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The experimental data on pr leus and pion-nucleus collision obtained
at LAMPF and SATURN are analysed in order to establish the resetion
mechanisms. The pion indiced reactions are well repraduced by the one-step
approach. ‘We found that the n-energy spectra produced in x4+ A callisions
directly reflect the pucleis single-nucleon mornentum density: The production
of if-mesons in p+A collisions is not described feasonably by nusing both ofie-
aid two-step models. We discusp the reasons of the discrepancies between
the experimental and model results. The reabsorption of rj-mesons in nuclear
medium is studied ini order to dnslyse the difference between the existing
approaches on this process.
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Thedndyofﬂ-m production mtm-mdeu collisiors is proposed for Celaiuz
(11} and Cosy [12]. Before the detailed expmemduﬂy ‘we:are to-ansdyve the .

© experimental data- already measured by means of the production models and to

anderstand the coxnnbntsoﬁ. of the different: mtma mgchanisms tc the rproducﬁan
process.

In this paper we study theone-body and two-body reaction mad:nimhu orde:
to analyge subthreshold n-production in-pion- and proton-nudc-un coll‘mon We use.
the folding model for primary and secondury p duction processes that was adequate
in the: dﬂtﬁptm of the subthreshold phenomen:.

2 Production mechamsm

2.1 Dirnct n-mesm: pmdm:txon

We considar the following mtcmhon pisture for mbthxuhoid fr‘proﬂucihon in hadron-
naclens. collision.

The n-meson. is prodaved in the first mm‘ﬁon of the incident hadron with a
nuclesr nucleon due to the fiternal nuclear motion

PN~ NiNig - 6

 :’-~+1§" — N+49 ' (2)

The standxrd way to dezmbe the internal motion of the nucleons is to use the
Fermi-gas grotindstate momentum distribution, which provides 2 masimum internal

momentum of about 250 MeV/c. We use 3 uniform distribiution of the nucléon -

moments inside & momentum sphere with radius.pp

3

where (p) is wmgem&n dcuuty
In order to analyze the particle production at bomb-.rdmg energies far below the

hN-threskold it is necessary %o take into account the high momentum component of
the nuclear wave function.

We use the double-gaussian function suggested by Geaga et al. {13}
il ) ) o 94°
otqy = =2¢ q’/'a’u’) by 2L q’/_ﬂ_")

9

The dntn‘bnhon is ne-mlﬁted to unity. The first term describes the Fermii-ges .

momentum distribution with & = 115 MeV/c whereas the second term représents
the high-momentum comporents with 3 = 230-MeV /¢ and a relative contribution
7 = 0.06 for a carbon target. We assumed an A'/? dependence fot +.

To analyze the 5-production in hadron-deuteron collision we use the standard
deuteron momentum distribution by Hulthen {14]
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‘where u-0.305 jm“ and f=2.5a.

“in fhe &mewmk of the ‘PCM the q-];rodnﬂm cross section is given by

o B ThpsnX 1. p@omanx(va) - -
| By ;,; aszd‘qi’(a)E.-*—-;rprf m

where ®(g) is the momentum distribution-of the nuclear nucleon;, Ny is the first
chance collisions number, /2 is the invariant energy of the incident proton-nucleon
system and primed indices denote the 7-meson moménium and energy in this p+N

" system, g is the nucleon momentum. In formule d*onn—yx(+/3)/d’p, stands for the

- _ eclementaty 5 differential cross section in collisions of hadrons with free nuclegms.

A

e
e

‘For n-production jn proton-nucleus ecollitions we use a phuc space calenlation for .-

--resction (1) and the n-production cross section suggested in Ref.{9].

The éroes section for 7-production in pion-free nucleon collision i ymetetmﬂ :

.- by expesimental dm [15] as

ool ) = - g o
whcnrf 3, is the thxcdxold mvmaut cpergy and A and Bare adjustable parameters,
‘We use A=0.268 mbGeV ard B=0.00J7 GeV? siggested in Ref.[8]. To describe
the differential cross section of reaction {2) we use do /N _on parsmetetization
suggcsted by Brown et al'[16] to describe the experimental angular disiributions.
'I'hc finst chuwe conmon numbe: was calculsted by Gleuber and Matthia [1?]

