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1.0 INTRODUCTION

The measurement of inclusive enersy srectra of hishly
energsetic (E 2 20 . MeV) neutrons:, Protons and deuterons
emitted after the absorption of stoPPed nesative Pions in

light nuclei is an useful tool for investisatina the Prion

absorption Process [1-8]1. This process is described in terms
of either the two—nuclean [31] or the many-nucleon [4]
absorPption mechanism. Measurements of the hish-eneray pParts
of neutron and Proton sPectra can pProvide indications about
the comrpetition between these two mechanisms, since in these
regions final state interactions (?SI) weakly affect the
information brousht by nucleons directly involved in the
absorption Process (pPrimary nucleons).

Another Problem concerns the sinsle-nucleon emission
PTOCESS [5,61 which can be investisated by accurate
measurements of the hishest eneray end of the nucleon
spectra.

Finally, eneray measurements of the hiahly enersetic
deuterons can =2ive information as to whether such pParticles

are emitted after manvy-nucleon absorption of pions (and are



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.,81].

The Present rerort sives the results of an experiment
conducted with the aim of measurina neutron, Proton and
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deuteron spectra from 'Li, °‘Be, 0 and a1 (only
neutrons). Measurements were pPerformed with sood enersy
~resolution, such that in the neutron spectra of all the
studied nuclei clear evidence was obtained of structures
Kinematically corresponding to the emission of a sinsle
neutron.

Inclusive eneray spectra of neutrons were measured for
i by BassallecK et al. [9] and by Isaak et al. [121, for
Be by Bassalleck et al. [91, for 'O by Klein et al. [101]
and by Madey et al. [11], and for ?'Al by Madev et al. [111].

Inclusive Proton and deuteron spPectra were measured for °Li

by Sennhauser et al. [13]

2.0 EXPERIMENTAL PROCEDURE
2.1 Pion Beam Monitor

The experiment was carried out usinag the M11 and MI13
beam lines at TRIUMF. Particles furnished by these channels
were monitored by a beam telescore (BT) of G eplastic
scintillator counters pPlaced, with resrect to the pPion beam
direction, as shown in fis.l.

This BT, described in ref.14, is different Ffrom the



conventional ones [9,10,12,13] since it includes two more

vetocounters which facilitate a better determination of the
absolute number of storPred Pions.

All the incomina beam particles (n”, p~ and e~ ) were
identified by measurina their time-of-flisht (TOF) between
the Tl pion pProduction tarmset (1531 and the plastic counter
labelled CTZ in fis.l. To this Purpose, a sisnal from a
caracitive Probe (CP) in the main pProton beam line was wused
as stop sianal, while the start siasnal was delivered by the
CTZ2 counter.

An incident rPion was monitored by the coincidence

I =CP*CM1#CT2%CM3#CA4%*CAG and a stopred Pion by the

coincidence 8§ =CP#*CMI*CT2#CM3#CA4%*CAS#*CAB. The ratio R = S/1I
determined the inefficiency of the CAS counter. When only
the electron beam comronent was selected R = 0.3%4. The same
value was obtained for vetocounters CA4 and CAB.

Fig.2 shows the ranse curve measured for 0 (H,0
target) as a function of the CH, dearader thicKness usins
M13 pions with initial enersay of 43 MeV. Ranse cufues for
the other tarasets had the same behaviour as for 'O and are
not rerorted in the fisure. The outstandins feature of such
range curves is the hish stopPing rate in thin tarsets (see
table 1). It is impPortant to note that the doorway for both
reliable backsround subtraction and absolute pPion stop
normalization is a hish stoPPing rate tosether with a hish
target—in to tarset-out ratio. Relevant auantities related

to the experiment are listed in table 1.



In the case of the Mil channel, a satisfactory
comPromise was obtained between the pPion flux intensity and

the desrader thicKkness needed to slow down the incomins
pions when Pions with initial enersy of 90 MeV were chosen.
However, the use of thicKer tarsets (2 a/cm?) was necessary
to assure sisnificative statistics for the collected events

(only neutrons) in a reasonable amount of time.

