0. 18 1. 50±0. 16 this worK 

1.55±0.23 1.21±0.18 (12] 

1.6±0.3 1.7±0.3 (10] 

1. 77±0. 15 I. 78±0. 16 1 . 67±0 . 23 (11] 

1.45±0.10 (31] 

Yp [~/n-)"02] 11.3±0.7 9. 1±0. 6 9.4±0.6 14.4±0 . 9 this worK 

10.7±1.6 (13] 

Y.~d/,+,o2] 5.5±0.3 4.8±0.3 3.8±0.2 this worK 

4.2±0.6 (13] 

a) 

b ) 

c) 

c) 

c) 

a) 

d) 

a) 

e) 

a) The off-line thresholds were 18. 24 and 30 MeV for n. p and d respectively. 
Data on 12C are taKen froM ref. 22. 

b) Multiplicity for En > 20 MeV 
c) Multiplicity of direct neutrons <total spectruM Minus evaporation neutrons) 
d) Multiplicity of protons in the energy interval 20-70 MeV 
e) Multiplicity of deuterons in the energy interval 40-70 MeV 

\.N 
In 



Table 4 

Ratio Rnp describins the relative iMPortance of nn to np eMission: 
ratio R of the Matrix eleMents for pion absorption by a np or 

a pp pair: ratio R.tat express ins the relative probability 
to find a np or pp pair in the nucleus. 

Ratio 6
Li 'Be "0 

-----------_ .... _-------------------------------_._-.;...-----------------
;in 

"p 

Rnp 

R.tat 

R 

Neutron 
energy 
spectra 
(X+3N) 

= 

18.0±3.0 2S.4±4.3 lS.S±2.S 

8.S±1.8 12.2±2.3 7. 3±1 .3 

2N 
3 . 0 3.3 2.3 

2-1 

2. 8±0. 8 ' 3.7±0.7 3.2±0.S 

and proton yields ~ and "p were selected in the saMe hish 
resion (En,p 2 98 MeV) frOM the nand p inclusive enersy 
respectively. nand p events due to four body final state 
channels were rejected by cuttins , n and p spectra over the 

X+3N KineMatical liMit. Sinsle nand p eMission contribution~ were 
dropped by three bodY phase space calculations. 

VI 
en 
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Fisure captions 

1. Experimental set-up. 

2. Ranse curve for "0 tarset. 

3. Enersy (solid curve) and relative Yield (dashed curve) 
of muons From 12-MeV pion decays as a Function of ansle 
in the laboratory sYstem. 

4. TOF spectrum (backsround subtracted) of neutrons emitted 
Followins the absorPtion ~ stopped nesative pions in 
• Li. 

5. Hish-enersY part of the TOF spectrum of neutrons emitted 
Followins the absorption of stopped nesative pions in 
'Li with bacKsround subtracted. 

G. Inclusive enersy spectrum of neutrons emitted aFter 
stopped nesat·ive pion absorption in • Li. Chance 
coincidence bacKsround is indicated by the dashed line. 
The solid line represents a phase-space calculation For 
the two-neutron emission reaction 'Li(n-,2n)4He. The 
spectra measured by BassallecK et al. [9] (histosram) 
and by IsaaK et al. [12] (open triansles) are shown for 
cOMParison. 

7. Inclusive enersy spectrum of neutrons emitted aFter 
stopped nesative pion absorption in 'Be. Chance 
coincidence backsround is indicated by the dashed line. 
The solid line represents a phase-space calculation For 
the two-neutron emission reaction 'Be(n- ,2n)'Li. 

8. Inclusive enersy spectrum of neutrons emitted aFter 
stopped nesative pion absorPtion in 1·0. Chance 
coincidence bacKs~ound is indicated by the dash~d line. 
The solid line represents a phase-space calculation For 
the two-nucleon emission reaction 1·0(,,- ,np) ,.c. The 
bell curve (Full line, los scale) represents the 
contribution to the s~ectrum due to the sinsle-neutron 
emission reaction "O(n- ,n) 15N The spectrum 
measured by Madey et al. [11] (open triansles) is shown 
For comparison. The dashed-dotted curve represents a 
calculation of Chians and HliFner [3] For "c, and the 
dotted curve a calculation of JacKson and Brenner [4] 
For "0. 

9. Inclusive enersy spectrum of neutrons emitted after 
stopped nesative pion absorPtion in "AI. Chance 
coincidence backsround is indicated by the dashed line. 
The solid line represents a phase-space calculation For 
the two-neutron emission reaction "AI (n - ,2n) "Ms. The 
spectrum measured by Made y et al. [11] (open triansles) 
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is shown for comparison. 

10 . Inclusive energy spectra of protons and deuterons 
emitted after stopped negative pion absorPtion in 'Li. 
The spectra of protons (open circles) and deuterons 
(open squares) measured by Sennhauser et al. (13] are 
show~ for comparison. 

11. Inclusive energy spectra of protons and deuterons 
emitted after stopped negative pion absorption in °Be. 

12. Inclusive energy spectra of 
emitted after stopped negative 
Chance coincidence baCKgrOund 
dotted-dashed line. The solid 

protons and .jeuterons 
pion absorPtion in "0. 
is indicated by the 
line (b) repr~sents a 

phase-space calculation for the two-nucleon emission 
reaction "O(n- ,.np) "C. The solid curve (a) represents 
the proton spectrum calculated for "c by Chiang and 
Hufner (3]. The dashed curve represents the deuteron 
spectrum calculated for 12C by Datar and Jain (BJ. 
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