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Abstract | |
Protons with velocities up to 2.4 times that of the beam have been
measﬁred and the largest number of these fast protons are observed to
be in coincidence with medium-velocity projectile-like fragments.
Despite  large proton velocities and angular distributiohs which peak

near OO, if appears that evaporation is probably the dominant

production mechanism for fast protons although the'pgssibi1ity of some

. preequilibrium events contributing to the highest energy extreme of

the spectrum can not be ruled out.
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Alpha-particle, heavy-ion coincidence measurements [1-6], at

bombarding energies ranging from 4. to 20 MeV/A, have been interpreted

in terms of a large probability for pre—equi]ibrium a—particle emis-

sion in deep-inelastic reactions, possibly due to the decay of a "hot

spot" formed during the collision [7,8]. On the other hand, studies

of neutron emission accompanyingrdeep—inelasticvreactions [9—10] do

"not show evidence for any appreciable non-equilibrium component even:

though theoreticé] considerations have led to the suggestion that fast

‘nucleons could be ejected as "Fermi" or "PEP" jets‘[ll]. The marked

contrast of the above observations and the ‘theoretical posSjbi]ity of
fast-nucleon emission underlines the need for additional data to
better define the condftions dndervwhich equilibrium or non-
eqﬁilibrium part1c1e emission dominates. To this end we have étudjed
high-energy broton emission from a deep—ine1ast1c reaction which is
]ike]y to offer a recognizable signature of a pre-equilibrium process.
Self-supporting natCu foils (~1 mg/cmz) were bombarded with

ZONe6+

ions'produced'by the'Lawrencé Berkeley Laboratory
88-inch cyclotron. ‘Project11e—11ke fragments were detected in a solid
state Z-telescope (ZT) consisting of an 1i.3um Si AE—counter and a
250um Si E-counter. Light particles (1;e.; p, d, and t) were detected
with 2 to 4 proton te]éscopes (PT) each consisting of aA4OO to 600um

AE counter and a 3.2cm Nal E-counter. The PT's weke collimated by Ta

annuli thick enough to stop 60 MeV protons and were shielded in thick

“aluminum tubes. The Tlatter counters could stop protons with energies

as great as 100 MeV and had an energy resolution of 1.5-2.0 percent.



The PT's were .calibrated with'ﬁrotons and deuterons produced in (p,p),
(d,d), (d;p) and (o,p) reactions on 12C.in'the energy range from |
25 to 55 MeV. The uncertainties in the measured proton energies are
appfoximate]y ] MeV.

The ZT was fixed at a forward angle (+140) to maiimize the -cross
~ section for Ne-1like fragments. One of the PT's Was 1ocatedrdirect1y
beh1nd the LT in order to detect part1c1es emltted colinearly with the
Ne-1like fragment. The other PT S, wh1ch were mounted on a separate -
movabTe arm, Were used to measure the }n—p1ane correlations from -&°
'(on the side opposite thevZT) fo +131°, By monitoring the proton-
coincidence cross section in the PT at +140, and from a comparison
w1th the measured co1nc1dence y1e1d for the 252-MeV 20N 1ZC
react1on, we' est1mate that the yield of protons from carbon contam1na—
tion cou]d not have been larger than 15 percent over the entire proton
spectrum. |

S1ng]es and coincidence proton energy spectra are shown 1n
Figs. 1 (a) and (b). The low energy cutoff in all the energy spectra
is due to the AE detectors>and the protective window (Q.25mm A]) on
thevNaI E-detectors. Representative proton singles spectra arelshown
at the top of the figure. In genera1; the singles ehergy spectra fall
off smoothly witﬁ 1ncreas%ng'energy. At.ZOO, protons with energies
up to 70 MeV are obéerved. This corresponds to 2.4 times the beam.

velocity. Even at.800, protons up to about 55 MeV or twice the beam

velocity are observed.
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Three represéntativé coincident-proton energy spectra are éhdwnvin
FigT 1 (b). These spectra were generated by gating on ZT events with
Z-values of 6 to 11 and lab energiesgof_50—220 MeV. Although fast
protons are again observed, the coincidence proton spectrhffall off
more rapidly with increasing energy than do the singles. This differé
ence probably reflects the fact that for coincident protons a
projectile~like fkaghent must be detected at_140, whereas in singles
there are also contributions from all other possible emigsion angles
of the Ne-like fragment, and possibly from fusion processes. One .
shou1d»note that the hﬁgheéf energy coincident protons (Ep > 35 Mevg

Vp > 8.3cm/ns) are most abundant at forwardvang1es and that their

production cross section is Tow (<t mb/er—Mev).

