


P1on nucleus 1nteractlons occupy a speclal place in 1ntermed1ate en-
,ergy ‘nuclear. phys1cs due to touching upon’ of dlfferent fundamental’

; ,problems of nuclear reactlons hadron 1nteractlons and nuclear struc--} . :
" ture (see, the good reviews [1] [3]) ‘One of the 1mportant modes of the -

B p10n-nucleus 1nteract1on is pion ‘absorption: (no pions in ‘the ﬁnal state) o
- The cross section of this’ mode is large, in the A’ resonance reglon ‘con-
tributes about > 1/3 of the total plon-nucleus Cross sectlon therefore,

this mode affects’ s1gn1ﬁcantly other pion-nucleus interaction modes [4].

Though good theoretlcal 1nvest1gatlons have been performed in the
last fifteen years and many 1nterest1ng experlmental results on pion. 1 ab--

- sorption have been obtained at the meson factories in the USA,Canada = - |

- and Switzerland, and’ at JINR, PNPI and CERNy an unambrguous An-
terpretatlon of the observed phenomena has not been found yet [1] 3
" So, up to now there is. ‘no "common ‘point - of view in-literature on the = =~

: ~'quest10ns How many nucleons are involved in  nuclear pion absorpt1on? o

' How'does the reaction’depend/ on the'i lsospm of the absorbmg system :
'and on the energy of the.pion? - SRR e T
~Today, as many years ago, the only th1ng ‘we can say with certalnty is-
that the law of energy. and momentum’ conservatlon forb1ds the absorp-

~tion ofa pion by a free’ nucleon. In pr1n01ple a pion can be absorbed
by an 1ntranuclear nucleon, but for this a momentum of ~ 500 Mev/c-
is requ1red for ‘the nucleon [3].'As this value is far. beyond the Fermi

momentum, the reaction: will ‘be’ strongly suppressed. ' The available -
" measurements and theoretlcal estimations (see, e.g., (5] and references
given therem) give for the single’ nucleon’ ‘absorption probability the -
value <~ 10‘ : Therefore, p1on absorpt1on must 1nvolve at least two‘
nucleons s I L
Recently ‘reliable experrmental 1nd1cat1ons of the presence of three-,
nucleon (3N) ‘absorption processes in light nuclei have been .obtained"

(see review [1] and recent works [6]-[8]). However, the questions about

its percentage and how does the relative contribution of the 2N, 3N,

4N, etc. absorpt1on depend on the pion energy and nucleus target are -

still open; especially for medium and heavy nuclei. -+ = e
This problem is still open for both stopped and in-flight pion absorp- ,

" tion. Even in the simplest case of two-nucleon stopped pion absorptlon o :
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by nucle1 there is a serious discrepancy between est1mates made by dif-

ferent authors for the ratio R of the probab1ht1es of absorption on np
and pp pairs, both as a function of the atomic number A of the target

1[5, 9] and for a separate nucleus [10]. For in-flight pion absorption the:
" situation is much more intricate ‘because besides genuine pion absorp- -

tion, addltlonal 7N scatterings are- poss1ble and the | pion energy Vi
becomes an additional variable of the reactlon N :
.. Up to 1980 the domrnance of two- nucleon (2N) genu1ne p1on absorp-

‘tlon in these reactions was hypothesized by the majority of authors (see -

review [1] (3])-: This dominance was strongly questioned by McKeown

- et al. [11], who have measured 1nclus1ve (7*,p) and (77, p) cross sec-!
.- tions on 12C’ 27Al 58Nz and 181Ta at T =100, 160 and 260 MeV As-
suming that high- -energy protons. ar1se only from absorpt1on processes

- and neglecting the initial state interactions (ISI) and final state inter-
- actions (FSI) McKeown et al. have analyzed the data in a ”hot spot”
ora’ slowly moving-source” representatron and found that the number

Ny of nucleons involved in the pion absorpt1on is NN ~3 for. 12C and - |

" increases to Ny ~ 5.5. for %BITa This work had a large responce in

literature: -afterwards there ‘were performed theoretlcal 1nvest1gatlons ,
which demonstrated that McKeown s et al: data can. be described by -
* 2N absorption mechanism (see, e.g., [12]), or on the contrary, only by

‘multinucleon absorption (see, e.g., [13]), or in the framework of mixed

‘models taking into.account .both 2N and 3N absorptlon mechamsms

: ’(see e.g., [14]).

:McKeown’s et al.: results have st1mulated also much of the later A

experimental works (see, e.g., [15] and references given there1n) So, in
(z*, 2p) measurements on nuclei ranging from. 12C to ™ Bi, at 165 and

| 245 MeV, Altman et al.. [16]. found for the 2N component only 10% “

for 12C’ and about 2% for 2B from the measured -absorption cross
section. Using intranuclear cascade calculations to correct for the FSI,
they estimated that less than 30% of the 16O absorption cross section

‘is due to 2N absorptlon thereby 1mply1ng a dorrunance of multinucleon - -

--(Ny > 2) absorption. However,in subsequent. measurements. also at
"~ Tr =165 MeV, Hyman et al. [17] have obtained cross sections, for 160,
afactor of 2.3 larger than in ref. [16], and after estimation of the FSI
»they have concluded that at 165 MeV, ~45% of the 16O total reaction

’ cross sect10n is due to the 2N absorpt1on In more recent measurements
of. the reaction 16O(7r+, pp) at 115 MeV Mack et al. [15] have found a

much higher. contrlbutlon of the 2N absorptlon approximately 80% of

_the total absorpt1on cross section on 190 at 115 MeV. proceed via the 2N :

: 'absorptron Mack et-al. -did not take into account any. contributions
“from the ISI: ‘which- could lead to even larger percentages ‘of the 2N
fabsorptlon at'115 MeV Takmg into account the:results. by Hyman et |

al. at 165 MeV: [17] Mack etal. have concluded that the 2N absorptron BIRE
‘fractron decreases wrth increasing pron energy Tw :

