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:\USTHr\CT. eros:; s('ctiolls for fraglll('nts with 3 :S: Z :S: lG wcre lIlcasurcd for 160 bOllluarding
ellcrgics of 295 )'lcV alld 400 "le\' Oll '27Al. Hesults are prcscllted for thc IllcasurClllcllt corre-
spouding to Z > 7. :\lIalysis of thc residuc-likc CI'OSSsectioll rcveal a 20% of incolllplete fusioll
cOlltributioll allJ a dccreasc of the cross scction with illcr('asillg cnergy, eOllsistcnt with critical
angular IllOIllcntulll limitatiolls. Thc pl'edicted disappearallce of the residue eross section al high
cllergies is llOt obscrvcd.

HESU~IEl':. Se midieron secciones transversales de fragmentos con 3 :S: Z :S: lG para. cuergías de
bowbardeo de IGO dt.~295 Y 400 ~leV sobre blancos de 'l7Al. Se presentan resultados de las medidas
conespolldiclltes a Z > 7. El all<ilisis de las secciones dc los residuos de cvaporación indica que
la colltribución de fusión incompleta es de 20% y que el decremento de la st.~(Tión trallsversal, al
aUlllClltar la energía. e:; cOlIsi:;t('llte con limitaciones impuestas por el 1Il0lllellto angular crítico. La
dcsaparieióll de la sección tIc residuos de evaporación para alta cllcrgía no se observa.

PACS: 25.70.-z; 25.70.Gh; 25.70.Pq

l. 11\TIWDUCTIO:-;

Tlle disappearallce of fllsioll-like residue cross s('ctiolls as the uombardillg cllergy inercases
is a subject of currellt illten'sl [1.2]. maillly heci:tllsc lile prediclcd cllcrgy for \vhich this
disappcarallCC shollld uCCllr is sellsitin' lo lhe choice oi' ill Illcdilllll Illlc!eoll-lIuci<"OIl ill-
t.eraclioll in tile lIuc1ear IlIattt'r e<¡lIatioll oi' st.ate [1]. SOllle illdicatioll of t.lle vallishillg of
t.hc ('va porat iou resid \1('-1ikc COlJlPOIlCIlt. ha\'(~ h('('1I gi\'C1l ex pcl'imclltally i11liJe ,10A r + '2i A 1
sYSt.Clll, st.udied bct\\'('CII :W ¡¡ud .10 :-.leV jllllc!COIl [:~], by illlalysillg t.hc shapc of lhe ellcrgy
spectra. Also tlle ,10Al' + íiKZIJ syslelll al cllcrgies 1lI>lo :!'S~kV jlluc!eoll [4] sllO\Vs a stead)'
dCCI'pasc of the fllsioll-likc eross sectioll as a fllllctioll of CIlCl'gy. 1'0 date 110otller stlldies
cxist tllat address this topic in IIlcdilllll lllass cOlIlposite lludeL Fol' ligiJter S)'stClllS the
J.t:'\ + 1013rcactioll has l)(ll'll reported rl'Cl'lltly \5] up ttl 18 ~leV jllUc!COll. aud alt}¡ough tIte
fllSioll-like cross sCCtioll cOlltilllll'S to decrca:-l~ ",ilh illcrt.'asillg cucrgy it is still cOllsistcut
\\'ith critical augular 1Il01llClltlllll lilllitatiolls.

