
llcvisión llel,ista Mexicana de Física 38, No. 5 (1992) 739-752

Basic research with low-energy accelerator systems

.J.J. KOI,ATA

Phy .•ics Dc¡>artment, Unive,'sity O/ Nolre Dame
Notre Dame, IN 46556, USA

Recibido el 15 de mayo de 1992; aceplado el 17 de junio de 1992

AnSTHACT. The major important la."ks of basic research are to push back the frontiers of scientific
knowledge, and to train sludents. It will be shown thal slllall accelerator facilities are still carable
of prodllcing interesting and exciting results thal are Oll lhe leading edge of 5cientific inquiry. In
addition, I \ViIIargue that, although these facilities orten cannol afford to lrain students in the use
oC lhe 1Il0st 1Il0tlern re5earch e«uipment, there is all importan! compens"t.ing benefit. in lhat lhey
instrucL thell1 in tlle arl of posing challenging problellls that cannot 01' have not heen addressed at
larger facilities. This "liberal" education, as opposed lo "techuical" instruction in the use of lhe
lIlost lIIodern research eqlliprnent, may wdl be of more valuc to society in the long rUIl.

HESUMEN. Las tareas Illéís importanles de la investigación básira son extender la.., fronteras del
conocimiento científico y entrenar esludiantes. Se demuestra que los pequeños aceleradores son ;uín
capacf'S de producir resultados interesantes y excitantes que están en la punta de la blísqueua dc
información científica. A<!ClIléÍ-"se argiiifél quc, aunque las instalaciones respectiva." no pueden en
gencral ofrecer entrenamiento a ('sludiantes para el uso del equipo dc investigación méÍ-..•moderno,
hay en compensación un importante beneficio en l'l hecho de que los instruyen en el arte de
descubrir y atacar problemas desafiantes que no pueden o no han sido estlHliados en instalaciones
1ll<Í5grandes. Esta educación "1i!Jeral", ell conlraposición a. la instrucción "técnica" en el uso del
equipo de investigación llIéÍ-'imoderno, bien puede ser de 1lléÍ-'ivalor a la socied"d a largo plazo.

I',\CS: 25,70.-z

l. IC:TIlODUCTIOC:

!lasic research in nuclear physies h,", been earried oul al least siuce lhe bcginning of
lhis ceulury, and for the past fifly years al the Univel'sity of Notre Dame. During lhal
time, a vast amOllnt of information has beell obtaincd 011 tite inncr strllct llre of tite atomic
lIucleus, and on ils intcraetions wilh olhcr nuclei induced by lhe use ofpowerful aceelel'alor
syslellls. For lhe past few years, lhere has been au inereasing emphasis on sub-nucieonic
(i.c" "qual'k") degrees of freedom as Ihey llIighl be expressed in the nucleus, 'fhe ofl-slaled
hope is thal 'luanlum rhrolllodynalllies will at last provide a proper underslandillg of
the force Ihal binds nucleons logel her wilhin I he nucleus, and lhus in principie solvc
'111 of lhe remaining problellls of basie nuclear physirs, Evell if such a progralll were lo
sllcc('eci, howcver, t here is a great c1f'al of c1ifrC'rl'llce 1H'I\H'cn principie and practice. 'The
IlUclPIIS is a complicated mélny-IJody syst.em; ollly a small pcrccntage of particlc-stahlc
uuclei, ha,'e e"el' been studied in any delai!. (!ly "particle-stable" is lIleant those wilh
meaolives grealer lhan a"out \0-20 s 01' SO), Eveu in lhese few cases, lhe exploratiou has
largf'ly b(l('1l confillNl to struclUfC Ill'ar lile grolllld :-;tat(', and lo rcactions undcr rclatively
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normal eonditions. Under even modest stress, sueh as higher angular ltIoltlentultl leading
lo ¡¡supcrdcforrncd" statcs, t}¡c nuclcus cOlltilltH.'~ to surprise.

