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Abstract:.
'Inclusive protén spectra have been measured for the
. 197 16 ; N _
reaction. Au(  0,p)X at 315 MeV. The data, which are consistent

with emission from a moving source, are compared with the fireball

model and with models of preequilibrium emission.

—— o ——— - ——— > G T o s> -

In this letter we report the measurement of inclusive proton spectra
, 16 . 197 e
from the reaction of 315 MeV ~ O ions on a Au target. The motivation for
this work was provided by the growth of interest in high energy proton emis-
sion accompanyihg heavy ion collisions. At low energies,.(E/A=<'10‘MeV/
nucleon) the emission of -energetic lighﬁ particles has been discussed in
. - ‘ 1 ; 2 U T
terms of break-up reactions,  cascade calculations, preequilibrium models

: ‘ ' 4 5 et gt s
and, more recently, hot spots and jets. 6 At relativistic energies
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(E/A 2 200 MeV/nucleon) £hé cogceﬁt has.émergédvdfné 1§¢alized equilibrated
source moving at a velocity midway'betWeen projectile and tafget résidue,

and quantitative descriptions of‘iﬁcluéive épectra have been possible in
terms of the fireball7 and firésffeaks models. It'is an importaﬁt question
to ask what happens to the concept of lécalizatién used in the fifeball model
. as the bombarding energy is redﬁéed. ,For_exémglé,»i£'has beeh sﬁggésted4.
that this localizatidn may persis£ in the form of hbtlépots on' the nuclear
surface. Nevertheless, it is clear that a transition must take place to
mean field phenomena9 and that the energy‘at which it occurs should be
related té the relaxation time of‘nucleértmatter} Wé'find that at 20 MeV/
nucleon; in the transition region bétweeﬁ ld&vand highﬂéneigy brocesses, 0,11
the fireball model gives a surprisingly good account of the observed spectra.
Simultaneously, however, a description appears possible in terms of conven-

Do

tional low energy concepts.

“zhe 1655

beam from the Lawfencé Bérkeiey Laboratory 88-Inch
T T e 197 : S =20 Lt
Cyclotron was used to bombard a Au target of 9.5 mg cm . High energy
protons were detected in a telescope consiétihg of 1 mm and 5 mm thick
Si(Li) detectors, each of 5 cm diameter, and a 7.5 . cm X 7.5 cm cylindrical
NaI(T1) detector. The detectors were mounted outside a sliding seal
scattering chamber and viewed the target thrdugh,a O(QO2"vMylar window:“
A second . telescope made up of a 200 U Si surface barrier detector,.a 5 mm
Si(Li) detector and a veto detector, wés mounted inside the scattering
chamber and was used. to measureilow-energy light Particles. ‘The detectors
were calibrated up to 90 MeV proton energy withv45‘MeV_protons_elastically
1 : : : .
scattered from 97Au and polyethylene targets and also with protons produced
. 12 15 . o L , {
in the C(o,p) "N reaction at incident energies of .65, 90 and 110 MeV.

The absolute cross sections are accurate to * 30%.

W
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;In_Figure 1 wéuéﬁoﬁ the protbh.speCtra"obtained-from the golditargeﬁ.
The diffefential crossjsection‘decréaées Smbothly és a function of increasing
angle and energf, as in previouslobservatidhé'at both high and,1ow
energies. 1In recent experimen£ai stﬁdies, this tyPe,of“spectruh hés been
analyzed by extraqtingvthé temperature as a fuﬁction of angle iﬁ the cenﬁre
of mass frame,12 the variatibn with ahgle bging taken aé a signature of
preequilibriuﬁ or hot spot,phenomena.' Ip a first analysis, we prefer to
invéétigate wheﬁher the present déﬁa can be describéd by isotropic evapora-
tion from a moving source:wiﬁh a single‘characteristic temperature, T.
The justificaéioh for such an approach is illustrated in Fig. 2 where points
of,éonétant ihvarianﬁ Cross seétion are plofted in the parallelvand perpen-
dicular_velécity piane. Itvmay be seen tha£ the data are rather well
described by circles centred about a velocity midway bétween target and
projectiié, as would be expected for evaporation from a‘system moving with-
this velocify. If we assume a simple expoﬁéntial dependénéé of the cross
sectioﬁ in the moviﬂg frame, then, trangforming'to the 1abofatory, we
oﬁtain