It has been proposed [12]'that these h%gh—energy protons cbu]d
result from the sequentia1'decayvof fast moving quasi-elastic (QF)
events via a velocity addition effect. If so, then the telescbpe with
the colinear geometry for the ZT and one of the PT's éhou1d exhibit
energetic protons in coincidence with the QE events. To check this,
the 7T energies were converted td veTocities\on an event—by-eveht '

basis and three equal width gafes were set on the Ne-like fragment

velocities (VZ = 2.6 to 4.9cm/ns). Colinear proton'energy spectra

generated for each of these ve]ocityvbins are shown in Fig. 1lc for

opt = +14%,  The diamonds correspdnd to the low velocity (DI)
events, whereas, the circles correspond to the high velocity (QE)
events (all Z's between 6 and 11 are included to obtain better

statistics). It isﬁfair]y clear that the yield of protohs associated



wifh QE procegses drops off rather abrupt1y above 35 MeV, and_henqe,
the QE events areﬁnot the source of the fastest protons. In fact, the-
highest energy profons are associated with the intermediate velocity
évents (squares). It shou1d be noted thét a similar pattern is: o >
observed forjnon—co11near geometries. |

This opposing dependencelof the proton énergy spectra on the
fragment's velocity can be interpreted as a trade off betweén the
kinetic energy and the available e*citation energy. For high kinetic
- energies fhe‘fragmeni's excitation energyris low, favoring the emis-
sion of 1ow-ve1ocity'paftic1es in the frame of the»fragment, In
contrast, for fragments with lower kinetic energies the éxcitation
energy 1s:higher,-enhancihg the emission probabi]ity of higher
velocity pfotons.- This effect can more than éompenséte for the fact
that the emitting’fragment's velocity is 16wer, so that higher energy
protons are observed in the lab.

In Fig. 1(d) proton lab energy spectra are showh'for‘three pairs
- of atomic numbers (epT = +l40). Surprisingly enough the gpectra]
shapes are essentially the same for all‘casés. Onjy the yield varies
significantly with Z. (To within.abbut_30 percent the proton yield is
simply proportional to thé yield of the projecti]e—]ike fragments).

While it is tempting to explain the lack of Z—dependencé in the at
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‘spectral shapes by invoking a preequilibrium -process in which the
protons are emitted before the exit channel asymmetky'has been deter-
mined, this is not the only explanation. Indeed, calculations of

equilibrium evaporation seem to indicate a similar trend. We have
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performed these calculations by using the experimental average frag-
ment velocities and assuming that the excitation energy divides

according to the mass ratio of the primary fragments [13,14,15]. The

“calculated spectra do a reasonable job of reproducing the data except

at the;hignest proton energies (see curvesin Fig. 1d). The high

_energy portions of the calculated spectra are due to emission from the

projecti]e—tike,fragment.“Thevfai1ure of the calculations to
reproduce this portion of the spectra 1s‘re1ated to the  Tow ekcitatton
energy in the progect11e like fragment Increasing its share of the
excitation energy (perhaps due to statistical f]uctuat1ons) would ‘
increase the yield of high-energy protons although the pOSSjbi1ity of
some\preequiltbtrum contributjon in this region of the spectrum is‘not
ru1ed out on the basis of the simple modet applied here.

| In Fig 2, ’1n—p1ane proton—angu]ar distributions are shown for
representat1ve atom1c numbers and for protons with ve1oc1t1es greater
than 1.4 times the beam velocity. The most striking feature of these
corre}ations.is the strong peak near 0°. (Similar features were
observed for protons of 15-25 MeV (not shown).) At larger angles, on
both sides of the beam ax1s, the y1e1d falls off rap1d1y at f]rst and
then more gradually. The more gradua] fa]]off could be due to
emission from target-like fragments, which generally have low veloci-
ties andvnence very broad'in—pWane distributions. This interpretation

is consistent with the fact that the observed y1e1d at large negat1ve

~angles (target—reco11 side) 1s somewhat greater than the y1e1d at

large positive angies. One should also note that the w1dth of the

Oo‘peak decreases slightly as the Z-value of the coincident.

projectile-Tike fragment increases.