2.2 Absolute Number OF Storprped Pions

As described above. a storprped Pion was monitored by a

coincidence sianal CP#CM1L#CT2#CM3#CA4#CASHCAB. However:
eyery pParticle pPassinsg throush CM3 and missed by
vetocounters simulated a stoepped pPion. When the selected
dearader thicKness was inserted, the larsest source of such
events were pPidns decaving into muons between CM3 and the
taraet pPosition. Other sources, liKe the BT inefficiencvy:s
did mnot sensibly contribute to the statistics, since they
accounted for only a few pPer mill.

A slowed down Pion mersina fFrom CM3 has an enersy which
was calculated to be 12 Mel, on the averase. The probability
for the pion to decavy before beina absorbed by a tarset
nucleus is B%. MWithin this probability, due to the "non-
-conventional" seometry of our BT, about 30%Z of the daushter
muons are not vetoed. Thus, the total number of storpred Pion

coincidence signals is contaminated by (less than) Z%.



As stated above, the BT inefficiency was mainly due to
daughter muons of lower eneray comin2 from Pion decavs:
specifically, muons of eneray not sreater than 2 MeV. In
fact, a 2 MeV muon born at CM3 and travellins from CM3 to a
vetocounter loses at most 0.5 MeV and reaches the
vetocounter with about 1.5 MeV enerzav. Nowr, the beam
electrons release 0.9 MeV in the vetocounters and 1.5 MeV
muons have the same scintillation response as these
electrons [16]1. So the BT efficiency of 99.74 measured for
beam electrons can be attributed to 2 MeV muons cominga from
pion decavs. These muons. accordina to the HKinematics of

pion decay (Full curve in fia.3) span an anale from O up to

34 dearees and the fraction of muons emitted in this
ansular ranse can be evaluated by intearatina the dashed
curve in fi=.3 within the same anales. This curve
illustrates the relative number of muons emitted after the
decay of 12 MeV pions as a function of the lab ansle; it was
generated by exploitins the isotropvy of Pion decav in the
center—of-mass frame. In our case the pPercentase of muons
with an eneray less than 2 MeV, emitted from O to 34
dearees, accounted for 29% of the total number of emitted
mMUons.

The overall percentase of muons missed by wvetocounters
was determined by intesarating over the Pion eneray ranse.

Such a value turned out to be slishtly lower than 29%.
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2.3 Neutron Detectiaon

Particles in coincidence with a stoprped Pion were
detected by four bars of NEI1I10 plastic scintillator
(200x15x5)em’ [17-19]1. Neutron sisnals were electronically
rpicKed out by wvetoina charsed pParticle sisnals with
vetocounters CA4, CAS and CAB and by redectins nuclear samma
signals with a safely hish Pulse threshold correspondina to
14 MeV proton enersv. In Ffactr since this expPeriment
PprorPposed to measure the hish enersay resion (E 2 20 Mel) of
the particles emitted after pion absoreption, a hiah common
neutron detection threshold (14 MeV) was chosen. The neutron
efficiency was calculated with the Monte Carlo code of
ref.20 and normalized to the experimental value at 90 MeV
obtained by measuring the vield of monoenersetic neutrons of
the *He(n”"yn)*H reactian [21].

Neutron enersies were measured with the TOF method over
a fliaht distanﬁe of 510 em Ffor N1 and NZ and 480 cm for N3
and N4 (notations are referred to fig.l). The owverall time
resolution was of B350 psec at FWHM.

As an examrPle, the neutron TOF sPpectrum measured for
i is shown in fis.4. In this figsure a pPrompt Peak is
evident, which is due to particles flvins with the speed of
lisht. These eparticles are mainly =sammas pProduced by
radiative pion cartures or Pion chargse exchanse reactions in

ProxXimity of the targset. Indeed:, electrons missed by

vetocounters might also contribute to this pPeak. It is
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interesting to note that in the bacKsround spectrum the

PromPt Peak is much broader. This is due to the Ffact that
induced =sammas do not orisinate in a fixed Point (the
tarset), but in an extended resion surroundins the taraet
(uetuccuﬁter, CM3» frames and air). In fact, after
backaround subtraction, the Prompt FPeak is sharply defined,
clearly indicatins the tarset contribution, and this was
used for calibratina the time axis of the spectrum [2Z2]1. The
rart of the TOF spectrum corresronding to the hishest
energies is shown in fia.5. The contribution of Particles in
the Kinematically forbidden resion, corresprondina to TOFs
between 18 and 34 NsSeor is ascfibable to chance

coincidences.