A similar decrease i in'the 2N absorption’ fractlon w1th 1ncreas1ng T g
has been also observed in most recent measurements on 16O by’ Hyman v

et al:- [18] (from ‘~ 80% at T, = 115 MeV, to ~.50% at Ty = 165~
B MeV), and. suggested in the theoretical works by Oset et al. [19] and
* . Vicente-Vacas and Hernandez (20]." In these models, both the 2N and‘i -
the 3N absorptron mechanrsms are taken into account; .In ref. [19]; -
o the 2N absorpt1on is the dominant one (~ 90%) at low pion energies,
T but in the A resonance region and beyond, the-percentage of the 3N -

absorpt1on increases and around Ty = 250— 350 ‘MeV tends to stabllrze o

" ‘at a level of ~50-55%. Estimates [19] of the 4N absorpt1on gave. only o

a small fraction of the total.. ‘The 2N absorption is.the dominant one

- at low Ty (~ 82% for 58Ni- and ~ 78% for 1?C.at Tr = 85 MeV) also -

P in the model [20]. In this model, the percentage of the 3N absorptron

e increases with T up to ~ 38% for 12C and ~ 31% for % Vi in the region
of the A resonance. peak ‘At higher pion energies, the relat1ve role of

the 3N absorption decreases, so that the 2N absorption becomes aga1n

‘ srgmﬁca.ntly dom1nant (~ 70% for 58N i and 63% for 12C’ at T, "— 300 .
: MeV)

One of the tempt1ng ways to estlmate the fractlon of the 2N absorp- o
t10n seems to be the measurements of the Cross sectlons for emission of g

’ two protons W1th quasideuteron kinematics: from the 7r+-1nduced reac-
tion which are to be compared. w1th the value of the total absorptlon : i
»cross sectlon Oabs.. The observed. cross sections. (see e.g., the recent Y

Morrls s et’al: [21] measurements at T; = 100 MeV for targets from

2 to 28U) are typically only a few percent of the o, for heavy and
“medium nuclei.. From such measurements one concludes [21] that most Py
of the Ogbs ONL- complex nucle1 is'a results of pion absorptlon on threeg’g; o



- or more nucleons (NN > 2)." But due to. ISI/ F SI espec1a11y 1mportant
for ‘heavy. and' medium nuclei, only a small fraction of ‘the observed
~ two-proton final states have actually pure unperturbed quasideuteron
k1nemat1cs The corrections for ISI/FSI are model- dependent there-

-~ fore, the 1nterpretat10n of such measurements is uncertain- [22] ’
" Tt should be noted that in spite of the'recent measurements pomt-

ing out the importance of the 2N absorption, some authors’ (see eg., :

* the recent work by Mateos and: Simicevié¢- [23]) even at present try to

describe the pion absorptlon on-light nuclei via only a coherent 3N ab--

sorption: At the same time, V1cente-Vacas and Oset [14], by’ analyzing
available data on the (7r+, ppp) reactions (which one could think are

just the” reactions for testing the genuine 3N’ absorptlon) have found - ‘
. a strong contrlbutlon to this observable of events in which a qua51e1as- e

tic scattermg is followed by the .2N: absorptlon So they’ have shown

- that even the description of "the” (7, ppp) reactions do not evidently |
favour the genuine 3N absorption: An indication of the dominance’ of
“the 2N absorption in (¥, ppp) reactions has been recently obtained by

~ Tacik et al. [24]. By analyzing their own-measiirements of emission of
" tree correlated protons from the 7+ 4+ C interactions with phase space
‘calculations which s1mulate qua81free ‘three-nucleon and four-nicleon
".absorption mechanlsms Tacik et al.-have found that the contrlbutlon

“to the measured (7r+, ppp) y1elds from the 3N absorptlon is about only
4. 6%, 11.1% and'18.6% at T, = 130, 180 and 228 MeV respectlvely, ‘

and from the 4N absorptlon is much smaller. -

< A'large responce in literature (see, e.g., [1]) in connectlon with the

problem of pion absorption mechanisms has also been caused’ by the
- recent measurements of pion-induced inclusive proton productlon on
copper at 0.6,0.8 and 1 GeV/c by Golubeva et al:: (25, 26]. By’ analyz-
ing their own data and measurements by other authors in a " moving-

source” representat1on Golubeva et al. have’ found that the number’ of

~ nucleons involved in pion’ absorptlon increases monotonlcally with plon
' '.energy from Ny ~4 at T,r = 260 MeV to NN ~18 at' Ty =4 Gev:~

7 The aim' of the present work is to analyze McKeown s et al." [11]
and Golubeva’s et al. (25, 26] data in-the framework of our' Cascade—

Exciton' Model (CEM) of nuclear reactions [27] ‘and to ‘review our

~ previous results on' plon—nucleus interactions, in’ the hope of learnlng

‘ '4fmore about the absorption mechanisms.

.

:
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| 2 The maln concepts of the model

A deta11ed descr1pt1on of the CEM may be found in [27], therefore ,’

v only its basic assumptions will be outlmed here The CEM uses the
" Monte Carlo 51mu1at10n method and assumes that the react1ons occur -

in- three stages. The’ ﬁrst stage is the 1ntranuclear cascade i in wh1ch
prlmary partlcles can be rescattered several times prlor to absorptlon

' by, or escape from the nucleus " The exc1ted residual nucleus remaining
o after. the emission’ of the cascade partlcles determines the particle- hole o
: conﬁguratlon that is the starting point for the second pre—equ1hbr1um

]

stage of the reactlon The subsequent: relaxatron of the nuclear exci-'

- tation is treated in' terms of the exciton model of pre- equ111br1um de-

cay which 1ncludes the descrlptlon of the equlhbrlum evaporative thlrd ,
stage of the reaction. So, in a general case, the-three components may

contrlbute to any experlmentally measured quantlty In partlcular for w

the 1nclus1ve partlcle spectrum to be dlscussed later we: have L

o(p)dp = om[N “”(p) + N”’“(p) + N ‘“(p)ldp

8 The lnelastlc Cross’ sectlon am ‘is not taken from the experrmental data L

or 1ndependent optlcal model calculatlons but 1t is’ calculated w1th1n ’

o the cascade model 1tself

' We include the emission of n p, d ¢ H e and 4H e at both the pre—fﬁ ‘

‘ equ111br1um and the evaporatlve stages of reactlon The correspondmg N _
emission rates into the continuum are estlmated accordlng to the de- o