This report will louch on only a very few of lhe ways in whieh hasie rcseareh inlo
the nueleus as a laboratory for ltIany-body erfeels can be interesling, rewarding, and
important; it will highlight a few of the rescarch programs heing carried oul at lhe Uni-
versit)' of Notre Daltle lhat are producing fuudamenlalnew insights inlo the strueture and
properties of atomie nucleL These prograltls, whieh aetually represenl oul)' a fraelion uf
thc work bcing carricd oul al Notre Dame, are (a) él pionccring slmiy of reactions induccd
h)' secondary bealtls of sllOrt-lived radioactive uuelei, (b) a eouliuuiug program to invesli-
gaJe sub.Coulomb-barricr intcractiolls in nuclear syslems, (e) él st.udy of nuclear rcactions
important as nculron sOllrccs in slcllar cnviI'Onm(,Ilts, and (<1) él.scarch rol' multi-phollon
cxcitatif)lls in non-sphcrical nuc1ci.

2. IlADIOACTtVE NUCLEAR lJEAMS

I-.[an)' of the probleltls of eonteltlporary nuclear aslrophysies iuvolve lhe delerminatiou of
rcactian rates fol' light radioactivc nuclci slIch as GIIc, 7Be, 8Li, l:lN, clc. Sucll Illlc!ei, which
have mcanli\'cs ranging fraIn scconds lo days, are slab:c OIl lile lime scalc of stellar cxplo-
sions and may also playa role in primordial nucleos)'uthesis. In particular, considerable
attenlion has reeenlly been paid to lhe possibilily lhal lh" early lllli\'erse ltIight have been
rather inhomogeneous, consisting of high-densily, proton-rieh regions eoupl"d w¡lh low-
density, neutron-rich regions [1]. I-.Ialaney and Fowler 121 have idelltified a set of key reac-
tions involving BLi which eould be imporlanl for tlle process of lIucleosyuthesis in nonstan-
danl big hangs including strollg baryonie f!uctuatiolls. The BLi uucleus is a!so 'luite neu-
tron rkh aud lhercfore of illteresl in more eonventioual nuclear spectroseopy. 011e ltIight
cxpcct rcactiolls with a lighl Tz = 1 projectilc lo provicle some llllique tests of nuclear
models. For lhese reasons, lhe maill research crfort wilh the UND/UI-.I radioaetive lIuclcar
Leam (HNB) faeilily has been direcled toward the ulilizatioll of lhe BLi beam, lllollgh
same cxploratory studics !lave UCCIldone with GlIcl 7Bc, amI isolllcric 18pll bcams [3,,1].

2./. Experimental a¡'pamtus

The optima! study of nuclear reaetions indnced by a radioaelive nucleus re'luires a de-
vice whieh can produce a high-intensity energy-and angle-resolved beam, foeussed tn a
well-defined beam spol ami free of eontamination by olher speeies. Dc\"Íces whieh utilize
eonventionalmagnetie dipoles and <¡uadrnpoles as secondary beam eollectors usnally suITer
from low emeiency, dne to restrieled solid angle and/or baekgronnd from unwanled bcams.
Quadrupolcs in particular are 1101 doublc-focllssing: by t}¡clllsclv('s ami thcrcforc necd to
be used in doublet and lriplel comhinatiolls, resulling in a poor asp"et ratio (bore/foeal
lenglh). Also, lhe ions Ol.bils inside <¡uadrupoles are not parlieularly simple, whieh can
lead to eomplieatious in the design of beam-blocking apertmes. As a resnll, deviees of
lhis type tend to be large and expensive, wilh mauy oplieal elemenls.

A device whieh cireumvents many of these probl"ms, and whieh is wcll-suited to lhe
collcction ami foctlssing of low.cncrgy RNB, is a supcrcollducting: air-corc soll'lloid. In ¡ts
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f'IGL:HF: 1. Schcmatic diagwm of lhe ltNB bcamlinc. Note in particular lhe rotating targct IIlcch-
anism, \\..ith its mot.or placcd wcll outsid{. lhe fringe fidd of lhe solcnoid, allí! thc z-moveablc stop
uscd to rClIlo\'C incla..•tieally scattcred prilllary bealll particlcs from lile secondary beam.