2.4 Chargaed Particles Detection

Protons and deuterons were mass identified by a ranse
telescore (RT) described in ref.23. It consisted of an arravy
of eiaht NE110 plastic scintillator slabs 20%x80 cm? havina
different thicKnesses. For every detected pParticle the three
quantities f » @aPProximate ranse and E#dE were measured.
The two prlots E¥*dE wversus ] and B versus ranse
unambiauosly identified p and d Ftom other detected charsed
particles. A charaed event was definitevely redected when
only a d4E sianal (provided by the first slab of the RT) was
fecurded. This resulted in an eneray threshold of 18 and 26

MeV for P and d, respectively. An E sianal (provided by the
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other seven slabs of the RT) not followed by a dE sianal
identified "neutral" events. These events were mainiy due to
neutrons, since nuclear gsammas were biased by the Hish
neutron detection enersy threshold, set at 12 Mel pProton
enersy. The neutron efficiency was calculated with the
method described in the Previous parasrarh.

Proton and deuteron enersies were determined by
measurina their TOFs oquer a flisht path of 388 cm with an

overall time resolution of 700 psec at FWHM.

2.5 Data Reduction And Analvsis

The differential neutron and Proton enersy sPecira, in
units of events pPer storPPed rPion rer MeU:Auere calculated
with the followina exPression:

EVENTS C4n A

= 3*
T -stop#Mel) Q . =stor*dE

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

is the total solid ansle of the counters, n —stor is the
absolute number of storpred rPions, and dE 1is the binnina
eneray interval (in units of MeV). For a siven enersay E. the
quantity A was evaluated as A = (B-oal)/e(E), wheré B are the
events collected with targset—-in, C the events collected with
taraet—-out, o 1is a parameter defined below, and e (E) is
the efficiency of the counter, beins |1 in the case of

charaed particle detection. The absolute number of stopred

Ppions was evaluated as T —a F; where T and F are the total
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number of pPions storPed with target—in and -outs,

respectively, and o is defined as
2 f
@ = — ——
F t
where t and f are the numbers of pions storrPed pPer second
(100 pA pPrimary beam) with tarset-in and targset—-out. re-
spectivel v.

The neutron spPectra obtained Ffrom Ffive inderendent
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 neutraon
counters N1 and N2 were redected because they showed the
beam time structure added up over the time of flisht
spectra. Moreover, having used one of the five counters (RT)
for both neutron (n}) and charged particle (ch) detection:
and beina both spPectra measured simultaneously, we were
confident that the values of the n/ch ratios evaluated from
these data were accurate.

Uertical error bars in the neutron and charaed pParticle
spectra were calculated Ffrom the above exPression by
Prorasating the errors. Poisson statistics were used to
evaluate errors for B and C. No error was assumed in the
evaluation of the solid anale because of the small derth of
the counters compPared to the counter—to-tarset distance.
Because of the very sood discrimination between pPions and
other pParticles (muons and electrons) in the beam, and

because of the hish targset—in to tarset—-out ratio, the error
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in definina the absolute number of stopped pPions in the
target was relatively small compared to other errors.
Finally, the error associated with the evaluation of e (E)
was *+5% as aiven by the authors of ref.Z20.

Particular accuracy was used to evaluate the vields for
the sinsle nucleon emission. both bacKaround due to chance
coincidences and three body pPhase space contribution folded
with the enersy resolution were subtracted. The statistical
error associated with the pacKaround was taKen into account.

In the case of charged pParticle emission all the
measured vields are aiven with an error that also includes a
6% error (upper limit) due to inefficiency in discriminatins
among charsed pParticles.

Finally, the vield of neutron emission from the '°0
taraset was calculated for two different sets of data
collected in different runs wusing two different beam
channels (see table 1). Neutron intensities with Mil were 5%
lower than those with MI3 (9uoted in this pParPer), while
there was no appreciable difference in the share of the two
spectra. This discrepancy is most liKely ascribable to muons
from pPion decavys that were stopred by the thicKer tarset,
and to a larse experimental bacKaround originated by the
slowinga down of the hisher eneray rPions delivered by the M11

channel.