2.2 Two-body reaction mechanism B

A dxﬂ’crem way to explin the production of mesons at subthreshold energies is the

two-step resction picture. Theé production of pion in a first collision of the incident
prokm with » mlcleu nucleon followed by ‘a pion-nucleon interaction is assumed

p+N1 — N4+N+x : S

x4+ Ny — q+N : : - {10)

) “The mporta.nee of the secondary pion- nucleon reaction chuxmel for subthreshold K+
. -and n-production in proton-nucleus collision was foond by Cassing et al. {6].

The y-production cross section in two-step processes iaking into mccount the -
interrial motion of the nucleons is°given by:

a* Q TeN—Nnt \/_)
a7,

where W(p., A) is the probability that_p;ons produced in the first collision are
rescaltered in the target nuclens, F(p,) i« the spectrum of pions produced in the
first proton-nudcon collision and &(g) is the vucleon momentum distribution. -

a. ‘”*" = //d’qd*p. Flp) W(pe, 4) 9(0) B, = (11)




‘interaction the deuteron and nucleon can fuse the 3He nucleus.

B d:’v.,..m,(q"}{&‘p,ktﬁe mﬁm&t croes .eaiea for y-uieson K

production in pion-nuceon collisions snd was calcilsted as meationed above:
mmwmmhqulua}nwmlhﬁammakdm-a

Pl = [P atam Eoapads/D N

& m(p+5")

where B,d’c,n*nn.(ﬂf&rp, is the clemcntuy pion diﬂ‘crcnthf cross section a.nd‘

owlp + N) is the total proton-nucleon cross section.
The pion-production cross section was taken from the compilation- of experimen-

tal data by Flaminio et al. [15] and the differential cross section is assumed to be.

isotropic.in the p+N. center of mass system ‘and: mmpletd‘y detennme& by energy
sud imomentum conservation.

By analﬂgy with Bzf{ﬁ} we consider
) : l 4
C weeas®s R-v (1)
whemR*-l&A"’fmuthendmxofthtugetmthmnumbe:&md
, x }
X= 'ﬂw a'm(p} _ o (14)

where {p) is ucnse nuclear dfenaxtg and a‘,,n. aviv afe the cross. y scctions of pN and
=N interactions: -

Paoki et sl [5] found that in heavy ion eonmon: the rsscntw.l con!nbutmn 10 sui:»—
threshold 7-production is due to the secondary. A-resonance rescatiesing. Because
of the creation of the high auclear density in mucleus- lision the A un-
dergoes the secondary interactions with both projectile and target nucleons before

the A-decay. In proton-nucleus collidions. we: consider a normal nuclear rlensny and

expect that A-resonance decay before the farther rescattesings in nuch -media. To
analyse the A- prodnchon channel” we also take account for the following reuhom

p+Ni = N+A . )

) A+N¢ - N+'N'+Q » ] (16) .

The important role of the secondary pion induced reaction associated with the
deuterons was shown in the study on subthreshold K*-production by Sibistser and
Biischer [18]. It was found that p + N~ > d+ x,®* + N — K* 4 A channel takes
ahout 30% of the total K* production cross section st bombarding energies below
1 6eV. In order to analyze the contribution of the discussed. reaction mechanism to
the subthreshold 7-meson production we consider the following process -

PNy — drx (7

x+Np — Nty (18) . ..

The importance of this two-body- production mcchamsm for the p+d—-e 74°He
reagtion was suggested by Kilian and Nann {19]. Obvionsly due to the final state
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23 qrcabsorptwm

“g-mesons are: reahsorbed in nuclear envifonment via the excitation of the N‘(ISSS)
-rescnance that lead to strong distortions of the primordial p-production cross section

