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Abstract:

Protons and pions emitted with extreme momenta from energetic proton
and heavy ion induced nuclear reactions are analysed in terms of two
simple phenomenological models: the nuclear phase space model and a
simplified multiple collision model. The systematic analysis of the
observed spectra over many orders of magnitude for a variety of
projectile and target combinations in the beam-energy range of 0.08
to 2 Gev/nucl. shows the importance of multiple collision contrib-

utions and the neccessity of off-shell scattering effects.




-TATNW 3Y3 3BYJ UOTIRAISSQO Y3 YITM SUT] UT 3ISEO] I8 ST 9OTOYD STY] ‘[opom
oyl Aq pe33ry axe [6] eaep L31517draTnw uord ayqelreAw AT3jueseid eyl Lem ®
yons UT I9ISN[O YOoeo 03 I[qe[TBAR SA uod[onu Iad AZxsue -"w°'d Yyl JO uOTIOUNT
B Se 3T 9)e3 o10381ey3 oM ([g] 381 3o g ‘813 '3°0) soT3TOTTATI[NW-L °Y3 FO
@ouspusdep A319Us-wRaq PaAIasqo 93 d9Inpoidol 03 9Iqe JOU SBM [G] FOI UT pesn
se °d Jo @oToyd judpusdepur A819us oy] -s93vI uoridonpoid uord °Y3 SuUILBACS
yorym 24 A3Tsuep [BOT3ITIO 8y3l :[opow 9Yy3j Jo Iojewered 991y ATUO Y] SUIID
-uod 3] ‘3USWAUTISI duo 103 3dexe ‘[g] Jox Jo uorsiaa °yj3 Aresrtoeid ur [epouw
ooeds oseyd ipeyonu ay3 Lordwe oM ‘ejels [BUTI 9y3 UT suord pup suosronu A7
-uo BuTIdpTSUO) -9opds aspyd "9°T ‘sajels [BUTI JO K3ITSusp oYyl woij eIjoeds
9S9Y3 931BWT3ISd URD 9M SOTWRUAP 9yl JO 9oUBRIOUST WNWIXEBW JO ITWIT OY3 UJ

.AQVZz.m SUOTINQTIISTP WNIUSWOW 9Y3 SSNOSTP 03 SN S9ABS] STYL ‘[9°g] o3rvwWr3se
QUTT-3Y8TRI}S 9Y3 WOIF SOUO I1833B] OY3 °)E] 9M 9I0JIBYL ‘' (MOTeq POSSNOSIP
‘9 ‘813 Aq ueaT8 ST jJuswnBie SuUTOUTAUOD B) Aznzumﬁu SUOT309S SSOID UOT3
-BWIOI 3Y3 UO UBY3 Aszzm ‘wxoy Tex3oeds 9yl jo oFpeymouy osToeid sxow yonm
aapy 03 jueixodwr ST 3T 9pn3TuSew JO SISPIO [BISASS ISAO UOTIOSS SSOID 93
Jo pusIl Y3l UT Pe3saIejuUT JI -unjuswow pue A3Isus [B103 °9Y3 Jo wiojy ut 3ndut
TBOTIBWAUTY 9Y3 SUTWISIAP A[9ITIUS STdqE] ©S9Y3 UOTIOW Twisj Soprseq ‘A[°AT]
-oedsex ‘g 398183 pue y 91T309(01d 8yl WoIy 93RUTBTIO YOTYM SUOSTONU JO N puUBR
W sIequnu 9yl SUTPIOOO® POTITSSBIO ST {N‘W} I93sn[o BuTInqIijuod yowe oIy