15

2.6 Enersy Resolution

Horizontal error bars in the neutron enersay srectira
were determined Ffrom the time resuluiinn of the s?stem:
while in the case of charsed particle spectra the error due
to eneray loss in the target also contributed to the total
error. Thin taraets of 0.5 a/cm’ thickness or less were
used so that the error in the eneray determination of
Protons and deutefuns due to eneray losses in the tarsets
did not arpreciably affect the enerav resolution in the hiah
enersy reaion of the spectra. The overall time resolution of
the system was assumed to be equal to the observed width
(FWHM) of the prompt peak Ffor the °Li tarset. The time
resolution was 650 psec for counters N3 and N4, and 700 psec
for the other counters (In the TOF spPectrum of fia.D it
results larser because of the binnina interval of 400 psec).
The FWHM measured with the counters pPositioned downstream of
the beam, and using the electron comPonent of the beam, was
found to be of 400-450 Psec, thus confirmina the calculated
value of 3530 prsec for the time Jitter of the pPions soins

from the CTZ2 counter to the tarset.
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3.0 EXPERIMENTAL RESULTS

3.1 Neutron Measurements

The measured eneray spectra of neutrons emitted after
absorption of stopped nesative pions in °Li, "Be, 'O and in
2’A1 are shown in figs.B-9. The error in eneray in all these
spectra 1is about 4% at 110 Mel. All spectra are shown with
backaround subtracted. The residual bacKaround Ffrom chance
coincidences 1is indicated by dashed 1lines. The exrected
contributions of the (n ,ZN) reactions to the inclusive
neutron spectra were calculated with the three—-bodv phase-
-space and are shown by the solid lines. These calculations
were normalized to the measured spectra in the resion
delimited by the Kinematical limits of three—-body (xn":2N)
and four-body (n” ;3N) reaction channels. To carry out the
normalization, the chance coincidence bacKaround was
subtracted from the eneray spPectra.

°Li spectrum (fig.B). A bump at about 110 MeV standins

out above the continuous distribution of neutrons from the
three—body (n” .2Zn) channel is a rPossible sian of the sinsle
neutron emission. On Kinematical srounds. this bump can be
attributed to the two body channel (n”~,n) leadina to °He
residual nucleus. In any case, even setting aside the eneray
resolution of our arparatus, one would not exrect to see a
peak since the around state of °*He aprears to be a resonant
state (‘He + n) + 1.15 MeV., By subtractina the three body

rhase-srace contribution and the chance coincidence



backaround from the hish-eneray tail of the sPectrum: one
unfolds the area of the bump at 110 MeV that corresrponds to
a rate of (1.3130.29)x10”° neutrons Per stopped Pion.

The spectra measured by BassallecK et al. £91
(histoaram) and by Isaak et al. [12Z] (open triansles) are
shown for comparison;

Both the Present spectrum and that measured in ref.l1l2
show & broad maximum centered around B5 MeV. It is accounted
for by neutrons of the °Li(n™,2Zn)*He reaction emitted with
an opening anale close to 180°. In this case, neutrons carry
away an enevray E = (1/2)%Q = G7 Mel, where @ is the Q@-value
of the reaction. The epresent spectrum differs from the
measurements of Isaak et al. in the 20-50 MeV resion, where
it is up to S0% hisher, and above 90 MeV. The discrerancy in
the resfun from 20 to S50 Mel can be attributed to different
determinations of the neutron detection efficiency. As
pointed out by K. Nakavama et al. [24]1 and Madey et al. [111,
differences in elther neutvron detection threshold or code
contribute to different determination of e(E). In ref.l2 a
Monte Carlo code based on the code of Del Guetra et al.,
therein auoted, was used and the threshoid was set to 3 Mel
neutron eneray. In the present work a Monte Carlo code based
on the Stanton code was used [20], with a neutron enersy
threshold of 12 MeVU. As far as the discrepancy above 90 Mel
is concerned, ane notices in the spectra of Isaak et al.
£12] that the enersay resolution was of the order of 1674 at

110 MeV - compared to 4% in the Present measurement — SsoO
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that Possible structures were smeared out.
With respect to the measurement of Bassalleck et al.

(91, which covers the enersy reaion of 90-120 MeV with an
eneray resolution of 4 Mel, the Present sPectrum asarees in
share but is one order of masnitude hisher in intensity. In
fact, as reported in Table Z, BassallecK et al. found a rate
for the (n~,n) reaction of (1.6+0.8)x10"° neutrons pPer
storpped Pion, that is, smaller by a Ffactor 10 than that
found in the Present mgasurement. The pPossible sources of
this discrepancy were discussed in detail by the authers in
ref .22.