present eonfiguration, the UND/U~l HNll faeility uUlizes a :J.5 '1',20 cm bore, 10 cm long
solenoid to eolleet amI foeus uuclear reaeUon produels (Fig. 1). lt exisls ou a dedieale,l
beam Jiue on the FN tandem Vau de Graalf aeederator al the University of Nolre Dame,
and has beeu operationai for lhree yeaL's. The soleuoid aels as a thiek leus amI is operated
in an asymmctric lIlodc (dobj = 0.5 111,dilllagc = 1.5 m) lo maximizc thc availablc solid
angle al the expense of eneL'gy rauge (l'max/" = :1 ~leV per nucleou). The resullant
trausverse maguifieatiou is IIh = :l, and lhe angular magnifieation is therefore Mo = 1/3.
With an incident primary beam spot size that is lypieally less than 2 mm dia., and a
solenoid apertme that spans the mnge from 3°-11° (c.íl = 120 msr), the image at lhe
secondar)' target has bcclI mca.'mrcd to oc 5 mm dia. with él.maximum angular divcrgcllcc
of '1°. These parameters are qnite snitable for nneler,r physies experiments.

The majorily of the work earried ont wilh lhis HNB facility has been wit.h beams of
8U prodneed via lhe 9BeeLi, 8Li)8lle readion at an incident energy of 10-20 ~leV. In
this case, the 8Li ions are more rigid lhan the inelastieally-scaltered 7Li b"am, so it is a
simple matter lo inlroduee a bloeking aperture at the focal point of t.he latter, loealed in a
mid-stream chamber (Fig. 1). '1'0 maximizc lhe plII'it.y of tI", seeondary beam, il is essential
lhat lhis beam hloek can be moved along lh" axis oflh" deviee (z-axis). The beam ronsists
of ahont 70% 8Li ions, logelher wilh -1.6I1eions thal have lhe same magneUe rigidity, amI a
very small amonnl (typieally less lhan 1%) of Z > 3 eontaminants. Only a trace amolln! 01'
7Li ions that muilipie-sealter within the solenoid (amI so avoid the beam block) is preseut.
Forlunatcly, lltc rcaelion Q-valllt's for mosl 8Li-indllccd reactions arc very posit.ive, so that
identificat.ion of secondar)' rcactions illvolving this lluelCtlS is gCllcrally unambiguollS. Tite
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Illost diffielllt experiment to date has proven to oc the stlldy of inelastie scat tering of 8Li,
in whirh case it is e,"ential to completely remove from the heam all of Ihe 8Li ions that
,,"ere initially prodllced in an excited state at the primary larget.

The 'Li heam cllrrent delivered to the prodlletion targel is limited to 2 "11t\ (:1+ eharge
slate) hy heam.heat.ing and radiation.damage crfeds. (The ion SOlllTe for t.he aeeelerator
has prodllced Uf> lo ID Clu\ ofllegativc iLi 1>(,(}III, and tIJe t.ransmissioll t}¡rollgh tlw systcm
is approximat.ely 50% al Lile low cllergics llscd [DI' thesc cXIH'rimcnts). 'rhe primar)' targct,
a 2.:1 mg/em2 "!le foil, is rot.ated at "1' to 100 rpm in order to alleviate h"alll-heat.ing
problcllls, (HIt det.crioratioll is rapid al currenl:; abo\'c 2 l'ju\. NOllct.heless, thc obscrvcd
lIIaXilJ1l11llsecondary heam yield is 2 X lO" partirle per s"cond (pps), ",ith an energy
resoll1t.ion t.hat. is typically oetter t.han 500 keV FWJl~1.