. tailed balance principle.- . -

The CEM pred1cts forward peaked in the laboratory system angular :
d1str1but10ns for secondary partlcles F1rstly, th1s is due to hlgh asym-
metry “of ‘the cascade component A poss1b1hty for forward peaked -
dlstrlbutlons of nucleons and’ compos1te partlcles em1tted durmg thej
pre- equ111br1um interaction stage is related to retentlon of some mem— »
ory of the prolectlle d1rect10n In addltlon to energy conservatron we ‘

need to take 1nto account conservatlon of hnear momentum P at eachj: e

step as a nuclea.r state evolves In a phenomenologlcal approach this
can be reahzed in dlﬂ'erent ways [27] ‘The 51mplest way used here con- .
51sts in sharmg the momentum Py (s1m11arly to energy Eo) between: E
an ever 1ncreasmg number of exc1tons n lnvolved in the 1nteract10n 1nlv



momentum Py should be attr1buted only to.n exmtons rather than

to all A nucléons. Then, particle emission will be ‘symmetric in the
proper n- -exciton system but some forward peakmg will arise in’ both
~ the laboratory and center-of-mass reference frame."

- The cascade stage of the interaction is descrlbed by:the Dubna ver-

* sion of the 1ntranuclear cascade model (ICM) [28]. All the cascade
calculations are carried out in a three—dlmensmnal geometry:. The nu-

~ clear matter: density p(r) is described by- the Fermi distribution w1th g
two parameters taken from. the analysis of electron-nucleus scatter-

-'ing. Practlcally, the nucleus target is divided by -concentric spheres

~into seven zones in which the nuclear dens1ty is considered to be con- -

stant. ‘The energy spectrum of nuclear, nucleons is estimated in the:

perfect Fermi gas: approxxmatlon with the local Fermi energy Tr(r) =
- h%[3n? p(r)]2/3/ (2m), where m'is the nucleon mass.: The influence of

‘intranuclear nucleons on the i incoming prOJectlle is taken into account - ‘
by adding to its laboratory kinetic energy an effective real potential V..
‘For incident nucleons V = VN(r) Tr(r) +e where Tp(r) is the corre-

 sponding Fermi energy and €is the mean blndmg energy of the nucleons

(€ =~ 7 MeV [28]). For pions, in the Dubna ICM one usually uses [28] -
25 MeV, independently of
_the nucleus and pion energy The mteractlon of the incident partlcle :
w1th the nucleus comes.to a series of successive quasifree collisions. of

a square-well potential with the depth V, ~

_.the fast cascade partlcles (mor N) w1th mtranuclear nucleons:
NN—»NN "NN:-= 7NN, NN—»7r1, . 7r,NN
S .wN—=7wN,

To descrlbe these elementary colhs1ons one uses the expenmental Cross

sectlons for the free 7rN and NN 1nteractlons approxrmated by spec1al:
polynormal express1ons w1th energy—dependent coef‘ﬁments [28] and one’ '

takes into account the Paull prmcrple

The Pauh exclusxon prmc1ple at the cascade stage of the reactlon 1s‘

handled in the followmg Way: one assumes that nucleons of the target

' occupy all the energy levels up to the Ferrm energy Each SImulated’ ‘

elastic or 1nelast1c 1nteractlon of the pro_]ectlle (or of ¢ a cascade partlcle)

with a nucleon of the target is con31dered forb1dden if the secondary -

' nucleons have energ1es smaller than the Ferrm energy If so, the tra-

Jectory of the partlcle is traced further from the forbldden pomt and o

: 7rN—»7r1, . 7r,N (z>2) (1)

e

a: new 1nteract1on poxnt a new partner and a new mteractlon modeo
are simulated for the pro_]ectlle (or the: traced . cascade partlcle), and o
S0 on, untll the Paull pr1nc1ple is kept or- the traced partlcle leaves the

nucleus. = .oy o
* The Dubna ICM is, descnbed in detall in the monograph [28] Let L
'us briefly mentlon here some more questlons related to pion. absorp—

tion. Besides the elementary processes (1) the Dubna ICM takes into

/account -also plon absorptlon on the nuclear pairs TNN = N. N. The

momenta of ‘two nucleons part1c1pat1ng in the absorption- are: chosen

‘randomly ‘from the Ferini dlstrlbutlon, ‘and’ the pion’ energy is dlS—
‘tr1buted equally between these nucleons in the center-of—mass system~ :
of { the plon and nucleons part1c1pat1ng in the' absorptlon The direction

of. motlon of the! resultant nucleons in this system is taken as isotrop-

o ically distributed in space.  The effectlve cross section “for absorptlon L

' "'(let us speak below,’ for concreteness, e. gy ‘about' minus plOIlS T )* is-
" estimated’ from the exper1mental cross-sectlon of plon absorptlon by
g’ deuterons , Wi L . : . : STt

o ) =W o b))

3 W may be a complex functlon on T " nucleus target the pomt where '
- the plOIl is absorbed ‘and on. the sp1n-1sosp1n states’ ‘of absorbmg pairs.

Concrete calculatlons have shown [28] that one obta1ns an overall sat-

' lsfactory descrlptlon of the data for a large range of plon energles ‘and L ‘
(nuclel—targets using an, ”effectlve approx1matlon W ~ const = 4. It i is

mterestlng to note that just the same value was obtalned by McKeown_r ‘
et al. [11] and other authors (see review [1]) in measurements of plon

absorptlon on 4H e for the ratlo

= [( do/dQ T + “np — NN)]/[(do/dQ)(w +d — NN)] |

) We use here the approx1matlon W = 4 as usually in the Dubna

ICM [28].