Be spectrum (fis.7). The monotonically decreasing

curve of the neutron sPectrum with eneray up to about 100
MeV does not Point to any particular reaction channel. In
this spPectrum a shoulder is observed at 110 MeV which could
rePresent a contribution fFrom the (n” ,n) channel leadina to
the around and excited states of "Li. For this channel a
rate of (2.46+0.40)%10° neutrons pPer storpped Pion was
unfolded Ffrom the experimental data. Bassalleck et al. [9]
found a rate between O and 0.15%10° per stopPed rPion.

%0 spectrum (fis.B8). In this case, althouah no clear

structure 1is  wisible in the spectrum. a gaussian fit (with
FWHM equal to the exPerimental eneray resolution) to the
final part of the spectrum Permitted us to unfold a peak at
an eneray pertinent to neutrons emitted in the
single-neutron emission Process leading to the sround state

of “N. Two attendant circumstances allowed such a
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procedure: a) "N is stable and our enersy resolution could
resolve the a.s. of '°N from its excited states, and b) both
the (n”-2n) and the (n” ,nP) channels open at about 10 MeV
below the (n~rn) threshold. For this pProcess a rate of
(1.25+0.27)%x10"? neutrons per stopred Pion was deduced.

In fia.B the Present measurement is compared with that
of Madey et al. [11]1 (arpen triansles). The spectrum measured
by Klein et al. [10] closely follows that of Madey et al.
and is not reported in the fisure. The results of Madev et
al. substantially aaree with the pPresent results above about
60 MeV, while from 20 to GO MeV thevy are lower by 304 In

this case as well, the discrerpancy below B0 MeV can be due

to different codes and detection thresholds used for the
determination of the neutron detection efficiency. As far as
the high-enersy rart of the spectrum (>100 MeV) is
concerned, it should be noted that the neutron sPectra were
measured with eneray resolutions of 17-18%4 at 100 MeV by
Madey et al.r, and 30%Z at 100 MeV by Klein et al.. For these
authors the same pFProblem of IsaaK et al. [12] arises:
namely, that Possible structures in the hish eneray rart of
the spectrum could not be brousht forth.

Oxvyaen data are also compared in Ffige.B8 with the
calculations of Chiana and Hifner [31 for '°C (dotted—dashed
line) and by Jackson and Brenner ([41 for oxysen/carbon
(dotted line). The <calculations of Chiana and Hufner for
“C, based on the two-nucleon absoretion: reasonably

rerroduce the measured neutron spPectrum For 0 in the
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uncertanties, the result seems to be inderpendent of the
studied nucleus.

Our R, values are also in asreemént with theoretical
calculations of the pPion absorption Process by Shimizu et
al. [25]. In their pPredictions the pP-wave n—=NN interaction
procedes throush a A excitation in the intermediate state,
and thev calculate R = 7.2, 8.5, and 15.0 when the NN
correlations are accounted for = x4+ ¢ and Kk g#

nn exchanze, resrectivelvr.

Experimental ratios found in the literature (ref.2, for
a rewiew, and refs.l2,26) were not rerorted in table 4
together with our results because they were derived from
vields coverina different resions where Protons are mainly
secondary ones.

In Fia.12 the measured proton spectrum Ffor °0  is
compared with the proton sepectrum calculated for "C by
Chiang and Hifner ([31. The same observations made 1in
connection with the neutron spectrum of '°0 hold for this
comparisaon. The calculated spectrum for Cc gatisfactorily

reproduces the measured spectrum for 'O excert below BO

MeV . In ref.3 the calculated spectrum reproduced
experimental spectra for '’C with R, = 9.6.
The inclusive deuteron eneray spectra of °®Be and ¥y

show no structure decreasina smoothly with increasins
eneray. This tvpe of behaviour is predicted by calculations
of Hachenbers et al. [7] of deuteron spPectra in pPion—induced