(1)
{N‘K}
.%qum:zazvﬁoNu%%\o%pm

‘[¢£]-3°x1 03 19391 oM STTB39p 103 ‘sie3snyd
PoYUTT °qrssod [[e I9A0 ums juersyoour ue Aq dn 3[Inq °q ueo 1 syoT3Ied
OT3Toeds B 9AI9SQO 03 UOTIOOS SSOID SATSN[OUT o[BUTS °Y3 OYI] SO[qRAILSqO
£poq-auo ‘souenbesuod B Sy ° SJ9ISNIO Payuyl JO UOTIOU Y3 SIONPOIIUT STYL
‘TBTONId ST ssodoxad syl S8qTIdsep 3By} wweiSeIP 9Y3 JO SSOUPIIORUUOD oy3
:08en8uey oTieweaBerp B UT ‘9deds aseyd 91qISSSE0OR ITOY3 Ie8IB] Sy SUOTIOR
-I93UT Y3noIy3l I9Yy3o Yope WOIF Mouy suos[onu oIow ayL ‘(1 ‘8rF) sopnds asoyd
91qrssaooe 9yl uado 03 ST SUOTST[[0o oafdri[nw jo A3jisdoxd [erjuesse 3sow
9yl ‘o1do3oST ATITBJ ST UOTJ09S SSOID NN 9y3 oI9yM awrdax ® ur A[Ieel)

*soTpn3s [eoT807ouswousyd uo £791 oM ‘sny] ‘pesn ATIULIIND URY3 OWI]

Surandwod uT 9iow peipuny I0310BJ B YITM UaAS BIjoads 9yl Jo s3xed sweIIXe 9yl

¢ °98egd

UT SUOT]D9S SSOI0 3STO91d 10Tpaxd 03 91qe 9q J0U PINOM [9POW SPEOSED IBS[ONU
BIIUT 9Y3 9T [OPOW UOTSTIT0O o7dTa[nw o[BS TINF ® 38yl ‘°30N [9] -FoI ur
TTBI9P UT PAQTIOSOp SB ‘[9poW 5ppIsDI JDaUJ @Y1 ‘oi1n3dTd opeosed perzridurs
B UT SUOTIBIMO[ED SPNIOUT OSTB oM S$3093J° BUTI33BOS [[9Ys-Jjo Jo eoueziodmt
SY3l UTP3IISVSE 03 I9pIo UT ‘oprs8uoly -siojeioeds vyl jo o3e} sy3 Suriou
-81 ‘A1uo sjuedroriaed syl Uo 931BIJULOUOD oM ABM sTy], ‘[¢] 1epow so0ds asbyd
4p3[onu °Y3 ‘°aAaT3oedsiad UOTSTTT0d o[drifnu ay3 s3zoddns 3eqs Tepom ® jJO
sueaw £q ®1309ds uord pue uojoxd 103y KeAIns ® yons jussaid 03 8j0u STY3 JO WIE
®Y3 ST 3] ‘AIBSS9I09U ST SUOTIBPUTqUOD 3081e3/eTI329[0xd pue seT819us weaq ur
@8ue1 peolq v 19a0 Apnis oTIBWRLSAS ® S9ATIBUIS][ER 9S3Y3 JO SUO JO SOUBUTWOP
843 103 3x0oddns SUTOUTAUOD B UTBIIR O3 I8pIO UT ‘303 ‘[#-1] seinyord sseysy
3O I9Y1TS UT PISSMOSTP Us3q SBPY B3RP JO Apoq Po3Twr[ ® ATuo 3sed ey3 ur

‘WSTURYDSW JUBUT
-WOp dY3 ST SOATIPUIDI[B SAOQE 9Y3 JO YOTYM UoTISenb oy3 YITm paoey oI am (I
‘817 uT ®eIe peyolwy) s3jueuodwod WNIUSWOW SWOIIXS 9y3 uo SuUT3IBIJUSOUOD SOyl
*S3ITWUIT [BOTIBWAUTY

843 o3 dn odoeds wnjuswow ur uorfe1 peoiq L1eAT3RTe1 B e3wIndod £Layy ‘eouo
UBY3 OIoW PIILIIEIS 9ABY 3IBYJ SUOSIONU ‘SUOTINGTIIUOD UOJS/[[0D aydnnw -
. puw