2.2. Tilc ex¡'crimcn/.'

Sen'ral inleresting and important experiments have heen earried Ollt ",ith HN!l frolll this
fadlity over the hc,t three years. For example, in one of the init.ial stlldies of 8Li reaetion
fates [5J. it \\'as fOlllld tilat the 211(8Li, ;I..i) 311 eros:; scclioll is quite largc. This rcactioll
is of ast rophysical int<'l"rsl sílice it is olle of lile main roules rol' d('st.rllclioll of 8Li formcd
in nOllst.andard hig IJallgs. It had 1)('cl1 Icfl out of ('<trly lllo<i('1 caleulatiolls sincc it was
incoITect Iy assllllled that its cross seclion wa."l slIlall compared wilh olher reactions. ,\t
presellt., lhe t.otal cross seclioll for this rcaction is heillg carcfully tlIcasured over the c.m.
ell('rgy rauge from 1.5-.\ ~leV, together ",ith that of the 211(8Li. "Ile,,)u reaetiou, ",hich
is ol1e of t.he ways lo sYIlt.!lesizc Z > 3 Iluc!ci. Note, howevcr, that populalioll of cxcitcd
sta tes of "Ile iu Ihis reaetiou ",illlead t.o destruetion of 8Li ",il hout Ihe format.iou of heavy
clellH'llt.s. sillce t.he cxcited stat.cs of uBe arc lInholllld lo IlCut.roll decay. Evidcllce for the
imporlauee of this proeess h,"" receutly beeu obtaiued from a study of the 211(8U, 8Be,,)
reaction. which :->hows él largc yicld of 8Bc pl'cslllllahly cOllling froll1 IIcutron <lecay of
excitcd slat.es of aBe. Stu<!ies of this proccss are continlling, logcther wilh allcmpls lo
ohservc slle in ils hroad first excitcd state, which can also be forll\('<I in t.he Ileutron dccay
of some exeiled stat.es of "Be. Th" challeuge iu the Jatler case is lo efljcieutly deleel the
o-parlic!cs rcsllltillg fromlhe hreakllJ> ofHBe, which are sprcad over a \Vide nnglllar rango
dile to Ihe large react.ion Q.value.

The 11l(8U.8Ile,,)u eharge-exchauge reaetiou has also heeu observed lo have a large
cross sect.ioll. Ilere again the I'caction is of astrophysical interpsl dlle to its cffcel on the
destrllct.ion of8Li produeed iu uoust.andard big haugs. IlolVever. lhe illl riusic (1', u) proeess
is also importanl, hoth from a rcaction-llH'chanisllI point of vicw and as a calihration for
the (8U. "Be) eharge.excbauge reaetion. This lalter proeess is of speeial iulerest because
il ha~ a large positive Q.value iu Illost cases. The correspondiug reactions IVith olher
projectiles typicalJy have largc IlPgativc Q-valllcs a 11<1 thus tClld t.o poplllate Illllch dilfcrclIl
final slales.

Finally. tll(' Illost illten'stillg lIuclear-struct.lIre n'slIlt to dale ('ame frolll stlldics of 8Li
illelastic scalt.erillg. The first. 01' these experilllellls [G), ",ith a 12C lill'get (Fig. 2), led to
the COllc!lI,ioll that the trallsition 'l"adrupole 1Il0lllellt to the first exeiteci slate of 8U is
extraordinarily lal'g;c (a5:i: 15 e1fmiJ

). This is ahout 1'0111"t.imes larp;<'1''hall the trallsition
st.rf'IIp;t.1l of t.hc corrcspondillg t rallsit.ioll in 7Li, Imt comparable to t.hat ohscrvcd fol' other
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FIGUHE 2. Elastic and inc!a.."ticscatterillg angular dist ri!JlItioll for 8Li+C. rornpared wit h coupled-
channcls calculations.

T = 1 p-shell nueleL !Io\Vever, this result was based 011 the assumption of a eolleetive
model, sinee the transition is dominated by the lIuclear force if one uses a ¡2C target. Also,
eontributions from L = O spin-fIip excitatiolls could lIot be ruled out. i\lore reeently, tbe
experiment has been repealed [7jwilh a Ni larget al ,,,,ergies bolh belo\V ami sligbtly aboye
the Coulomb barrier (Fig. :1). Tbe Coulex experimenls are not subjeet to tbe uneertainlies
diseussed aboye, and tbe mea$\lI'ed fl(F2 'ft) = ,15::1: 10 e2fm" is eonsisteut \Vilb tbat
delermined from the 12C experiment. Apparently, lben, tbe lrausition <[uadrupole moment
for the grouud-state to first-exeiled-state transitiou in "Li is extraordinarily large, ami
mueb bigger than that predicted by "standard" shell-mode! ea1cu!ations, No explanation
for this result, \Vhieh \Vas only recently obtained, yel exists. !Io\Vever, one may speeulale
that it is related in some \Vay lo the "neulrou halo", ami lhe eorresponding 50ft dipole
rCSOllancc, that have bCf'1l ohsrr\'cd (8] in 11Li.