TItc lGO+2'..-\1 SystCIII has lH'ell studil'd at lo\\' l'II('rgics hy se\'cral alltllOl'S ¡G,i"] alJd also
IIp to l~)'lC\'jllUc!(,Oll l~,~),l(}]. TlJe cro::\s sedioll rol' fusioll-like l'esidllPs \\Tn~ cxtracted
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by velocity centroids 18J and by detai!cd ana!ysis of thc shapc of velocity spcctra [9J.
In both works, contributions up to 20% of incomp!ete fusion (IF) werc dcduccd. Ad-
ditional studics [10J of particlc-particlc corrclations up to 215 !\lcV bombardiug cnergy
revea! rcaction decay times consistcnt with complcte fusiono In all thcsc prcvious exper-
iments the bombarding encrgies uscd arc too low to bc significant for the study of the
disappcarallcc of the fllsion-like cross section. In thc prcscnt \\70rk the Illcasul'cment of
rcsiduc-like cross scctions fOf thc 160+ 27 Al syst.clll havc bccll cxt.cnded lo higher cner-
gics: 18..1 alld 25 ~IcV/lIUc!COIl. The main difficulty wit.h IIlCaSUrClllcnts at high ellel'gics,
sllch as the ()IJes rcportcd herc, i.s the idcntificatioll uf t.he residuc-like componcllt.. Due
to tite high cxcitatioll eucrgy rcachcd in thc cOlllpouud llUc!CUS, t.hc evapol'ated tllass
can hc c!osc to that of tlle t.argct 01' thc projcctilc, producing él l'csiduc \\"hosc cltarge
can overlap with eit.her that of thc t.argct. 01' t.hc projcctiJe. One way 1.0 deal \Vit.h this
difficulty cousist. of analyzing t.he cnergO' 01' vclocit.O' spcctra to det.ennine whether full
momentum transfer 01' IF has bccn achicved. In the follo\Ving sect.ious t.hc data \ViII be
presented ami compared \Vith dct.ai!ed statist.ica! model ea!Culations madc \Vith t.he codc
LILITA I11J.

2. EXI'EItt:,IEXTAL TECIIXIQUES

I1eaetioll products \vitll ;) S Z S 16, arising frolll eollisiolls of 160 on an 'l.7 Al tal'gct wcre
measured using 160 beams of 295 :.lcV and 400 !\leY extraclt'd from coupled operation
of the lalldem ami cyclot.rou of thc Ho!ifield HeavO' Ion neseareh FacilitO' (HHInF). Largc
iOllizatioll cltalllber-solid statc detcctor SystClllS wcl'e IIsed to register t.Ite fragments fol'
5° S 0I,IL S 20°. Qlle detcctor system cOllsistcd of a largc iOlJizat.ioll chambcr llsed as 2i.E
stage alld t.\Vopositioll sCllsitive solid st.at.cdetectors lIsed as E. This systcm covcl'ed aH
inter"a! of laboratorO' scattering angles of 10°. The rest of tIJe detectors \Vcre conventional
telescopes E - f:1E solid stat.e sO'stellls placed al. verO' forward angles 5° :s; lila" :s; 10°. Unit
Z resoltltioll was aciliev('d fol';) .:s; Z S 1G.Tlle 27 Al tal'get cOllsistl'<!of a foil G.25 Ill1l tIIiek,
equivalell!. to an arcal dellsit.y of 1.7 mg/cm:l. Ah.solut.e eross se('l.iolls werc dctennincd by
bealll ('\llTcnt iutegratioll alld RlItIJerford sC<-lt.terillg.
Encrgy slH'etra of fraglllents lightt'r than Z := 8 sho\\' typical 1>('alll(,IH'rgy COlllPOIlClltS

charactcristic of projectile-likc fragmcnts, (Uld therefore \ViII BOt he disclIsscd. Typical
spectra of prodncts of Z = 10 and Z = 12 are shown in Figs. 1 and 2. Fignrc I shows
the spcetra taken al a bealll energy of 295 :.Ie\' fOl"1\l' fraglllents (bottolll) and for J-1g
fragtllents (lop) at a laboratory anglc of 12°. For lhe Ne case, lwo COlllpolll'nts are c1early
'een: one al (E) = 250 lile\' direct rcaction-like and the other at (E) = 50 :.leY which
is charactcristic of cOlllpletc-illcompletc fusioll lIlC'chanislI1s (ccntral collisiolls). Figure 2
shows thl' speetra for Nc and "lg fraglllent.s at a bOlllharding l'nergy of 400 "le\' aud a
laboratory scat.terillg auglc of 12°. In this spectrlllll a singlc COllIlHJIICllt is clearly dOIll-
inan!. For the case of :.Ig (top) at an energy (E) = 75 Me\', charaeterislic of central
collisiolls. '1'11('cas(' of the 1\'c residucs (LJottOlIl) is silllilal' to tlH' OU(' at 2D5 ~leV, Tite
sol id lille:; in Figs. 1 all<! 2 are the re:;lllts of statistical lllodel calculatiolls and \ViII be
disclIsspd in t.!JeIlext s('ct.ioll.