To detefmine the extent to which these features of the data are
consistent with evaporation from the projectile-like and target-like. .

fragments, we have performed a simple calculation. For the measured

e

lab angle, atomic number and.mean kfnefic enérgy of the'project;1ike‘
fragment, the total ekcitétioh enefgy of poth fragments wasftaTcu]ated .
~ from tWo—body kﬁnematics. Assuming thatvthe excitation energyvdivides
according to the fragmenf masses [15], the proton y1e1d was then
calculated %n the moving frame using simple evaporation theory [16j.
This yie]d‘was fheﬁ transformed into the lab frame and the contribu-
tions from:projectile and target emissioh were summed. Typical
résu]ts (dashed lines) are shown in Fig. 2 for Z-values of 6, 8 and
10. ‘iﬁdfhis’particﬁlar examp]e,'itIWas asﬁumed that the 1nﬁt1a1 angle
of the pre—evapofative projectile~Tike fragment was emitted at 10°
in‘ah effoft to crude1y mockup évaporation-reéoi] effects (see below).
| it,is‘encouraging that the calculations reproduce tHe overall
shape of the exberimehtai déta, however,'one should note that the peak
position predicted for projectile emission occurs at_s11ght1y 1arger‘
angles than does the data.‘ This position is sensitive to.the velocity
distkibutibn of the emitting ffagmeht (an avérage value was used in.
the ca]culations) and to evéporation-fecoil effécté. Because of tﬁe
recoil imparted to the projectile-like fragment by thevemitted'proton,
the emission angle is usua]]yua1tered from its original value (except
of course in the case of a sing1e co]ineaf'emission). Furthefmore,
because the angulaf distributions of the projectile-like fragments are

strongly forward peaked [17], the initial emission angle should, on
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the average,_be less than 14%. The situation is further complicated
by the fact that the prbjécti]e—]ike frégments cou1d subsequently emit
other paktic1es.

ATthough the simple calculation described ébove does a fair job of
reproducing both the'enérgy spectra and the angular distributions, it
does not predict proton energies as large as thqsé observed experi-
mentally. More enérgetic protons could perhaps.be'produced by
fluctuations in the.division of the excitation energy between the
fragments [18j. FHOWever; on the basis df the simple model applied
here, the possibility of some small nonequilibrium contribution to the
spectra can not be ruled ouf. | |

In ténc]usion, light particle emission in the 252-MeV 20

Ne + natCu
reaction has been studied. Protons with velocities up to 2.4 tiﬁes'
that of‘the beam velocity have been observed and the largest nﬂmber of
these faét protons are observed to be in coincidence with medium-
velocity pfojectileQIike fragments. The in-plane correlations exhibit
a strong peak neér 0% for é]] proton ehergies.v'Both the‘prdton

energy spectra and angu1ar'distributions are crudely reproduced by a
simple evaporation model. Thus it appeafs that the buik-of the fast
protons,iare due tbvevaporation from'the térget and projectile-like
fragments. A1thoughvit is possible that the highest energy protons
may result frém a prompt process, it is very difficult to isolate an
unambigdous signature of fhe‘sma1i pre-equilibrium component frém the
background of equf1ibrium evaporatioh because of pdssib1e 1arge.
perturbationsvfrom recoi]; hu1tip1e—bartic1e emissibg and'fluttuation

effects.
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Figure Capfions

Fig. 1.

Fig. 2.

(a) Singles proton-energy spectra for repfesentati?e lab
angles. (b) For three angles the energy Spectra of protons in
coincidence with fragments of Z = 6 to llvdeteCted at 14°,

(c) Rroton energy spectra detected in a colinear geometry
with-Z-fragments of three different velocities, and (d) three
Z—vé]ue bins. The curves are the predicted_spettra] shape
from a‘siﬁp]e evaporationfmode1 calculation.

[n—p]ane angular correlation of high energy protons (>25 MeV
so]idvsymbo]s) for three representatfve Z-values; (Z = 6, 8,
and 10). The solid lines drawn through the data pbints are to
guide the eye and the dashed lines are.the fesu]t'of simple

evaporation model calculations.
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