The UNDjUi\1 HNIl f"eility \Vas developed IL' a collaboration betll'een groups at the
l1nivcrsity of Notrc Dame and tite Uni\'C'rsily of l\lichigan. 1\lore rccclltly, res('archcrs from
Ohio Slale University, Florida Stale University, Oberlin College, ami \Vestem "eutueky
Uuiversity have joined the collaboralion. Plaus for the immediale future emphasize the
continuing use of the BLi beam, \Vith a gradual iucn'ase in the ulilizalion of other I¡ght
radioactivc hcams sllch as Gllc.
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FIC:UHE 3. Prohahility for Coulomb exdtation of lhe fifSl cxcitcd slat.c of 8Li.

3. SUIl,IlAIlIlIEIl INTEIlACTIO:;S

In [('ccut years, thcrc ha.":ibcen considerable intC'rt'sl in heavy-ioll fcactiolls al cncrg:ics
uear lo auel \\'ell bclo\\' lhe Cuu!omb harrier. Observalious of euhaueed lo\\' energy heavy
ion [lIsion rates, as a comparcd \Vith t he predictiolls of cOIl\'cntional uarricr pCllctratioll
Illodels, han' acce!cratcd lhe cxploratioll of ho\\' Iluclear structu:-c innllC'IlC('Sthe fusioll
process. Al lhe oppositc C'lldof lhe r<'aclioll spcctrlllll, aplical modcl analysf's of lirav)' ion
clastic scattcring daLa are fOlllld lo f('<¡lIirc strongly cncrgy-dcpcndcnt complcx potcntials
iu lhe regio u of lhe barri,'r. In particular, the maguilude of lhe imagiuary part of the
optical-Illodel poteutia! IliL' beeu fouud to deerease, ami the Illaguituele of the atlradive
real potcntial to increa ..<';(', as tIte homharding energy is lo\\'cred. It i:-;natural to cxpect
tltat incrcascd lo\\' <'1H'rp;yfllsion rat('s sllould be eorrelated witb incre(lsed at1ractioll ill
the optica! model potentia! sinee both pheuumena reneet the dynamie polarizability of
t.be eo!liding nllclei.

The interpretatioll of these recent developllI('nt.s relies upon liaving a eOllsist.enf. hody
of data for hot.h fusioll ami e!astic scatt.ering eross sectiolls. The IllCaSllrcments of thc
S + Ni systems by the Legnal'o gronp [8-101 have played a promiuent role in disenssions
of t.he physical hasis hehilld tlle ohserved phcnolllena. Thcrc are, }¡owe\'f~r, sOllle IIlIlIslIal
feattll"l's of thesc data whidl must he c1arified hcforc one attempts t.o <lraw conc1l1siollS
frolll lhem. In particular, thc cl:u.;lic scattcring aIlglllar dislrihulions for :J2S+58,G'lNi, lIear
f.o and helow lile Coulomb bal'l'ier, are characlerizcd by st.rong devialiolls frolll Hulllcrford
scattering al angles that are weJl forward of tile cxpectcd "grazillg" anglc. As cmpllasized
b,Y Udagawa, el al. [I 1), this secms to illlply tllat all anornalollsly large, ullkuoWIl dircct
reactioll proccss is o("cllrring in thcse systcllls. \\'ith regard lo lile fusioll cliallllel, we lIote
tbat t he barrier parametel's extracted in !lef. I demunstrate a strong isotope effeet that
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has been interpreted as possible evidence for neck formation in the more neutron-rich
systems according to the model of Stelson [121.
[n order to gain a better insight into the behavior of the S+Ni systems, we have made

Hew mcaSUfcmcnts of tilO clastic scattcring and [usian channcls ncar lhe barricr which
unfortunately show none of these uuusual features. These new data have been analyzed
in the context of a coupled-channcls barrier penetration model, and excellent agreement
",ith the data is achieved without the need to iutroduce an explicitly energy-dependent
oplical-model potential.

.1.1. Elaslic scatlcring

As mcntioncei abovc, lIJe low-cncrgy clastic seat tering rcsults fol' lhe S + Ni systcms CQuld
possibly be interpreted [12] by invoking a significalít lIux-loss to unmeasured reaction
channels. \Ve therefore decided to use a kinemalic coiucidence leehnique lo study the
elastic scattering. This should abo be a sensilivc way to seareh rOl' strong iuclastic and/or
transfer channels which might be responsible for lhe observed anomalies. Two sets of two
silicon surfaee-barrier position sensitivc delectors (PSDs) each were placed on eilher side
of the beam. The entire relevant center-of-mass (c. m.) angular range ('10° to 160°) can
be covered wit.h only four set.t.ings of the detector arrays. The results are shown in rig. 1.
As mentioned, t.hey show nOlle of the pathological effects noted in \lefs. [8-10). Consistent
with this, no evidence \Vas found fol' lhe cxistcll(,c 01'an anomalollsly strong dircct rcaction
proccss in lhe S + Ni systcms .