. 2The conespondmg formulae for 7*, absorptlon may be easxly obtamed by 51mple replacements :
T —v7r+,n—vp,p-vn,N—vZandZ—vN

“"'eeThe cross section of the 7+ absorption on **0-at T, = 115'and 165 MeV from the genume 2va k

absorptxon has been recently estimated by Hyman et al. [18] and for the first time it has been shown
that it falls faster with energy than the cross section of the 7r+d —pp reactlon In our approach thls

" means that W decreases with mcreasmg Ty



~we.do. not- deal with the spins of absorbmg /pairs; in pr1nc1ple The -

PRI

It is:useful to extract from the ratlo R the stat1st1cal factor takmg ‘

- into account:the number of np and pp pairs in a'nucleus containing N
“neutrons and Z protons. When the radlal d1str1but1on of néutrons and = -
o protons in the nucleus is the same i.e. p,,(r) / pp(r)

N/Z we have

i

[2N/ (2 - 1)]R'

' =T(n"np — nn)/I‘(?T pp— np). Risa complex functlon on: Ty,

lnucleus target and on spins of absorb1ng pairs.. Since the dynam1c of
. pion. absorptlon by nucleon ‘pairs in a particular spin- -isospin: state is

not ‘well understood, a purely theoretical determination of R is hardly

‘where R’ is the rat10 of the absorpt1on w1dths for the np and pp pa1rs |

possible at- present [1].. What is more, in a classical ICM calculation

" up-to- date ‘experimental data cannot clarify . this ‘question as. well [1].:

. ‘As has-been ment1oned in the introduction, even in the s1mplest case

) of stopped pion absorptlon this question is still. open.. Our CEM analy—

sis [5] of most of the experimental proton spectra measured for various

o targets by different authors has shown that e1ther R'is sensitive enough
S to the nuclear-structure of targets or there are s1gn1ﬁcant contrad1c-'

; [9 29] are con51stent w1th the assumptlon that R’ remams ‘constant i in
-a wide range of nucle1 from 6Lz to ?Ong
7obta1ned from our . analys1s [9, 29] of different characterlst1cs is very

The result R’ - 3. 5 :l: 1 5

close to.the value obtained by Blankle1der et al. [30] for 3H e, e, the -

hghtest nucleus for wh1ch absorpt1on by both the np and pp pa1rs 1s

‘ p0551ble

‘For the in- flight pion absorptlon the quest1on about the value of R :

and especially its dependence on T is more or less- clarified only for

very light 3H e, 3H and 4H e targets, for which kinematically complete \
experlments have recently been performed [6]-[8]. For all’ these light :
- targets it has been found that the value of R for in- flight pions is h1gher :
“than for stopped pion absorption: The T} dependence of R for the 3He
: targets has been recently measured by Weber et -al. " [6] They found
- that R/ (3H e) i increases with Ty from'~ 4 at Ty = 0 to some maximum

in the A resonance region (R'(*He) ~ 14 at T =162 MeV) and then

; ’agam decreases for higher T, (R'(*H e) ~Tat T, = 206 MeV).

e

B

«

For heav1er targets th1s quest1on is even : more- 1ntr1cate So _the.
majority of measurements on complex targets show that the value of ‘
R’ in the A resonances region is higher in compar1son with the stopped
pion absorption case (see review [1]). At higher pion energies, R’ seems’
to decrease: the recent measurements by Fukuda et al.

ratio of - (7rf*, pp) to (7r+ np) évents-is of the order ‘of one (1 e, R~

) At the sa.me time, some . exper1ments at Ty below the peak of B

the’ A resonance 1nd1cate very small’ values of R. So in the” recent’

measurements of 60 MeV 7t absorptlon on Ag and Br nuclei by the -

nuclear photoemuls10n method ‘Lantsev et al [32] have found the
values R(C N;0) ~ 1. 11, and R’(C’ N,0) ~ 0 28 for the group of
hght nucle1 of emuls1on C' N and O. For heavy nuclei of emuls1on Ag‘; :
and Br, they found unexpectedly small values R(Ag, Br) ~ 0.47 and "
R'(Ag, Br) =~ 0.18. Lantsev et al. 1nd1cated [32] that such small values

of R for heavy nucle1 may be explamed by a neutron enhancement of. o

the1r per1phery o : ,
- So in this intricate case, R can be regarded as a free parameter of -

the theory The .Dubna version of the ICM- was developed by us1ng'“

R=Ry,ie,R =1 [28] To our knowledge the maJorlty of the Dubna

: ICM calculat1ons of the 1n—ﬂ1ght pion. absorpt1on were performed by o :
- different authors with R = Ry (as a rule the authors do not stress’ this
questlon in their papers) We use here as a ﬁrst approx1mat10n R= Ry . .

1ndependently of the pion- energy and of. targets Our exper1ence of ':

many years of the ICM appl1cat1on shows that in the case of . the 1n-' -

flight pion absorptlon due to ISI/FSI the ICM results are not very ‘
sen51t1ve ‘to the value of R used Th1s may serve as a Justlﬁcatmn of ’
the R = Ry used.. '

~In the version of the ICM used here [28], the productlon of A 1sobars, : o

in the 1ntermed1ate states (as cascade part1c1pants) is not taken into ac-
count (we take mto account resonances only nonexpl1c1tly through the -

~ experimental cross sections of the processes (1) and m+d — NN). Dif-
~ ferent authors have shown [26 33, 34] that inclusive spectra of eJected W
partlcles calculated in the framework of the ICM with A resonances as .

cascade partlclpants are very close to those calculated in ‘the ICM W1th- ‘
out 1ntermed1ate A states As we analyze here only 1nclu51ve proton il

[31] on' the -
ot absorpt1on on *He and 12C’ at'l GeV/c has shown that. the yield



‘ 'sp'ectra\ we may use the ICM [28] without A ascascade participants

“:In our calcula.tlons all the CEM parameter values are ﬁxed and are:

the same as in [27]

.': | , ' 3 Results and Dlscussmn

% Us1ng the CEM we have analyzed the ent1re set of McKeown s et

al. [11] and Golubeva’s et al. (25, 26] data.- As measured and calcu-
lated spectra show a fundamental 51rrular1ty, we conﬁne ourselves to.
“the discussion of some exemplary results As an example, Flg 1 shows
B measured [11] ] 1nc1us1ve proton spectra from the 7r+-1nduced reactlonsj
at 100 and 220 MeV on C, Al, Ni and Ta along with our CEM calcula-
tion. S1m11ar agreement of calculated spectra with the. data have been_
obta1ned also at 1nc1dent energy T = 160 MeV and for 7r —1nduced" B

reactlons

~ The CEM reproduces correctly the change in the spectrum shapev" ‘
; with i 1ncreas1ng emission angle and in passing from hght to heavy tar-l
gets, prov1d1ng correct absolute values for the proton y1eld for all 1nc1—’

dent energies. -

- To illustrate the relatlve role of d1fferent proton product1on mecha.-,
nisms, for the spectra at 150° from Ni the cascade, pre equ111br1um and‘.