C v -(E_-2avE_ cos@ 4-a2))T’

OKOL,EL) =VE_ o e T L L ,
Here, OL and EL'arevthé angle of.observation and energy'of the outgoing
proton,vo’inv is the ?ﬁverse crdss section and a2 is thenenergy of a proton
with the velocity of the‘moving frame;

\The best fit of this formula to the high energy region of the
__spectra'(EL > 20 MeV) is shown by ﬁhe full 1ines in Fig. 1. ;These cur§es
correspond to a source with a temperature of 8.1 Mev'méving at a velocity

of 0.10c in the laboratory. - We note that thesebvalues are very much
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{

higher than would be expected for evaporationffrom ;he equilibrated ?ompound

nuclear system, for which the reaction kinematics and the Fermi gas model

(with a = A/8) give 3.3 MeV and 0.0l6c;__We note also that_the fitted |

velocity is almost exactly one half that of the projectile (O.21c); it ig,

therefore, equally difficult to account for these @ata ?y eyaporation from

an excited prqjectile, although a large coﬁ;xibution is to Be expeéted ffom“

this process at the most forward angles. This was ?onfirmed in a recent

study13 q?_the ééFe(l?C,p)X :eaction at 195 Mev, where.the data were_cqﬁpared

with cascade calculations at ;Q? and;3Q°. | | .
_:Qualitatively(‘the_exgerimenta; spectra. are similar tq_those obsérved

in relativistic;heavy ion collisions which havembeen successfu}ly Qeséribéd by

the fireball model. We have made a simple_fifeball!calculation'using.thg -

techniqués described in Refs. 7, 8, l4btpxcalculateb£he excitation energy and

velocityfof_tbg,ﬁireball. The firebaLl temperatufévwas célculatéd using‘ﬁﬁé‘l

Fermi gas eqéatiqn of'stafg at nqrmal nuclear‘density (ro % ;.2 fm) anéigi;o v

at a 40% greége;VQensity (ro = },07 fm). The values obtained for tempergtﬁrgv

(T), Fermi energy (EF) and chemical potential (u) are presenﬁed in TablehlAanQ‘

the predictionsvwith r0 = 1.2 fm are shownxby thekdasbed lines in Fig. 1.

The agreement between experiment aﬁd theéry is fair although the absolute

cross section is underestimated by a factor of 2 at forward angles.

The following.points should be understood regardihé this'céléulafioﬁ:

(i) It has beén assumed tﬁat_the siﬁple géomeéricélAfofﬁulée méy be used

at an energy where Coulomb effects are importént ahd totai fusion ié stilli

a significant proéeés.-.(iij If one.i;jto beliéve in the separété

identity of ghe firebali, thendthé simplé éssﬁmpfion‘of‘eﬁiséion of all

unbound nucleons sho;ld be replécea by an evabété%idﬁ éaléulation at such

low excitation energies.- (iii)r Nobééédﬁﬁt ﬁés beeh taken of complex

particle emission which, if included, would further reduce the predicted
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proton cross section. It is, however, important to realize that the agree-
ment for these iﬁclusive spectra is coﬁparable to that obtained at much
higher bombardingAenergieé of,éSO and 400 MeV/nuéleon;