44 A. DACA!. ET AL.

400

o
O

200

E=295 MeV

150
o Exp. Z=10

-Calc.
tIl Od12"-e 100:J
o
U

50

300

E=295 MeV

o Exp. Z=12

200 -Cale.

tIl 0...12°-e
:J
o
U

100

E (MeV)

FIGUHE l. Experimental cllcrgy SlH'ctnllJl (opell (¡rcles) for Nc rcsiducs (hottolll) amI for ~Ig
(101') of the 160 + 27Al rcacliou al E(l"O) = 295 "leV. The solid liue is the ealculated spectrum
IIsillg lile !'dontc Carlo codc LILITA disCllssl'd in tiJe texto

3. A:"ALYSIS

!tI order tu obtain tiJe rcsidllc-likl' allgle-illtcgratcd cross scctiolls it is important first lo
analyzc ill dctail lhe cllcrgy spect ra of t1lc fragmcllts sllch as t1l05c giVCll in Figs. 1 and 2.
Prc\'iolls llH'asurcmcnts of lile 160 + 27A1systelll [819] reported IF cOlltrilmtiolls as high as
2G% of tlie lotal residue-like eross seetious. Eveu at 160 energies as low as 150 MeV [71 IF
of 20% \Vas reported. For the ealcnlations of the energy speetra in the present stndy a 20%
contributiou of IF has been ehosen, siuee this is the value predieted by the systematies [12]
at 295 MeV bOIubardiug energy. Cousistent with Refs. [7] amI [12] ouly n partides lost
froll1 lile projcctilc llave bcen cOllsi<!t'l'l'd as IF ChUUIlCb. The illc1usioll of othcr IF eha.nncl8
likc p alld IIditfcr very lit tle frolll llJe predictioll of complete fllSioll all<i t.hereforc werc llot
iucluded iu the silllulatiolls. The ealclllatiolls ",ere doue witlr the code LILITA [111, which
uses tbe lIauser-Fcshbach formllla ill a ~lollte Carla approach. A sct of statislical lllOdcl
pa1'allleters wllich fit mcasurellll'lIts al lowe1' l'll<\rgics for SystClllS of similar masscs [(jl~,l3]
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FIGUHE 2. Experimental energy speetrum (open cireles) for Ne residues (bottom) and for Mg
(top) of the 160 + "Al reaction at E(l60) = 400 MeV. The solid line is the ealculllted spectrum
usiug the Monte Cnrlo code LlLlTA.

\Vere used. For the complete fnsion part, the calculations were done using a critical angular
momentum value of 32 ft, as suggested in ReL [14), reducing ho\Vever the absolute value
of the fusion cross section by 20%. For the IF channel, the value of 26ft \Vas used (this
value extracted from ReL [14) corresponds to the 12C + 27Al fusion).
The results of the calculations are shown in the solid lines in Figs. 1 and 2. In Fig. 1,

the clllculations are done for 295 MeV bombarding energy and for Z = 10 and Z = 12
frllgments. The calculation \Vas nOflnalized to the data for better shape comparison. From
the comparisons sho\Vn in Fig. 1, it can be seen that the 10\Verenergy component (50 MeV)
agrees reasonable well with the expected spectrum fOl' central collisions. If heavier IF
channels (like Li 01' Be) were to be included in the fusion spectra, the agreement with
experimental data would not be as good, since this channels shift the maxima of the
calculatcd spcctra lo 10\ver cllcrgies. Far lhe highcr cnergy, al 400 !vleV l the calculatioll
is sho\Vn in Fig. 2 also for Z = 10 and Z = 12 fragments and again compares well to
thc experimental spcctrUlu. This calculatioll was pcrforll1<.'d abo witlI 20% cOlltribu tioll
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FIGUHE 3. Angle integrated yield (in mb) of the fnsion-like component (lo\V energy group of
figure 1) plottcd as a function of Z. The salid histogram is for tIle experimental Jata and tlle open
histogram the :vlante CarIo calculatioll. Thc bombardiug cncrgy is 295 ~lcV.

