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Abstraet. Neutroll cmissioll cross sectiolls were measured for several
¡igllt heavy.ion sysletllS, using a 411'" uctt'ctUI'. The systcms studied were
Ile + l"le, 12e + De, DC + 13C, 14N + 12e, 160 + 12e and 160 + 160
at bombarding en('rgies around the Coulomb barrier. A dctail lIauser-
Feshbach i\ualysis wa.'i done anu good agreement with the data was
found. The 12C+ 12e syskm shows a grNt <leal of resonanres which are
correlated to other rhallllels. Fewer resollan ce are seen for the 12e + l3C
and l2e + 160 syst('ms.

PACS: 25.70.Gh

1. Introduction

The discovery of rcsonanccs in the 12C + 12C systclIls. correlated to lIIallY decay
channels [IL initiated a grea.t deal of experimental activity in the past t\\'o decades.
A recent review Oll this subject is givcll by T. CorlIliel' \2]. Qlle of tIJe lIlotivations of
the present IIlCaSUl'elllcnts was to sf'arc!l for rcsonilll("(' structures in lighí hcavy-ion
systems by IIwasuring the tota.l allglc intcgrateJ neutroll yielJs. '!'his tcchnique
should reveal most of the rcsonalln: strllcture since statistir:al fluctuations, which
commonIy confuse the resonallcc bchavior. are scvcrcly dampcd out <Iue to the
many channels includcd in thc total yicld measurcrtlents. In aJditioTl, ver)' httle
information is available on neutroll <Iecay fol' thcse systems up to date.

Anothcr ill1porta.l1t motivatioll for this measuretlwnts consists in the study of
the gross cnergy dcpendence of tlle rcaction mcchallisllls rcsponsible fol' thc IIcutron
cmission. \Ve have ("onccntrated the 1lH'i\smements fOI"1J()Inbarding cnergics covcring
about 50% bclow amI aboye the Coulomb barrier in the region which is relevant for
extrapolatioll tu energies of astrophysical interest.

Although tiJe bombarding cllergics Ilsed in tllt' PWlit'llt llleaSlHellll'nts are low,
the excitation ent'l'gics are so high that Bot only tll<' oue ncutroll ernissioll channel
is important hut al so multipa.rticlc - (mostly p's Clnd (\'5) neutwll chauncls are
open and Ilce<l to be includcd in ti\(' n¡\(,lllatiolls. '1'0 tltis errect tlle ("ode L11.1TA
has been uscd, hut improved in lIliUlY (lS¡)('cts dt'illillg witb tlle Clltrall("e challnel
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FIGURE l. i\'eutron emission cross sections mcasured for diffcrent combinations af carban isotapes

spin distribution, optical model transmission coeflicients, and use known discrete
states of residual nuclci wherever it 's possible. In Sec. 2 \,,'ediscuss the experimental
details alld SeCo3 is dedicated to tile study of thc rcsonance beilavior. SeCo4 shows
the experimental data on the gross cnergy dependen ce. Conc1usions are presentC(l
in the last section.

2. Experimental procedure

The prcscnt mcasurements were performed using beams oí 12C, 14N and 160 ex-
tracted from the OR:"r. ENTandem Accelerator. The 411" neutron measurements were
done with the graphite sphere neutron detector described in Re£. [3]. The carbon
targets employed werc of natural isotopic compositioll and of enriched 13C(99%).
They were evaporated jnto thick tantalllm disc that stopped the beam. The target
were placed al the end of the vacuum hcam pipe which was introduced in the cenler
of the graphite sphere through a 10 cm quadranglllar opening. The target assembly
was electrically isolated and was usro as a Faraday cup to measure lhe integrated
charge. For the 12C+ 12C measurements a thin target of 7¡.tg/cm2 was used to
reduce as mueh as possible the encrgy average of the resonant structure. For the
measurements on the 160 an implallted target was prepared, implanting the 160
ions at 100 keV. Typical target thickness were aH around 20 to 30¡.tg/em2. Aíter a
series oí rneasurements the target was removed and replaced by a blank tantalum
disc which was uscd to Illcasure the Ilcutron background coming from reactioIls on
the tantalum. Typical Ileutron production cross scctiolls were a factor oí 100 clown
respect to the ones with the real targets. Room background was also estimated
by counting several hours beíore and after a major runo The over aH accuracy oí
the measurernents is :1:7%and is givcn mostl)' by target thickness uncertainties and
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FIGURE 2. ¡:le + 12e Ileutron cmission cross sections as a [ullclion of cenler oC mass energy.
The salid curve reprCscllts :In l'll1piric~1 t"stimatioll of aliOli resonant background, as
explained in lhe tcxt.

current integration. Background and cOllnting stat.istics aloBc were below 3%. Fig. 1
shows the typical results obtaincd for the totalncutron emission. As can be seen the
cross sections can be measured ovcr se\Tral or<!crs of ma.gnitude. Thc data shown
in Fig. 1 corresponds to combinations of diffcrcnt carbon isotopcs.