.1.2. Fusion

Thc cvaporation rcsiducs (EIl) frolIl [usion, cmittcd in a narrow COIle witllin a fe\\' dcgrccs
arouI,,1 the beam axis, were dellected oul of the direct beam by means of an electroslalic
dellector. The separated residues were then identilied iu a time-of-lIight (TOr) and energy
spcctrolllctcr, which consistcd 01'a microchanllcl pinte alld a silicoll slIrfacc barricr detector
(SSn) which together deliued a 1 m flight path. Creat care was takcn iu delermiuing the
relati\"e and absolute normalizatioll uf tile fllsion c.;ross section. Thc results, shown in
Fig. 5, agaiu do not display the auomalit's uoled iu \lef. [81 .

.1..1. COlll'led-channels caleulalions

The scope aud methodology of lhe coupled-chauuels ealculalions have been dcscribed by
Esbenseu, el al. [13]. The mode! cOllsists of a real, energy-illdepeudeut iou-ioll poteutial
atld explicit c.;ouplings to inelastic excitatiun and singlc-Ilucleon transfcr reaction chan-
nels. The fllsion process is sillllllated hy imposing ingoing-\\!ave houndary cOllditions in
all chounels at a separatioll distallce inside the Coulomb barrier. In this way, the maiu
reaction processcs are accotlllted for withollt illtrodlldtlg phcrlOmenological imaginary
potentials. Thc rcsults of thcse <:alculatiolls are shown by tiJe various curves in Figs .. 1
alld 5. or particular iuterest for the elastíc scat.leriug (Fig. 1) is the fact that coupling
to iuelastic channels aloue (dolted curves) is iuade'luate to explaiu the experimental
data. Oll lhe othcr hand, inc!usioll of pal'ticlc-trallsfer channcls (salid curves) produces
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FIGUHE .-1. Comparison oC lhe couplcd-chanllcls calculalions with lile e1a.stic-scatlcring angular
dislributions oC lhe prcscnl experimcnt. Thc dashcd curves corresponcl lo lile calculations in which
only coupling lo incilL';tic channcls is allowcd, whilc lhe solid curves inciudc transfcr couplings.

excellent agreement. A similar efrect sho\Vs up in the fusion data (Fig. 5), \Vhere again
very good agreement is obtained \Vhen partide-transfer channels are includcd. The overall
agrecment \Vith all the fusion excitation functions is vcry satisfyiug, particularly as it is
obtained simultancously \Vith good fits to the elastic scattering data as sho\Vn in Fig. 4.
This good agreement gives us confidence that the theoretical model is fundamentally
sound. Dynamical couplings are clcarly re'luired to explain the low-energy fusion rates,
amI the predicted increase in the single-nudeon transfer strength in going from 325 +
58Ni to 325 + 64Ni accounts for a significant part of the dirrerence in the corresponuing
clastic-scattcring angular distributions.

4. REACTIONS IMI'OlrrANT AS STELLAR NEUTHON SOlJHCES

Neutron burning processes, such as the slo\V neulron capture (s) al\(l rapid neutron capture
(r) proccsscs, are esscntial ill cxplailling the productiotl and a1>lIlldall(,CS of lile clcmcnls
bcyond Fe in our 1Illivcrsc. Tile rcactioll SCql1CIlCCSlending lo Iltlc1eosynthcsis of slIch heav)'
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FIGUHE 5. Comparison of lhe ealculat.ed 325 + 58,G4Ni ami 345 + 6.INi fusion cross scctions with
tIte rcsults of lile prcscnt experiment. Thc dotted curve is lhe no-couplillg result, lhe dashcd curve
includcs coupling to lhe inclastic challllels, aJl(I tlw salid curve is lhe full ealcula.tion including
trallsfcr couplings.