for the IF component, .even thonght for this higher energy a slightly higher valne (25%)
should be expected according to the systematics [12]. Our analysis \Vil! not be sensitive
to such smal! changes on the IF contributions. The main point to be dra\Vn from the
comparisons in Figs. 1 and 2 is that the region of tentral col!isions can be identified using
the calculated spectra as a guide, so the experimental cross section for residue-like events
can be extracted at each angle.

The residue-like cross sections (aec,) obtained are sho\Vn in Figs. 3 and 4 as a function of
Zres' Thc salid histogranls COlTcspond to the experimental valllcs and thc 0PCll histograms
to the calculated ones. As can be seen in Fig. 3, the experimental Z distribution is
reproduced rather wel! by the ealculation. It is also important to note that the average
residue Z is about 13 which is 8 eharge units removeu from the compounu nueleus. For
the highcr cllergy of 400 rvleV, tIle cOlllparisolls ShOWll in Fig. 4 are not as good as tllat
for 295 MeY, but they fol!o\V the same general trend. One point of concern for the highest
energies is the large amount of resiuue cross section fonnu for Z = 8 (G8 mb) compared
to 40 mb predicted by the ca!Culation since for this Z there is strong contanlination of
bcam scattcriug at very forward anglcs. At this high homhanlillg cncrgy. the COlllPOlllld

nueleus is formed at 2G5 MeY excitation energy. A region \Vhere suitable values for the
paramctcrs involvcd in a statistical lllodel calculation are l10t \veH knO\vn.

The absolute total eross seetious (in lllb) for the residues (a,.c,), sUlllllled over Z, are
gi\"eu by the solid dots iu FilO. 5. The eross seetion at 295 i\leY was 402:l: 40 mb aud for
400 ~vleV it was 270 :i 30 miJ. TlIe opcu dots corrcspond to prcviolls lllt'i1SIUC1l1CUts115-
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FIGUIlE 4. Angle illtcgrated yicld (in mo) of lhe fusion-like component (lo\\' energy group of
figure 2) plottcd as a fuuction oC Z. The salid histogram is [01' tlle experimental data and the open
histogralll the l\'IOlltC Cario ealculatioll. Thc bomharding cllcrgy is 400 McV.

20) of mostly complete fusion, except for the point at 215 MeV (13.4 MeV /nucleon)
which corresponds to the measurements of !lef. [6), which includes approximately 20%
contribution of IF. Thc solid curve in Fig. 5 cOlTesponds to the calculation of reference [141
for only the complete fusion cros, section and a critical angular momentum of 32ft.
A full interpretation of the data given in Fig. 5 is difficult because above 10 l'vleV/

nucleon IF sets in and a clean extraction of the fusion cross section is no longer possible.
However a generalization of fusion to central collisions (01' fllsion-like) defined by the sum
of tite complete and iucomplctc [lisian componcnts is lIscful, as \vas shown in fief. [1].
The fact that the data follows the complete fusion caleulation indicate, that the critical
angular momentuln limitation is still the important factor. Certaiuly \ViII be of value to
perform I3oltzmaun-Uehling-Uhlenbeck e<¡nation (I3UU) calculations like those done [1)
for the 40Al' + 27Al and 40Ca + 'IOCa systems for which the threshold for disappearance of
fusion-like cross sections occurs aronnd 30-40 MeV /nucleon, depending on the choice of
a nucleon-nucleon interaction in the nuclear maller e<¡uation of state. For the IGO + 27 Al
system, the experimental evidence is that this threshold, if present, should be well above
25 Me V / nucleon.
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