" the evaporat1ve components of calculated spectra are shown separately

L One can see that the main contr1but1on of slow protons to the spectra

comes from the evaporat1on from compound nuclei while W1th mcreas-: :

_ ing e_]ect1le energy the emission at the cascade and pre- equ111br1um\

. stages, becomes dom1nant For T > 80 MeV the cascade component; ‘

: -descrlbes almost the entlre measured spectra wh1le the contr1but1on of i ‘

pre—equlllbrlum emission is one order of magmtude lower. v

The. CEM describes sat1sfactor1ly all ‘proton spectra measured by':

McKeown et al. [11], takmg into account that no normal1zat1on was

appl1ed to ad_|ust the calculations performed without any free parame—‘
- "ters However, our model overestlmates systemat1cally the h1gh energy
~tails of proton spectra wh1ch are formed basmally by ” pr1mary ‘pro-
“tons from elementary processes of the genume pion absorption. Such”, -
' overest1mat10ns may be motlvated by three reasons: First, th1s may be
an 1nd1cat10n on the presence ‘of the genuine p10n absorpt10n on heav1er'

7 clusters” omltted in our calculations.
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Fig: 1 Measured [11] inclusive proton spectra (symbols) from 7r+-mduced reactioms at o .
©.100 and 220 ‘MeV and CEM calculations (hlstograms) Different emission angles for dlﬂ'er- -
* _ent target- nuclex ate drawn with symbols as mdlcated The solid’ hlstograms are sums of
" all three’ CEM (cascade, pre- equrhbrrum and evaporatlve) components For the spectra at
'.150° from Nl dashed hlstograms 1, "2 and 3 show separately the contnbutlons of cascade =

pre: equlllbrmm and evaporative components, respectlvely

CUAL the same time, one can see that the CEM overestimates the h‘ard -
proton emission equally from light, medium and heavy nuclei. Th1s '
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“fact contradicts the conclus1on by McKeown et al [11]: that the mass

* of the cluster 1nvolved in’ the genuine: plon absorptron increases w1th'.vf

the atomic mass of the target. -

The second, and probably the most. 1mportant reason of th1s over-

estimation is related with our rough approxlmatlon for the descr1pt10n~

' of the elementary processes. of the | genu1ne plon absorpt1on used’ here :

W ~ const = 4 and R = Ry. Besides, as it was shown by Iljinov et

[35], the approxlmatlon V, = const = 25 MeV used here is too-
rough and the classical 1ntranuc1ear cascade model must be 1mproved )
by 1nclud1ng quantum correct1ons and med1um effect for the descrlp—v'
- tion of pions of resonance: energ1es Such an improved model is, e.g.,
“the optical-cascade model by Iljinov et al. [35] - Wthh descr1bes well the

~ pion-nucleus 1nteract10ns in' the A resonance reg1on

At last, the third reason of this overestlmatlon may bemotlvated by‘
~the absolute normalization of the data [11] themselves So, the inclusive

proton’ spectra at 30° 75° and 130° from 160 MeV 7r+ 1nteract10ns w1th
98V measured recently by Burger et al. [36] lie systematrcally hlgher

than McKeown’s et al. data [11] and agree better with our results and' :

. the calculations by Vicente-Vacas and Oset [14]:

‘McKeown et al. have’ analyzed [11] the ratio d0(7r+) Jdo(r™) of proi B
If one assumes that fast’

" ton y1elds seen with 7* to those with 7.
- protons are em1tted only from p1on absorptlon on two uncorrelated
nucleons through a two-step. process of A product1on followed by. ab-

_ sorption on a nucleon w1th1n the target; ie.,viamN — A; AN — N. N, L
- and if-one neglects ISI/FSI one obtains [11] for. the rat1o of protonsz, '

' , seen’ w1th 7t to those w1th 7~ -the values Ryy' = 13.0, 12. 8, 12.6 and"‘

17.2 for 12C, 77 Al, 8 N'i and 181Ta respectively. For the ratio of protons -

em1tted from quas1free TN scatterlngs using the Clebsch- Gordan coef- -

ficients, one obtains [11] N = 11.0, 11.2, 11.2 and 12.0 for 12C, Y7 Al y
8 Ni and 1817, respectively.. The measured ratlos da(7r+) /d0(7r ) are .-

‘lower for proton energies expected both from 7rN scatterings and from
742N — NN (see Fig. 2). Takmg this into account, McKeown et al.

have concluded [11] that the pure unperturbed 7 42N — N N processi
s not domlnant and that nucleons from quasifree 7V scattermgs are -

not cleanly observed. .
_However,the ISI/ FSI, part1cularly by charge exchange of. both the

12

1ncom1ng p1ons and produced protons reduce s1gn1ﬁcantly the rat1o

da(7r+)/ da(7r ) in comparison with Ry’ and’ R,rN Slmllar 1nﬂuence

of ISI/FSI was observed also in other nuclear reactions, in particular,
for the ratio of 7~ to 7t productlon from neutron 1nduced reactlons at
intermediate energies [37, 38]. IS

The exper1mental and calculated here ratlos d0(7r+) / da( ) for | pro-
tons emitted at 30°, 90° and 150° from interactions of 220 MeV pions
with C, Al, Ni and Ta are shown in Fig. 2: One can see that both ex-
perimental and theoretical do (7 ) /da( ) are s1gn1ﬁcantly lower ‘than

" Ryy and R,rN For small proton energles Ty~ 50 MeV the calculated
~ ratios agree completely with the. exper1menta1 ones.  The measured
~ do(r*)/do(n~) increase with proton energies due to the energy de-
,pendence of elementary 7N ‘cross sections and to the dommance of

absorptlon of plOIlS on isoscalar nucleon pairs (R >> 1). The calcu-
lated ratios increase with T, slower and for: hard protons the predlctlon
of the CEM hes a factor of two lower than the exper1mental data ThlS

isa result of using the value R = Ry for the ratio (3).