¢([%] Burae3aeds papy ‘3no-jyoouy) UOTSTTT0d o18urs ® £q sees Twiag o9AT1oads
-°1 IT3Y1 JO INO PAISIIBOS SUOS[INU JO SUOTINQTIIUCD BUIISIIDIS 9au4j-isonb -
¢ (uoTjow TWIs]) UOTIN

-qTI3ISTP WNJUSWOW ISTONU IFSUTIIUT @Y3 S3IVO[Fox1 ATurew red sryf *UOTSTI[T0D
OT3289us AuB PaILIINS JOU DABY YOTYM SUOSTONU WOIJ SUOTINGTIIUOD JOIDIDSdS -
:(1 813) °3B3 °ATIdedsex 1Tey] 07 Surpaooow

sursjjed Teijoeds JueisiyTp °3Tnb 3TqTyXe suosfonu ‘2an3ord uorstyroo e1d
-Tarnw e waAT® ‘snyl ‘([g¢] 193sn[d pejeeIIoD IO uon3lonyj) A3TSusp pesesardut
ATTeIUSPTOOR JO UOTSeX B S3TY °Tor31Rd JUSPTOUT 9Y3 3By} oumsse ‘oydwexs 103
‘sTopow swog ‘9oeds oseyd jo seweIjxe 9yl usdo OST® SUO/ID[aJJOD 3IDIS |DI}
-{U] SB TToM SB SUOTINQTIIUOD UOJs)[j0d a|d 3 nw ‘puey Isy3o 343 ug - [z] wosjow
jwady "e°T ‘UOTIOW IESTONU OTSUTIIUT 8Y3 JO sjusuodwod wnjuewow YSTY oY
O3 SUOTIPAISSQO 9S3Y3 UT] STopow bujuapds ajbujs ‘suorieuerdxe jo £39t11
-BA ® 23T1b peje[nuwrls 9/A8H 7 FO SI9jsueIl wnjuewow yitm [1] Biep uotjonpoad
pIemyoeq uojoxd 3sITy 9YL °SUOTIORI IBSTONU dT3e8I0Ue Jo Apn3s 8yl UT 3soIe]

-UT SUONUTIUOD JO Udsq dAPY pIuUSWOm YSTY Y3TM Po3iTwe s3onpoid uorioesy

Z °%eg



Page 4

plicity of pions relative to the multiplicity of participant nucleons is
approximately a function of the beam energy per nucleon only and nmot of the
projectile/target combination. In this way the pion rates are adjusted and
extrapolated into the unknown regime below 400 MeV/nucl. while the spectral
shapes emerge from the equal opportunity assumption of the mcdel. Although
the above modifcation allows us to predict absulute cross scctions without
any further adjustable parameter, it also reflects our present ignorance of
the actual production mechanism.

The energy dependence of Pe is shown in fig. 2. It is uvident from the
strong energy dependence and in particular the rather high values of P Te-
quired at high energies, that the common interpretation of p_as a freeze-out
density of a system in chemical equilibrium [10] makes little sence. Rather,
in the context of Fermi's theory [11] we view P. s an implicite
parametrisation of the pion production S-matrix.

One of the subtle consequences of the energy dependence of Pe is the
difference in slopes that now emerges for the transverse pion and proton
spectra, fig. 3. This is due to the fact, that even for a fixed beam energy

there is a spread in c.m. energies for the various contributing clusters
{M,N}.

Given the employed picture where all participants of a reaction group
into several small clusters where each cluster comprises all the dynamically
dependent particles, one may ask: which cluster type {M,N} gives the most
significant contribution in which area of phase space. For the forward
(backward) yield of protons in a 1 GeV/nucl. heavy ion collision this ques-
tion is analysed in fig. 4. The result is qualitativeiy the same at other
energies and also for the pion specctra. Note that due to the Gaussian shaped
Fermi-momentum distributions employed the quasi-free scattering contribution
(M = N = 1) drops off quite significantly. Rather, the most eminent cross
section at high momenta results from processes where about 4 nucleons partic-
ipate. Thereby the preferred ratio of projectile to target matter in each
cluster M/N follows from kinematical considerations: M/N>1,=1 or <1 for for-
ward, sideward or backward emission, respectively. Note further the observed
fragmentation peak at p=0 which has a width reflecting the Fermi motion of
the projectile [12]. In our picture this peak results from the decay of the