3. Experimental results on resanant structurt"

From aH the systems studieo the 12C+12C is by far the richest in resonant structurc.
Fig. 2 shows the yield in mb of t1eutron cmission vs the center of fIla5Senergy (Ecm)
in the range of 5 to 13 ~leV. As can he seCn, the resonant structure is evident. 1'0
analyze in more detail this structure a nonrC6onant cross st.'ctioll (}~lJGv) is defined in
Fig. 2 and then subtracted from the data. The }"BGlJ curve is a.nelllpirical estimation
of the non resonant background including ao additional cOllstraiut of a smooth
energy depeodeIlce consistent with a lIallser-Feshbach caiculatioll, and normalized
to the minimum that can be rcsolved in the experimental {~xcitation fundion. Other
technics, such as running averages, used in Ericson fiuctuation analyses gave non
smooth backgrounds. Improvf'nlcnt in this analysis can iH' done only through a
significant reduction of the experimental energy resolutioll.

The result Y -YBGD is shown in Fig. 3. The vertical arrows Jrawn in the figure
indicate the energy for which previous resonances have been reported [2,4-6] for
various exit channels (n,p,o and aBe). Sorne of the spin suggestions are also given.
The first important comrnent to make about the data of Fig. 3 is to determine
whether or not the structure scen can be account for in the normal frame work of
Ericson fluctuations, as has been discllssed in several lwavy.ion cxcitation function
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FIGURE 3. Resollant structure observed for 12C+ DC systcm. The yield is defilL('d as the slIbtrac.
tioll of the ('Stimated background given an ¥ig. 2, from the measured cros!; sectioliS.
The arrows point to the energies where previolls resonaIlC('S !lave beeli rcport.ed.

IIIcasurcIllcnls [7,8]. For lbe 12C + 12C reaction at Ecm ;::; i.S !\leV wc calculalcd,
using the cocle STATIS [9], lhat the Ilumbcr of effeclive ebanncJs Neff is aboul 48.
Thc corresponding prohability dislribution for lhe ratio of a givcn cross scctioll
divided by the average, as giveTl for example in Ref. fiJ. will indieate lhat mosl of
the fluctuations should be below 10% of the average eross scction. This is too small
lo accounl Cor the data oC Fig. 3. Anothcr important non statisticai effect is that
many oC the structurc sccn in Fig. 3 are conclated to olhcr exit chanlle1s. From tlw
data prcsented on Fig. 3 one has to condude that esscntially aH tiJe struclurc is
related to real resonanccs in the 12C + 12C system.

Thesystem 12C+160 has not becn studied as much as the 12C+12C.ncvcrthclcss
in the presenl llleasurcmcllts SOIll(' structure can be seen also in the cllergy rauge
oC 7 to 10 ~1eV. Fig. 4 shows the excitation function of the neutroll yield for this
system and as we s('e, two dear resonances are observeo at 7.il and 8.5 l\leV. For
this case the number of cffective channcls is about 120, and no f1uctuations should
be scen. One way to rcmove the strong energy dependence of the cross sectiotl, and
to enhauce the resonant behavior, is to plot the E factor which is proportional to thc
nuclear S factor [lO}, This is done fol' the data of Fig .• 1 and is present.ed in Fig. 5.
'fhe resonanees at 7.7,8.5 and 9.2 are evident. Broader and weaker resollances can
also be observed at higher energies. To the best oC our knowledge this is the first
time lhat this subcoulornb resonances have been reportcd for the ¡2e + 160 fiystelIl.

'rhe system 13C+ J2C has bttll studicd with so me dctail and cOllflicting evid(~ncc
has becIl reported concerning the 5tatistical vs resonanees behavior (11,12]. In Fig. 6,
wc show our J2e + 13e neutron ernission data for the ccnter of rnass t'uergy rauge
oC 6 to 12 Me\'. As follow5 froITllhe figure, "'ca k rcsonanees are SCCIl at about 9.2
ami 10.3 !\1eV. 'fhe arrows clrawn in the figllfc corrcspond to anomalies rcported
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FIGURE 4. 1'\CUlroll clIlissíOIl cross scctiotls fOf tlH~12C+ 160 sysll'llIS, The arrows sho", resonances
obscrveJ al 7.7 and 8.f) .\leV.