- and speetra. Inordettouwum!orq-ru}uoryhon wemthechmasndm

emmedbyﬂhdemm“nm} . >
‘o(qN, k) = 45(Realy + Tmaly) + dxflylma - (19)

wlwreu.,wzﬂﬂ+1922ﬁnand*,denotqtheq-momentummthehl‘rest
system. To take into vonsideration the internal motion of the nuclear nnc!eorn we
sverage yN-cross section by the internal motion.
The #)-reabsorption factor i then calculated according to assumption on umform :
distribution of produced 3-mesons inside the nucleus volume {8] -
\ TP X :
)= Lo gemet-m e
where y=poR 208 p=0.16 fm~3 is the normal nuclear density, R = roA"3 is the
nuclear radius, ro = 1.2 fm and & is the averaged pN-cross section. In Tab.1 we
show the mbntptwn {actor calculated for carbon target and for several values of
LY 8
A 'rather simple geomstncd model for g reabsozphon was mgguted by Clsuns
et all [9]. Obviously the mean- [ue path for y interaction at nocmal nuclear matfer
dcnlity is ‘extracted via .

cnd the :ecbcoxpﬂnn factor is. ukulaud o
R(T-)—“P( RNT-) - {2

"It is clear (Tab.1) that for carbon target the reabwrphon factor ulcu’h.ted by

‘the simple. geometsical model is of about an order of magnitude less than the factor

x calculated via Fq.20. Both suggestions on ‘the y-reabsorption ase quite crude,
thal escape us to analyse the data on z-meson ;;.roduchon on nuclear targets with
sufficient accuracy and reliance.

“The detailed calculstion by means of the cascade inodel [21] for g-interaction
hmde the aucleus results the following parameterization for the reabsorption factor

s(A.a.,u) (39 - oom,,,.,)r"’ ()

ﬁnt‘oam ngree with the assumptions l-bcve ‘that is shown is Tab.1.

To tand the discrepancics dis d above we need the accurate ansly-
sis.on g mbsorpfwn in nuclear media. For this purpose the detailed study on
A.dependence of the production of q-mecom with different kinetic energies corre-

sponded to o,y is necessary. -
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3 Companson with expenmental data

. We calculate n—prodn:tm croas section in. proton- aad pmu-nnclml eollis_xon by
means of the models considering the direct and two-step n-production. . For pion
. induced reaction only the First Collision Model {FCM) taking account the different

momentum distributions of the nuclear mucleons was apphied. For proton mduced .

reaction we use FCM as well us Two Step Model (TSM) and take into considera-
tion. the reaction channels discussed. The calculated results are-compared with the

" experimental data on »- ptoduchon in xA-collisions measured at LAMPF [22} and
the data on pA-cu]Iisxom by SATURNE: [4‘ 23I.' .

3.1 Pion ‘induced reaction

In Fig.1 we sliow the cross section for 7-meson production in x + '*C-colbision mea-

sured at angles less than 30° for different incident pion momenta. The solid curve

show the FCM cslculation taking account for standard Fermi-gas monentum distri~
bution, whereas the dashed curve show the result for high momentum component,
- The calculated results are not corrected by the 7 reabsorption factor, that have
- decrease the 5 yield up to a factor of five already for '2C target. Nevertheless the
experimental data are well described except the déep subthreshold point. At inci-
dent pion momenta below 600° MeV/c the importance of the extreme momentum
componcnt is obvious.

The energy spectmm of n-mesons produced in pzon-deutcm collistons at incident
momnientum of 680 MeV/c is shown in Fig.2. The deuteron target is very crucial for
the analysis of the direct production mechanism because of the two reason. First,
the 5-reabsorption in deuteron target is negligible and therc is no distortion of the
primordial 7 spectrnm. Thus we can study the production.mechanism directly and
neglect the nucleer influence except of the internal motion. Second, the contribution
of the cascade reaction channels, particularly the two-step mechanism is suppressed

‘by & factor of ten. The y-meson spectrum calcalated with Hulthen function (solid
line) fine reproduces the experimental one. By the dashed line we show the specfrum

calculated for Fermi-gas mementum distribution that évidently does not fit the data..