Pre—-compPound reactions. Performed accordins 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 nucieonic
cascade and pPick-up in the outer regions of the nucleus.
However, a peculiar feature 1is shown by the deuteron
spectrum of SLi (fis.10) where there is an indication of a
shoulder at an eneray of about 75 MeV., This feature 1i1s also
present in the deuteron spectrum of °Li, measured by
Sennhauser et al. [£13]1, and reported in Ffiga.l1l0 {(oren
squares). The shoulder corresronds energetically to
deuterans of the two—-body reaction Yhd e pddtHe This
reaction could be exrlained in terms of cluster absorPtion
where, in this case, the whole nucleus pPartecipates 1n an
absorpPtian PTrOCESS X327 In the case of %Li the
absorption woulid be followed by the break-ur of °*Li into a
deuteron and a ‘H » where the *H decavs into a triton and a
neutron. Such a reaction could account Ffor a pPartial
contribution of tritons to the triton sPpectrum of ®Li [13].
In fact, calculations perfFormed by HacKenbers (28] show that
the observed tritons Produced 1in the pPion—-induced Pre-
—compPound reactions cannot be explained Dy assuming only a
two-nucleon mechanism followed by the Fformation of comrPosite
Pparticles by epicKur, but that ciuster absaorption must also
be admitted.

More refined calculations for the deuteron spPectra:
based on the same assumpPtion of HacKenbera et al. [7] have
been performed by Datar and Jain [81, who describe the final

state interaction wusing the partial wave formalism of the
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DWBA. In order to test the validity of these calculations:,
the predicted deuteron sPectrum Ffor '’C, assumina a
contribution from nucleons of the whole nuclear volume, 1is
compared in Fis.12 (dashed curve) with the measured deuteron
spectrum fFor '’0. The same observations made in connection
with the neutron sepectrum of '°0 hold for this comparison.
There is gsood aualitative asareement between the calculations
and the measured spectrum, exceprt that the masriitude is
overestimated.

A calculation of the deuteron spectrum for "0 was
carried 6ut by JacKson anrnc Brenner [41 on the basis of the
a —cluster absorption mechanism. These authors obtained a

spectrum- not reporTted in fig.l2., which is too steepP

comPared to the Present measured sPectrum.
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4.0 CONCLUSIONS

In this rerort a measurement of the enersy srectra of
neutrons, Protons, and deuterons emitted Ffollowing the
absorption of stopped nesative pions on °Li, °Be, 'O, and

A1 (only neutrons) was Presented.

From the results of the measurement the Ffollowins
conclusions can be drawn.

Structures Put in evidence in the hish eneray part of
the neutron spPectra were attributed to sinsle neutron emis-—
sion and the correspondins vields are rerorted in table 2.

The pProbability of single-neutron emission was
calculated by Courat et al. [B] in thé frameworKk of the two-
-nucleon absorption model, and by TroitsKii et al £[29]1 in
that one of the singsle nucleon absorption model. In ref.B6 a
calculated probability of 2.5-2.8x10"° neutron Per storpPed
pion for “C is reported. This wvalue 1is one order of
maanitude lower than the probabilities fFor °*Li, 'Be, and
"0 measured in our exPeriment (see table 2) as well as the
probability measured for 'C in a previous exreriment (22].
In the case of “Al the measured value is comparable with
calculations of both Courpat et al. and Troitskii et al..

-3 .
of single—-nucleon

TroitsKii et al. gaive a probability =10
absorption of slow pPions by finite medium and heavy nuclei,

2 & 2
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 *g
where a vield of 10 ' was obtained. Calculations of ref.B
aive fFor '°C a vield. of the order of 107 °.

From the inclusive neutron and Proton spectra for E .

EP 2 20 MeV, shown in figss.B-12 it is not easy to extract

definite information about the pPion absorpPtion mechanism,
that 1is, the competition between two— and multi-nucleon
mechanisms as well as the effects of final state
interactions.

However, in the negtron sPectTum of *Ld the
contribution of the Jdirect pProcesses (n” ,nn) and (=, np)
emitting neutrons and Protons around 65 MeV is evident. For
the other nuclei the contribution from these two channels 1s
implied by the fact that the spectra extend up to enersies
whiech are consistent with the HKinematical limits of such
reactions.

On the other hand. caliculations of Chiana and Hiifner
(31 for '*C, based on the two-nucleon mechanism., reasonably
reproduce both the neutron and Proton spectra for 'O above
60 Mel, whereas, calculations of JacKson and Brenner [4] for
0, based on the a-cluster mechanism, aive much softer
nedtron and Proton sPectra than those of the pPresent
exPeriment, endina at about 90-100 MeV and 7T0-BO Mel,
resPpectivelv. It 1is then reasonable to conclude that the
high eneray part of the neutron and pProton spPectra 1s
dominated by the two-nucleon absorption reaction. This

conclusion is also supported by the fact that the
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exrPerimental ratios R (table 4) are consistent with the

np
ratio calculated by Chiang and Hifner for '*C. Notice that
the ratio R of the matrix elements for Pion absorption by a
ne or a pp pPair (table 4) results to be inderpendent of the
studied nucleus.