Page 5

projectil» fragment (i.e. spectator) with a spectrum as in fig la and is
therefore not included in our phase space description. The participant part,
however, is very well reproduced by our model. This holds for quite a varie-
ty of projectile/target combinations as well as for a broad range in beam en-
ergies from 80 MeV to 2 GeV/nucl.(fig.5). Concerning the trend with energy
one may draw the conclusion that for the light systems so far observed a kind
of transparency sets in above 1 GeV/nucl.: experimental slopes saturate
while the model spectra steadily broaden with increasing bombarding energy.
Obviously no longer all but a fraction of the available energy is transformed
into heat. The remarkable insensitivity of the measured spectral shapes even

up to beam energies of 400 GeV seems to demonstrate a saturation in the de-
posited energy.

One interesting question to ask is which are the dynamical mechnisms
that open these extreme areas of phase space. In particular, one likes to
know whether a sequence of binary on-shell scattering processes is able to do
it. For this discussion we concentrate on proton induced reactions as the
reaction dynamics is much simpler. There the projectile nocleon has the
chance to scatter off N target nucleons through a sequence of binary colli-
sions. Enforcing on-shell dynamics on each micro collision we culculated the
spectral shapes H.,HzCuv for the emitted protons (c.f. eq.(1)). Applying the
same weighting factors ovw:.zv as in the phase space model results in a
spectrum that is shown in the histogram in fig.5. This Monte Carlo calcu-
lation compiles half a million runs which with with the bin size chosen leads
to a noise level of about 0.1 to 1 mb/GeV? for the displayed cross section.
Although accessible through phase space considerations we do observe a size-
able depletion at high momenta. The yield integrated for all momenta above
400 MeV/c is seen to miss an order of magnitude relative to the data. Even
accounting for a possible subsequent rescattering of struck target nucleons
with cold target matter does not help filling the gap. We therefore conclude
that processes other than binary on-shell scattering are neccessary to popu-
late these regions of phase space. This pionts towards cooperative effects
of a kind other than accounted for by cascade dynamics.

Returning to the BEVALAC energy regime we find a quite enormous range
in beam energies over which the model gives appreciable predictions. This is
supplemented by fig.6, where even for beam energies as low as 86 MeV/nucl.
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Figure 1) Illustration of the various contributions to the inclusive spec-

trum as a contour diagramm over the momentum plane (|| denoting the direction

of the beam); a) the Fermi motion of the nucleons in the incident nuclei, the

decay of the spectators gives rise to a spectrum of this type; b) quasi-free
scattering of two nucleons out of their Fermi seas (knock-out);

and c) spec-
trum from multiple collisions.

The hatched areas are the ones of interest.
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Figure 7) 0° - pion production up to the kinematical limit at 303 MeV/nucl.. tions plotted against Feynman
Data from ref [16]. part: at 303 MeV/nucl.;

10 T U T T -
.nV; 80MeV/A Ne+NaF — 8% +X R\ 86MeVIA "CeT—10(8"")4X &
(] x
2 0 ¥
% %
=]
Ey
m
a
o
% -
mo 10
w
10’
0 40 80 0 40 80 120
EL (MeV)

Page 12

GSI- T-81-0050- &

E d3op3 (mbsr-Gev?)

o
>

_O_ L

a+T- 7 (25%+ X
Epeam = 105 GeV/A

GSI-T-81-0051-4

|
_Oo

XF

Figure 8) Forward pion production for different projectile/target combina-

Figure 9) Subthreshold pion production at 80 and 86 MeV/nucl.. Data from

ref. [18].

s scaling variable xmumva\vd smxv
right part at 1.05 GeV/nucl.. Data from ref.[17].
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