In Fig.3 we show the n-encrgy spectrum produced in 7+'3C collisions at 680

MeV/c. Dashed (x} and dotted lines show the FCM results for Fermi:gas and

high momentum functions respectively. The experimental-data are not reproduced
at whole. By solid lige {a) we show the results for Hulthen function with the
parameters adjusted for carbon target [14 j. By solid curve (b) we show thr Halthen
results corrected by the n-reabscrption factor that was calculated by means of the

Eq.20. The experimental data on 7-production in x 4+ 12C collisions are reasonably .

reproduced by FCM calculations with Huithen functxon taking into account the
n-reabsarption via the assumption (20).

We conclude that the shape of 5-meson energy spectrum is very sensitive to the
type of the nuclear nucleon momentum distribution. The energy spectra seem to

be ptomising tool to study the both 7-production mechanism and the nuclear wave
function.
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3.2 Pruton induced reactwm : R

In proton-nucleus collision the 5-mesons are produced via both the direct and two-
step mechanisms. In Fig.4 we show the experimental data on 7- -production cress
section in p’?C-collisions measured at 7-meson energies from 30 to 160 MeV and
for production angles less ithun 40°. By solid line we show the FCM result cal-
cnlated with Fermi-ges momertum distribution whereas the dashed line show the
contribution from the high momentum distribution. Also we have not account for 9-
reabsorption, that decreases the original cross section remarkably, the experimental
deta are underestimated. In Fig.5 we show the TSM results taking into consider-
ation the reaction mechenisms discussed. The solid Line shows the contribution of
the xNN-channel and the dashed one stands for the wd-channel. By the dotied iine
we show the results for intermediate delta production, that strongly contribute to
n-production in heavy:ion collisions. We notice that for the proton-nucleus collision

the A resonance channel is not lmportam
The 7 energy spectrum produced in p + ''B-collisions: at proton .energy of 1
GeV is shown in Fig.6. By solid line we show the FCM resulis calculated with
Fermi gas model function. The result calculated by FCM taking account for high
momentum distribution is shown by the dashed curve. In Fig.7 we show the TSM
results calculated for *NN (solid line) and ¥d channcls (dashed line). We do not
t the calculated results for n-reabsorption. .

4 Conclusions

At this stage we summarize, that measured 7 cross section as well as energy spectra
produced in pion-nucleus collisions at LAMPF are well reproduced by the FCM
considered the direct # production in proton- nuclear nucleon collision. The energy
spectra are very sensitive to the internal motion function applied. The problem-is
the description of the deep subthicshold 7-production st incident pion momenta
below 600 MeV /c. At this momente we need for high momentom component of the
nucledr wave-function to describe the data. Unfortunately we have one experimental
point only at momentum region of interest. And we have not f5-cnergy specira at
bombarding momentum below 680 MeV ‘that seem to be very crucial for the direct

" produetion channel.

The experimental data or g-production in proton-nuclzm collision obtained at
SATURNE are not reproduced by the models considering the possible 5-production
mechanisms. The reaction mechanisms involved in the analysis are quite adequate
in the description of the expetimental data on subthreshold »-, K*- and natiproton

‘production in pA-cnliifions but seem failure to reprodice the experimental data on

n-production in proton induced reactions.

The found dxscrepsncxes may be considered via the two enenm] reasons. First
is the n-reabsorption via the excitation of the N*(1535) resonance. It is not entirely
understood and also there is.not common approach to describe the nN-interactions
in nucleasenvironment. To study the problem the A-dependence on the production
of n-mesons with different kinetic éuncrgies is nccessary. Second is the kinematical
limitation of the experimental data on n production in proton-nucleus collision.
The dats were collected within 40° angular and 70.100 MeV .energy region. Thus
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Fig.l. 7-meson pxéaucﬁon cross section pn)\aueedin * - 17C collisione as a function
of pion momentum. The experimental points are from LAMPF. The line show FCM
results calculated with Fermi (solid) and high momentum functions (dashed).
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Fig. 3 n-energy tpectnm produeed inx+ ”C ‘eollisions tt 680 MeV]c Lines
show FCM ‘ealculations with Fermi (dashed), high momientum {dotted) and Hulthen
- functions (solid &) without »- teabmrpmn Solid line {b) denotes Hulthen results °

with 9- rnbaorption
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Fig.6. n-energy spectrum produced in p + B collisions at 1 GeV. Points are
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