“One should note that by ﬁttmg the value of R, it is poss1b1e to
obtain in our approach an excellent description of both the measured

ratios da(7r+)/dc7(7r ) and the proton spectra themselves. For this,
X it is” necessary to perform for: every reactlon two sets. of 1ndependent
: calculations by takmg into ‘account the absorptlon of 77 mesons only
“on.np pairs (R' = co) and, respectively, only on pp palrs (R’ = 0)

Then the part1c1e y1e1ds in our model are glven by

, YCEM = (YCEM + RYdE‘M)/(R + 1).

’ By ﬁtt1ng the value of R, it is possible to "place” the calculated y1elds»

Yeem exactly on the exper1menta1 data - We. have successfully used
such a procedure to describe the reactlons of stopped plOIl absorptron
by nuclei [5, 9, 29] for which we found R’ ~ 3 5. . .

A part of Golubeva’s et al. data [25, 26] are presented in Flgs 3 and

4 along with’ our CEM calculatlons and results of the best fit [25, 26]

in the mov1ng-source model For comparison,. for proton spectra from .

600 MeV/c 7t interactions w1th Cu the results of the ICM. calculat1on

with the A isobar product1on in, the 1ntermed1ate states from ref. [26]
are shown in Fig. 3.
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Flg 2 Ratro of proton yrelds seen w1th 7+ to those wrth ™ at T,r = 220 MeV from f
i kC Al Ni and Ta targets Pomts atethe experlmental values calculated here from the mea- ’
sured proton spectra tabulated in the AIP document No PAPS PRVC 2. 211-48 (see [11]) EO

- Hlstograms are the present CEM calculatrons

One can see that both our CEM and the ICM equally satlsfactorlly
“-describe the data by taking into account only the 2N plon absorptlon
A small systematlc underestimation of about 30%" of ‘all Golubeva s
et al. data by both our CEM and the ICM is not clear for us. "The .

- inclusion in our approaches of the pion absorption on ‘heavier ”clusters”

14
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w1ll only increase 1t and we do not exclude that thls is connected w1th
the absolute normal1zat10n of the experlmental data [25 26]

[ | .
mlosl‘
Q0T R on+Cu-ptl T +Cu—>p+ L
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> b , R ]
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. Fig. 3. Measured [25]‘inclusidve proton spectra from 7t and T mteractrons with ‘copper.

at 600 MeV/c (symbols), our CEM calculatlons (solid hxstograms are sums of all three CEM -

!;components), the results of the best fit [25] in the movmg source mode] (lines) and the calcu-

lations with the Dubna ICM with A as cascade partlcrpants (da.shed hrstograms on the left'i’

‘ 'graph) from Ref. [26]. Drﬂ'erent emission angles are drawn with syrnbols as indicated. The

da.shed hlstogra.ms 1 and 2 on the rlght graph show the CEM evaporatxve and pre—equrhbrmm

components for the angle 135°, respectxvely

As an example for spectra at 135° the CEM pre—equlhbrlum and
evaporative components are shown: separately in Figs. 3 and 4. One

~can see that even at these relatlvely high ‘incident energ1es the pre- .

~equ1hbr1um processes contrlbute to 1ntermed1ate energy proton emis-

sion. ‘But: for T, > 80 MeV the emission ‘of cascade protons becomes |

dommant and the pre-equ111br1um components he one order of magm-“v e

tude lower than the data, ' "
We see from Flgs 3 and 4 that the CEM equally well descnbes the
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7 proton spectra seen- from - and by -1nducted reactlons i.e: descrlbes
the Tatio do(nt)/do(r~) for Golubeva’s et al. data better than for
‘McKeown’s et al. ones (see Fig.. 2), although we use here also R = Ry,

as in analysis of McKeown’s et al. data. This indicates that at these
1ntermed1ate incident pion energies the’ role’ of IS1/ FSI is greater than

in the A resonance region, and ‘the results of the CEM are less sens1t1ve
to the value of the ratio R used in calculations. '
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O Y. ‘ i E
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F1g 4: Measured [26] inclusive proton spectra from 1r+ and 7~ interactions with copper:!
at 1 GeV/e (symbols) our CEM calculations (hlstograms) and results of the best ﬁt [26] in

the movmg—source model (hnes) The rest notatxon is the same as 1n F1g 3

4 Summary and Conclusron

In th1s work we have shown that both McKeown s et al [11] andf
' ‘.Golubeva s et al. [25 26] data ‘may be satlsfactorlly descrlbed by the.

2N absorptlon mechamsm The CEM isable.to describe. these datain ..

"'the absolute value without any. free parameters and .does not need to-
© increase the mass of ”clusters” absorbmg plons w1th atom1c mass, of
the targets or with 1nc1dent pion energy. :

16°
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" In'our prévious works (see [38] and references g1ven therem) we have

descrlbed satisfactorily with the CEM, takmg into account only the 2N O

pion- absorptlon, plon-mduced part1cle production at- h1gher energies
(up to Ty~ 3 GeV) as well-as’ nucleon 1nducted pion (and other

‘ ejectiles)- production’ for 1nc1dent energies up to ~ 3 GeV. We have '

descrlbed satlsfactorlly in ‘the CEM practlcally all available by now

" measurements on stopped p10n absorptlon on C and ‘heavier targets‘ '
. (see.[5, 9, 29] and references given therein). One should note that the
' CEM describes- qulte well- varlous ‘characteristics of “different. nucléar

reactions at 1ntermed1ate energles “The Tecent Internatlonal Code and
Model Intercomparlson for Intermed1ate Energy Reactions orgamzed