Finally, an the basis of the aareement between the
measured ratios R, and the results of the microscoric
calculations of Shimizu and Faessler [25] one can conclude
that the two-nucleon absorption model without Tescatterins
cannot reproduce the experimental ratios.

From the results of this exrPeriment it turned out that
the neutron sPectra are hisher in masnitude than the proton
spectra by a factor of ~10. In the fFramework of the two-
-nucleon absorption modgl. the primary neutrons contributing
10 the-neutron sPpectra originate from rion absorPtion on
both (n,P}) and (p,P) Pairs whereas the Proton spectra are
fed by absorPptions on (P-P) Pairs onlv. The factor of ~ 10
cannot be Justified solely on the basis of the statistical
ratio of (n:P) to (P,P) Pairs in the absorbina nucleus and a
natural explanation could be gaiven in terms of suPPression
of pPion absorption by T = 1 nucleon Pairs [30]1.

The emission of complex charsed eparticles 1is ailso
barely wunderstood. Calculations of deuteron spectra [7.8]
based on the two—-nucleon and pPicKuPp mechanism reasonably
reproduce the experiments, as shown For '°0. But the

cluster—absorption could also Justify some spectral

features., as discussed in the case of °Li. In this resard,
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the statement that deuterons have no chance to =et out of
the tarset nucleus, bDecause of their too short mean free
Path compared to nuclear dimensions [71, cannot be arrlied
to lisht nuclei, that 1is, nuclei havins radii comparable
with the deuteron mean free Path, such as °"Li. Moreover, it
has to be noticed that the mean free rath concept has not a
straightforward definition in the case of light nuciei, and
anvhowr: where such concePrt is aprlicable, it is accompPanied
by different values. Thus, in the case of lisht nuclei the
Knock—out of complex charsed pParticles pPre—-existina in the

nuciear structure should also be takKen into account.

We wish to acKnowled=e the coorPeration of the members
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Table 1

Characteristics of tarsets

Taraet ThicKkness m—-stoPPed m—eneray channel ratio

(a/ecm?) (10° @ /sec) (MeV) in/out
"Ll 0.30 1.64 43 M13 - I B
‘Be 0.55 1.83 43 'M13 2.42
0.19 1.57 43 Mi3 2.08

150
2.43 0.26 90 M11 G.44

Al 1.78 0.189 90 Mi1 4.68



Table 2

Measured rates pPer 100 storred finns of the single—-neutron emission reaction
(m~sn) in °Li, °Ber "C, ™0 and ?’Al compared with other results

Reaction ‘i ‘Be g - 20 a1 Reference
(™ rn) 1.31£0.29 2.4620.40 1.70x0.34 1.2520.27 0.3220.11 this worKk a)
0.1620.08 < 0.15 0.10£0.05 L 91

a) The value for '°C is taken from ref. 22.

he



Table 3

Measured multiplicities % of neutrons:. Protons and deuterons from
d abs%rption of stgpped negative pions in
e Bes C. ™0 and . “Al comPared with other results

*Li °Be o 0 a1 Reference

7 [n/r] 1.9820.21 2.1240.22 1.25#0.11 1.7240.18 1.5030.16 this work a)
1.55£0.23 1.21£0.18 €121 b)

1.640.3 1.7£0.3 103 ¢)

1.7740.15 1.7840.16 1.67%0.23 [113 c)

1.45£0.10 [311 c)

zKW«)noﬂ 11.330.7  9.120.6  9.4320.6 14.410.9 this work a)
10.741.6 [13] d)

'T;,Kd/u‘)no’] 5.5920.3 4.8+0.3 3.8+0.2 this work a)
4.240.6 133 e)

—— s T — T ———— ——— T —— T ——— — ——— T ———— T — T Vo —— T T —— o i o e T T T . o o o S o, . S

a) The off-line thresholds were 18, 24 and 30 MeV for n, P and 4 respectively.
Data aoan '’C are taken from ref. 22.

b) Multiplicity for E, > 20 MeV

¢) Multiplicity of direct neutrons (total spectrum minus evaporation neutrons)

d) Multiplicity of protons in the enersy interval 20-70 MeV

@) Multiplicity of deuterons in the eneray interval 40-70 MeV

Q¢



Ratio Ry

ratio

Table 4

describina the relative importance of nn to nP emission;
R of the matrix elements fFor Ppion absorption by a nP or

a PP Pair; ratio Rgit expressina the relative probability

— ——— o

to find a nP or PP Pair in the nucleus.