12 16e + o
10

B

6

4

2
6 B 10

E" (MeV)cm
12 14

FIGURE 5. The 1; factor (proportional lo llw lluclear S' factor) for lile ¡:OC+ 160 systelJls. This
plot t'llhances lhe tt'son3111 slrurtlJr(' disCllSS"d in Fíg. <1

for thc O [1I]' J P '2], alld clastic [I 1,11] yields. Due to tlll' fact that for this reaction
lile number of elfectivc chaBnds is l'xln'lll('ly lal'g(' (S,'lr = .5000) no f1uctuatiol\s
are possible and ¡\II the structlirt's should be cOllsi<!('J'('d as resonan.'S. This data
werc taken with a ¡le beam 011 a I:!C tilr~('t and tlu'n,rore !lO contalllinatioll of t1w
12C + 12C rcactioll is possible. 00 ol.llf'r of lhe syst(,ll\s studicd shows cOllvincing
evidcnce of rCSOlliUIU'S ami \\'e (,olldudc'd tilat tile)' should he peculiar of alpha-likf'
systems.
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FIGUHE (j, Neutroll yidd excitaticJII functioll Illl'asured for tllt' 12C + 13C systern. The arrows
indicat!' r"SOllances pre\"iously report,'d for 9_~ al1(l 10:l MeV. The smooth salid lille
is drawll oHly to guide tite eye.

4. Experimental results on gross energy dependence

DIle ("ollvenient way to analyze tbe gross C'1IC'rgydependence of the total ncutron
yicld, and to relllo\'e the strong depcndt'IIC1' with energy, is to define the neutron
Illllltiplicity as tile ratio of GII/rrfIlS' \••..hcrt' 17'1 is the Ilt('it."illfed n yield and Gfus is tite
experimcntal fusioll CI'OSSst'ctioll. Tbe fusioll cross sectiolls used wen' those reportcd
in llw literatun'. For the t::!(' + 12(' tite Illt'asuremcnts of HeL !LJ] were used, aud
for l:.!C + 1JC thosl' of HeL /1-1] were uscd.

¡\ieasurelIlellts fOI" the 12C + 14;'\ SYSII'IIlS are reportcd in Rcfs. [15,16) and tile
ones for 12C+ l<iO an' in Rcfs. [1,1. 17-1!J]. The fusioll cross Sl'ctiofl values reported in
Re£. [1a] were used ror 160 + 160 llIeasurellll'nts. The experimental ratios on Ileutron
multiplicities (oPCJI points) are gi\"en in Figs. 7 through 10. From the data given in
thesc figures, the rt'!a,tive importance of the Ilelltroll channe1s can be asscsscd. For
examplc, for the l-¿C + 12C systellls (Fig. 7) neutron clIlission accounts foc about 10
to 20% oC the fusion noss scctioll, how('ver ror the 12C + 13C (Fig. 8) is almost 80%.
Of COllfse, these differences refiect jllst tlle flllmber of Ilcutron challncls available for
these t\\'o systellls.

Det¡lil thcorctical calculatiolls of tIJe Ilcutron lIlultiplicities wcre done withill
the frame work of tile IJauscr-Feshbach model, using the cocle L1L1TA [20]. Tbe
followillg Itlodifications were done lo the codeo so it ('ould be used to eaIculate the
ncutroll ltIultiplicitics Cor f'ntraIiCt' chalind hombarding t'lIergics close to or Lelow
thc Coulomb harricr; i) To illlprove th(' It~\"('1delJsity al low excitation encrgics
the actual knowll levels \\'CH.' gi\'en fol' cncrgies up to ¡lIJout 12 ~leV. For higher
excitation energic's tile usual len'l dC'lIsity Fermi ga .• lIlodel wa.-; ernployed with
typical l('vcJ dcnsity parameters a. rangillg from tl/G to A/7. Por example thc a
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FIGURE 7. Neutron multiplicity as a fundion of renter of ma..',s encrgy for ¡:le+ ¡:le system. The
salid ¡¡oc represenls the lIatlsl~r-Feshbach calculatiolls.
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FIGURE 8. Neutron multiplicity as a funetion of center of mass energy for ¡:le+ 13C system. The
salid tille represents the lIauser.F'eshhach calculations.

vaiu("s for 20Ne, 22Na and 24~lg wert' 3..1, 2.8, and 3A5 rt~slH'ctivcly. ii) It was also
neccssary to calcula te lile lrallsmission cocfficients for ever)' cxit channel, therefore
an oplical model routine was incorporated using lhe codc 1101'2 [21). The oplical
model parameters used for neutrons and protons were those recommended by lhe
Pere}' and Perey [22) systcmatics. The sct of pararnt'tcrs cmployed for the alpha
cbannel.was: V = 50 MeV, Rv = 1.17 + 1.77/A'/3 1111, av = 0.576 1m, \VI =
1.65(A1/') - 2, Rw = Rv, aw = a,. [231. iii) Entrance channel TI', were al,o
given explicitly. The optical moocl code PTOLEMY [24] \Vas lIs('d for this purpose.
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FIGURE 10. Neutron multiplicity as a fUDctioD of cenler oC mass energy ror 12C + 160 system.
The soiid ¡¡ne represellts the Hauser.Feshbach ealculations.