: -,by OECD Nuclear Energy Agency, France 39] have shown that at
1ntermed1ate energies the CEM has one of ‘the best pred1ct1ve powers o
as compared to other available modern models All these facts allow us .

to conclude that for medium and heavy targets the main mechanism of =
pion absorption is the 2N one. ‘We do not extrapolate this conclusion

) - for-very light nuclei for which the CEM cannot, be apphed However,

the recent kmematlcally complete measurements on pion absorptlon on'

: A=3 and A=4 targets 6,7, 8] have shown that thls statement in
: valid ‘also for llght nucle1 i

- These results do not imply, of course, that: nuclear plon absorptlon‘ .

s completely descrlbed by the 2N mechanlsm con51dered here. 'We
_point out that the agreement between experlmental data and present ;

. CEM calculations does not cla1m to be better than’ about 50%. The

“accuracy of the calculated cross section is about 40%, or1g1nat1ng from

the limited accuracy of the pion absorption probability, uncertainties of - o

other CEM parameters and from the statistical accuracy of the Monte-

:Carlo calculations.” In-other words, the' CEM' explams a major part

“of part1cle y1elds ‘by. takmg into account only-the: 2N “absorption. but
~does not exclude some contrlbutlons from pion absorption on heavier

“clusters”. Moreover, by analyzmg Gornov’s et al. data on complex -

particle productlon from stopped pion absorptlon by C, S i, C’u and Ge
nuclei [29], we have obtained a direct indication of deuteron and triton

emission from absorption of p1ons on: heav1er clusters on the level of
NBO% Lo - ; ¢ : . HE :‘;,V [

. To descrlbe better the plon—nucleus 1nteract1ons in the A resonance o
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',*regron, the CEM must be 1mproved by 1nclud1ng the dependence of ey
©Vzon p10n momentum and on rad1us a more proper descr1pt10n of the -

- Cross sectlons of elementary processes (2). of the genulne pion absorptlon

L by nucleon pairs and taklng into. account the dependence of the ratio

“R'on T, and nucleus -target, and by 1nclud1ng in.our classical approach

: quantum correctlons and medlum effect by analogy w1th ref [35] Such \
a Work is in’ progress at present : e .
To. our knowledge there are no measurements of neutron spectra :
: from plOD -inducted- reactlons at 1ntermed1ate energies by - now. - The o
measurements w1th a good energy resolutlon and statistics of neutron;
~'spectra SImultaneously with those of protons in. the same exper1ment‘
for drﬂ'erent targets and in a large pion incident energy range would be

,vuseful ‘as. they will shed llght on the questlon about the. role of the 2N

' ~absorptron mechanlsm and part1cularly, on the stlll open at. present bl
questron about the dependences of the functron W and ratio R on pron .
= energy and nucleus target

r I would llke to thank the Phys1cs Auxrlrary Pubhcatlon Servrce of the g
e Amerlcan Instltute of Phy51cs for the k1nd send1ng me the AIP docu-

i ment No. PAPS PRVCA-24- 211 48 with the tabulatlons of McKeown S
‘et al. data [11] used here.

1 thank A. S. Iljinov, RD | lVcheown M Kh Khankhasayev and :

E Oset for drscuss1ons stlmulatlng the top1cs of thls contr1but10n

~Itisa great plea.sure to thank the Orgamzers of the Dronten Sum— ,

‘ merschool for the most pleasant and st1mulat1ng atmosphere

‘References ,
[1] Weyer HJ // Phys Rep 1990 V 195 P 295

[2] Ashery D. SchzﬁerJP // Ann. Rev. Nucl. Part Sc1 1986. V36, |

- P.207.
b [3] Hufner J. // Phys. Rep 1975. V.21 P.1.
5 [4] Khankhasayev MKh // Nucl Phys 1989 V A505 P717

' [5] Mashinik S.G- [/ Rev Roum Phys. 1992. V. 37. P179 Proc XX‘

S Wlnter School LINP. L. 1985. V3 P.236. ‘
[6] Weber P. et al. // Nucl. Phys '1989. VA501 P.765."

18

'[,7] SalmsbergP et al. // Phys Rev. 1992 VC46 P2172 szthL C’ ,
: et-al. // ibid. 1989. V. C40. P1347 MukhopadhyayS et al. //ibid. -
1991. VC43 P957 Weber P. et al // Nucl Phys 1991 VA534 R

P.541.

[8] Adimi F. et al // Phys Rev 1992 V.C45. P2589 WeberP etal.
~// ibid. 1991. V.C43. P807 SteznacherM ‘et al // Nucl Phys E
. 1990. VA517 P413.

[9] Amelin A.I et al. // Proc. of P1ons in Nucle1 eds Oset E V1cente
7 Vacas M.J., Garcia Recio C., (World Sci., 1992) P.525. BOEES

[10] Pruys H.S. ‘etal. // Nucl ‘Phys. 1981; VA252 P388 C’hzangHC’ p
- Hiifner J.// Nucl. Phys. 1981. VA352 P.442. i

[11] McKeown R.D. et al.’// Phys Rev Lett 1980 V44 P1033 Phys
Rev. 1981.V.C24. P.211. R

12 Girija V., Koltun D.S. /] Phys. Rev. Lett. 1984 V52 P1397'

ibid. 1984. V.53. P.737. Phys Rev. 1985. V.C31. P.2147. Fraenkel

oz, ‘Piasetzky E., Clover M.R. /[ Phys. Rev..1984. V.C30. P.720. -

[13] Ko C.M,, Bohrmann S. // Phys Lett '1980. V.B97. P.188. Schzfer I

IP.)] Comments Nucl. Part. Phys. 1981. V.10. P243 Phys Rev "
Lett 1984. V.53. P736 :

[14] Vzcente Vacas M. J " Oset E. Pion Absorptron in-Medium’ and'
Heavy Nuclei. // Preprmt Univ. of Valevcia.. BurJasot 1992 S

| [15] Mack D.J. et al. [/ Phys. Rev. 1992. V.C45. P.1767.