As an alterﬁative,band,perhaps'more gonventional-approach, we.have
also investigatéd tﬁe extent to‘thch these data may be described by pre-
equilibrium models._ We have used the hybrid formuiatibn3 of the exciton
model15 to calculate the anéle_integrated'cross seétions.“In'this médel the
initial exditoﬂ number is.esséntially a free parametef,and in Fig.VS, we
show thebangle.integrated cross sections assuming initial configurations of
16, 20, 24, 28 and 32 excitons.. It may.be_seen tha£ a value between 20
and 24 excitons describes the angle integrated spectrﬁm weil-in‘both slope
and absolute magﬂitude; Tﬁis is very reasohéble since it has been fdund._
ﬁhat for light_ion.reactions the ihitial exciton number is usually only
slightlylgreater.than_the number of-ﬁu;leons in the projectile.3 Also
shown in the figure is the compound nuclear cross section predicted by the
code overlaid ALICE-,16 which is able té give a good account.of the low
enexrgy region.

Recently, preequilibrium mOdels-have beeﬁ geﬁetalized17 to pfedict
angular distribﬁtions. Combining these metho&s with the 24 exciton hybrid
calculation, one obtains the dotted curves in’Fig.rl. ’The distributions
are in reasonable agreément for angles'éfeatei fhan 306'but underestimate
the 20° cross section by at least a factor of. 2. This-élmqst cértainly
arises from the neglect of projectile'excitation at these angles and from

the simplifications inherent in this calculation.
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In conclusion, both the fireball médel and the hybrid model can

give a resonable éescriétion 6f.the'high énergy proton spectra measured

in this experiment. The great advantage of the hybrid modei3'15'is that

it is a microscopic model in which the cross sectidns are calculated in
closed form, invmarkéd EOntrastﬁté'Eascade calculations. Ho&evér, it
should be reﬁembered“tﬁat'whilé'this model allows for proton emission
before ﬁﬁe excitation ehérg? is eqﬁilibfaféd over the whole system, leading
ﬁo higﬁef effective températufeé, thére‘is'n6 géometri¢a1 localization
“which is the>basis.of the'hOt.spétvand'firebéll models. The simultaneous
success of tHevfiréballgcalcdiétion préQidés evidéhce that such localiza-
tion ma§'a1reaay be impoftant at theée-éhergiééi' Finally, one may note
that, as in the'case'of éomple% ffagmeht emission,lolllva'frAnsitibn;’
betweénlfheﬁiﬂcluSive épectratbbservédrét‘ibw and highfénergies appears

to have set in‘at 20 MeV/nucleon. It is to be hoped that unified descrip-
tions of Hééé; iohvpiocesses ih £his'énergy”fangé mayzléAd‘to Ehe”dedﬁction
of cénstan£s>éuch és thé_thermal cohductivity:df hﬁdiéar matter,as has been
attempted for hadron-hadron collisions.4

“Weﬁare'pleased té’aékndwledge several useful discussions with

Marshail>ﬁianh and 3. Bisblinghdff for their asSiétanéé'ih'modifying the =~
compufervpfdéréms; We are also gratéful‘for"stimUIatihg discussions

with G. D. Westfall, A. C. Shotter and H. Faragéi:
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Table I. Parameters of Fireball Calculation for the Reaction

16

197

of 315 MeV O on Au.
# Pdrticipants ro Ef u " v/c T
fm MeV Mev MeV
51.5 1.2 33.52 : 33.05 . 0.06 7.6
42.48 - 41.02 0.06 8.5

1.07

LBL-8379
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Figure Captions
. s . . . 197 16 .

- Fig. 1 Cross sections for production of protons in the reaction Au( 0,p)X,
together with fitted and calculated spectra as described in the text.

Fig. 2 Points of constant invariant cross sections in the parallel and
perpendicular velocity plane.  The lines indicate contours of the constant
cross section for isotopic evaporation from a source with half the pro-
jectile vélocity;

: : . . 197 16

Elg.»3 Angle integrated cross sections for the reaction Au(  0,p)X at

315 MeV together with predictions of the hybrid model as described in

the text.
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