The election oC a good potential, lo ealculate the entran ce channel transmission
coefficients was essential to gel acceptable fits foe each system. We chose potentials
that \Vere reported lo fit elastic scattering data [25]' oc fusioo cross sections al 10w
energies [26J. For 12C + 12C, 12C + "O and 160 + 160 folding-model potentials
derived using Satchler-Love effectivc force [27] were uscd together with a Woods-
Saxon imaginary potentiai oC energy dependcnt depth of -O.5E lvIeV and radius and
diffuseness taken froro Reí. [28]. A standard aptical model calculation recornmended
in Ref. [29J (V = 50 MeV, Ro = 1.22 fm, a = 0.4 fm) was used for 12C + 13C
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FIGURE 12. Total eross scetion (mosll~ fus¡on) ill mb for 1"0 + l:le system '1he oplical moJel

calculatioll is representt'd by Ihf' solid lineo

and 14N + 12C systems, The dcpth of lile imagillill"Y poll'lItial was tackctl by all
extrapoiatioll of lhe linear cncrgy dC¡H'lIdl'!H.'{'ShOWllin Fig . .s of Rer. pOj. Total eros:;
sections within the appropriate t'tH'rgy I"allge fOI" 1'<1(11sY,"itl'lll •••.•.cre .•....ell reproduced
by the chosen potcntials as can Iw S('('II ill Fig, l~ ..•....Iwt"t" I!C + 160 experimental
total fusion cross ~ection are plott(,(llog:ctlwr .•....itlt tlll' n'sull of tile calculateo Olles,
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TIll' ddinition of O"fus med throllgIJ out tlw calcula! ious is

.,,,,[ (2.1+1)]", "f
i7¡",=d-¿, (2i+1)(U+l) ¿,(H+I)/,

J r.,

whcrc the total angular 1Il011WIlIUIll J is J = f + ,",\\'itiJ f lH'illg the orbital angular
Illomentum and s t.he challlwl spill. .~= 1+ i whcf(' 1 is tlU' spin of the target and
i that of lhe projectile,

Fits such as those sho\\'11 in Fig, 12 were ohtailH'd for aH liJe olher systems.
The results of the Ileutron lIlultipli('ity given by tJlf' 1.11.1'1''\calculations using the
procedure just deseribed are sho\\'lI hy tlw solid lillf's in Figs. 7 lo 11. As can be
seen from these figures, tIJe gcn('ra! t rend of lhe data is \'l'ry well rf'produced having
maximum deviation betweclI tlll'ory and ('xperinwnls of allollt GO% like fol' the case
of lhe "'O + 160 system (Fig. 11).

5. Conclusions

'rhe sludy of neutrou ClIlissioll 011 I¡ghl heavy-ioll sysll'lIls gavc interesting results
on the reaction mcchallisms 011 rcsonan('('s ami COIllPOlllldIIUc\CUS formation. TIH'
observcd resonanees Oll 12C+ 12C syskms are wdl cOlTt'lated \\'ilh thc ones S('('II

j>reviollsly in other decay ehalllleis. ,\150 a cotlple oCl't'son;\Ilccs are confirme<! fOl'tllt'
12C+ 13C system. Prcviously unrcpol'll'd resonanc('s \\'(,I'l' found for the l:?C+ 160
s)'stcm and should be intcl'l.'sting lo sludy the e1aslic scat!l'ring ami other rcactions
eballllcls in order to cstablish the spin alld parities of tlU' rcsonances. The study 011

the gross cnergy dcpcn<icllcc of tllc cross sC'ction is \\'1'11llllderstood hy the complete
fllsion and equilibriulll decay Illcc!lallism, althougiJ il. is illlporl.ant 1.0perforlll the
best lIauser-Feshbach caiculations possihlC' in orde'l' lo produce acceptable I'CSllItS.
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Resumen. Se midi('roll s('cciones d{' l'lIlisillll de neutrones para dife-
rentes sistemas de iOll('S pf'sados usando un dctc{:tor .I?r. Los sistemas
estudiados fueroll I'lC+ 12C. 12C+13c. DC+ l:le, 14.K+ 12C, 16o+l'le)'
1"0+ 160 a energías de bOlllh;:¡rdeo all"('dp<!orde la barrera Coulombiana.
5(' llevó a cabo UIl análisis de lIauM'r- ¡:i..~.d.J)adldetallado obtl'niélldose
1111huen acuerdo con los datos. El sistema I'le + l'le muestra UIl cierto
nlimero de resonancias correlacionadas a otros canales de evaporación.
Tamhién se observarolL resonancias, allllqll{, lII¡ís escasas, en los sistemas
¡'le + 13e y l'le + lfiO.