' [16] ‘Altman A. et al. [/ Phys. Rev: 1986 VCB4 P.1757.
117 Hyman S D.etal [/ Phys. Rev. 1990 V.C41. P409
(18] Hyman S D et al // Phys Rev. 1993 V.C47.P.1184."
- .[19] Oset E., Futamz Y Toki H. // Nucl. Phys 1986. VA448 P597;

[20] Vzcente Vacas M. J Hemandez E. / [ Proc. ‘of Prons in Nucle1 .
eds. Oset E., V1cente Vacas M.J., Garc1a Rec1o C., (World Sc1 o
1992) P.471. '

[21] Morrzs C. L et al. // Proc of P1ons in Nucle1 eds Oset E V1cente
‘Vacas M.J., Garcia Recio C., (World Sci., 1992) P.495. ’

[22] Ransome R.D. et al. // Phys Rev 1990 VC42 P.1500. 1b1d 1992' -
V.C45. P.R509. : . : ‘

19



i[23] MateosA Szmzcemc N // Phys Rev 1993 VC47 PR1842
[24] Tacik R et al. // Phys Rev 1989 V. C40 P256 ‘

| [25] Golubeva M.B. et al /). Proc. 5th Allumon Semi ”Program of"

Experlmental Infestigations at the Mesom Factory of the INR AS
USSR” Zvemgorod 12-15 Apnl 1987 M., 1987 P. 205 :

[26] Golubeva M.B. et dl. // Phys Lett. 1989: VB221 P238

'[27] Gudima KK Mashmk S. G,, Toneev VD // Nucl Phys 1983 =

V. A401 Pb. 329

‘[28] Barashenkov VS T onee'u V D Interactlon of hlgh energy partl— e
Atom1zdat 1972 (1n Rus- e

- cles and nuc1e1 W1th atomlc nucle1 M
,‘ s1an)

[29] Gornou MG etal )/ SOV 7. Nudl, Phys 1988 V.47, P61, lbld e

11988. V.47 P.760.
~ [30] Blanklezder B et al // Nucl Phys 1987 V A463 P77

[31] Pukuda T. // Proc. of P10ns in Nucle1, eds Oset E V1cente Vacas - -

~M. J., Garma Rec1o C, (World Sci., 1992) P. 505

[32] Lantsev IA Lysenko I V Ostroumov VI // Yad FlZ 1989 g

V.49. P. 15. ,
(33] Mashmk S. G // Preprlnt JINR E2-93- 282 Dubna 1993

’[34] ‘Bunakov V.E. et al. [/ Izv:: Acad.. Nauk; Ser. Fiz.. 1981 V45~

P.165. Amelin N.S. A Comm. JINR P2-80-661. Dubna,’ 1980.

7[35] Il]znovA S Nazaruk V.I, Chzgrznov S.E. // Yad. Fiz. 1982 V 36 B

P646. -

o [36] Burger WJ et ol // Phys Rev 1990 VC41 P2215

‘ [37] Brooks ML et al /] Phys Rev. 1992 V C45 P2343

- [38]. Mashmk S G. e Nucl Phys. 1994 V A568 P 703 Preprmt ICTP.,
- IC/92/47 ‘Miramare- Tr1este 1992. Proc XVIII Wmter School‘

- LINP. L:, 1983. V.3. P.172.

[39] Nagel P -Blann M. et al. Results of an Internatmnal Code Inter—; ,
‘ companson for Intermedmte Energy Nuclear Data France Glf-‘ ’

sur—Yvette, 1993 o ¢ S R

Recelved by Pubhshmg Department
on December 30,1993. -

20

Mammuuk C.I.
. CKOJIbKO HYKJIOHOB Tpe6yercn ans smepHom nomomeuuﬂ MUOHOB?

E2-93-470

’

B PaMKax KacKaiHO-OKCHTOHHOM MOJENH SIEPHBIX peaxuuifl 8HAJIM3HPYIOTCH HHKNIO3MBHbIE
CMEKTPBI NPOTOHOB, UCMYIIEHHBIX B MHOH-SAEPHBIX B3AHMOAEHACTBHSX C PAITHIHBIMH SIpamMu MPH
sueprusix ot 100 MaB z0 1 aB. O6cyxaaercs BKNaj pARTMYHEIX MEXaHH3MOB ITOMIOIEHHS THOHOB
AnpaMu M OTHOCHTEJIbHAS POJIb PAATHUHBIX MEXAHM3MOB 00Pa30BaHMs YaCTHLl B 3TUX PEaKLHSX.
Pe3ynbTaThl, NOMYUEHHBIE 31€Ch, @ TAKXKE BBINOJHEHHBIA HAMW PAHEE AHAMM3 PasHOOGpasHbIX

IKCMEPUMEHTAILHBIX AAHHBIX N0 MHOH-SAEPHBIM PEAKUMAM B HHTEPBAJIE SHEPIUi 0—3 B non- |- -

TBEPXKAAIOT BHIBOJL O TOM, YTO AABYXHYKJIOHHDII MEXAHH3M MOMIOMWIEHUS TMOHOB SAPAMM SRIIETCH
OCHOBHbIM, TT0Ka3aHO, UTO, €C/M AOMKHBIM 06Pa3oM yuMTHIBATL BIaUMOAEHCTBHS B HAUAILHOM H
KOHEHHOM COCTOSHUSIX, MOXHO YAORIETBOPHTENBHO OMHMCATE IHPOKO obcyxnaemsle B MTEpaType
AalHBie MO0 MHKAIO3MBHOMY POXACHMIO MPOTOHOB NMMOHAMHM HA OCHOBE JIMIIL ABYXHYKJIOHHOTO
MEXaHH3Ma MOIIOUIEHHS.

Patora suinonxena s Jla6opatopum Teopernueckoit puarkn v, H.H.Boromobosa OUSIH.

Tpenpunr OGbeAMHEHHOIO MHCTUTYTA SAEPHBIX MCCaeROBaHMIL. [ly6Ha, 1993

-energy range of 0-—3 GeV confirm the conclusion that the main absorption mechanism is a two-nucleon
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