Ratio °Li °Be e |
i“ 18.0£3.0 25.4+4.3 15.542.5
p
Rnp 8.5+1.6 12.2+2.3 7.3+£1.3
2N
Retat = 3.0 3.3 2.3
Z=1
R 2.8+0.6 3.720.7 3.210.5
Neutron and proton vields %, and %, were selected in the same hish
eneray reagion (En,p 2 868 Mel) from the n and P inclusive enersay
spectra respectivelvy. n and p events due to four body final state
(X+3N) channels were reJdected by cuttina n and P sPectra over the

K+3N Kinematical limit. Sinsle n and P emission contributions were

drorrPed

by three body pPhase srpace calculations.

9¢
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Figsure captions
Experimental set—up.
Range curve for '°0 taraet.

Energay (solid curve) and relative vield (dashed curve)
of muons from 12-MeV pion decavys as a function of ansle
in the laboratory system.

TOF spectrum (bacKaround subtracted) of neutrons emitted
followinag the absorption of stopPed nesative Pions in
6 .

ki

High—-eneray part of the TOF spectrum of neutrons emitted
following the absorption of stoppPed nesative pPions in
*Li with backaround subtracted.

Inclusive eneray spectrum of neutrons emitted after
storrPed negative Pion absorption 1 . Chance
coincidence bacKaround is indicated by the dashed line.
The solid line represents a Phase—-space calculation for
the two-neutron emission reaction °®Li(r™ ,2Zn)*He. The
spectra measured by Bassalleck et al. [9] (histosram)
and by Isaak et al. [12] (oren triansles) are shown for
comParison.

Inclusive enersy spectrum of neutrons emitted after
storprPed nesative Pion absorptian in ‘Be. Chance
coincidence bacKaround is indicated by the dashed line.
The solid line represents & Phase—-space calculation for
the two-neutron emission reaction °Be(n  ,2n)'Li.

Inclusive enersay sPectrum of neutrons emitted after
storred negative Pion absoreption in ‘0. Chance
coincidence bacKkaround is indicated by the dashed line.
The solid line rePresents a pPhase—-space calculation for
the two-nucleon emission reaction 0(r— +ne) “C. The

bell curve (Full line. loa scale) represents the
contribution to the spectrum due to the sinsle-neutron
emission reaction W0(n~ +n) 5N “ The spectrum

measured by Madey et al. [11]1 (open triansles) is shown
for comeparison. The dashed-dotted curve reprresents a
calculation of Chiana and Hifner [3] for 2C, and the
dotted curve a calculation of JacKkson and Brenner [4]
faor '°0.

Inclusive energsy spectrum of neutrons emitted after
storpPed neaative pion absorption in *"Al. Chance
coincidence bacKaround is indicated by the dashed line.
The so0lid line rePresents a Phase—space calculation For
the two-neutron emission reaction 27TAl(n~ ¢r2n) **Ma. The
spectrum measured by Madey et al. [11]1 (oren triansles)
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10.

11.

12.

is shown for comparison.

Inclusive enersy spectra of Protons and deuterons
emitted after stopPed nesative pPion absorption in ®Li.
The spectra of pProtons (oPen circles) and deuterons
(open sauares) measured by Sennhauser et al. [13]1 are
shown for comParison.

Inclusive eneray spectra of Protons and deuterons
emitted after stopred nesative pion absoreption in °?Be.

Inclusive energsy sPrectra of protons and deuterons
emitted after stopped nesative pion absoreption in '%0.
Chance coincidence bacKaround 1is indicated by the

dotted—-dashed line. The solid line (b)) rePresents a
Phase-space calculation for the two-nucleon emission
reaction  '*0(n~,nep) "C. The solid curve (a) represents
the Proton sPectrum calculated for 2C by Chiana and
Hifner [3]. The dashed curve represents the deuteron
spectrum calcuiated for '°C by Datar and Jain [8].
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