clclllcnts rcquire a ccrtain nClltl'OIl flux in lile slcllar hUfnillg: ZOIH'S.Thcsc nculrons can
only be prodllced by chargcd partide reactiou, barring the very extreme environmental
conditions t!tal OCCUf !leal' él collapsing ¡ron eore that triggcrs él supcrno\'a explosiono
Thereforc, thc ucntrou prodnctiou rate IUOStIIsnaJiy dcpcuds cxpoucutiaJiy ou the tcm-
pcratnrc aud liueady ou the deusily in the burning zones. Siuce (o, u) reactions ou Jight
Illlclci are tite most Iikcly sourccs of ncutroll production, lhe cxpcctcd nculron flux wiII
also dcpend on thc ahuudances of light "lements, which implies that the clltire history
of the nuclear hurning stagcs, as ",eJl as the hydrodynamical conditions in thc burning
zoncs, Illl1St be kllown.

OhservatioIl of enhélllccd ahundall(,cs of s-process nllclei in the st.ellar atmospheres of
rcd-giant stars providcs strong cvideuce for s-process nuclcosynthesis iu the lIe-burning
('ores ofslIch slars, rcqlliring él IIcutron nllx 011 lhe arder of IOR_IO!) s-l. In the clIrrently-
favored scenario, t.he core mat.erial of él massive slar is enricll<'d in ¡-tN durillg tile previo liS
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CNO-bllrnillg eyele. A seqllenee of n-eaptllre reaclions,

may then lead to nelltron prodllction via the filial 22Ne(n, n) reaetion. The nelltroll pro-
duction rate dcpcnds nol ollly 011 tite cross scctioll for tite (0',11) rcactioll, but also 011
the rate of the feedillg reaetion 180(n, "() 22Ne. '1(, remove '111IIl1eertaillties, at least in the
Iluclear physics arena, it is nccessary lo kllow cv(~rycross scction in thc nClltroll-pro<illcing
rcactioll Sf'f]lICIlCC. Several approachcs \V('rc lIudcrtakcll to determine thcsc cross Sf'ctiolls.

The 180(0, "() reaetioll has previollsly been measllred [I4] in the energy range from O.G
to 2.a ~leV, eorresponding to a stellar temperatlll'e range from T = (o.a - 4.a) X lO" K.
flo\\'e,'er, stlldies of the ¡9F(n, p"() 22Ne alld 2°1\:,_(t,p) 2°Ne reaelion [15,IGI indieated lhe
existenee ofthreshold slates in 22Ne \Vhieh have 1101been observed in the 180(0, ,) ehanllel
ami )'et may signifiealltly innllenee the reaelioll rate al the temperatllre of stellar Ile
hUfnillg. No illformation abont lIJe spins and paritics of t.}¡csc st.at.cs was a\'ailahle frolll
previolls \Vork. 1\:ote that only natllral-parity stal<'s can be poplllated in the (o, "() reaetion.
These states \Vere therdore stlldied via the I"O("Li, d) 221\:ealld 180("L1, t) 22Ne reaelions
which are suhject lo lIJe sarue sclectioll rules.

'rhe experimellts \Vere perfornJ('d \Vith ti", Notre Dame tandem Vall de Graaff ae-
('(~Icrat.or, IlSillg ti beam CUlTf'nts of intcllsity O.:J-O.G IlA, al bC'am cncrgics of 16 i\leV
('Li) and :\2 ~leV ("Li), illeident 011targets of 150 l'g/em2 of \\'21805 evaporated Ollto a
280 Jig/cm2 Au hacking. Tlle reactioll produets were 1Il0mentuIll analyzed in a hroad-range
spectrograph, and the data eOllfirmed the expeel<'d states alld re,'ealed l\\'o "reviollsl)'
IInreported levels at energies c10ser to the o-emissioll t hreshold. Fig. G sho\\'s speetra for
the t\\'o reaeliolls; the state at 10.0,1 alld 10.1:1 ~leV are lIe\V. The angular distrihutiolls
are still heillg analyzed. 111a follo\\'lIp experimelll, performed at lhe Ulli,'ersity ofTorollto,
a 200 1"\ beam of n-partieles in the energy rallge fmm O.G-O.S ~leV \\'as used to bombard
a t hiek 'ra2 1805 target ill '111altempt to seareh for t I",se lIe\VleveIs ill the direet n-capture
reactioll ami determine their resonance widtIJs. ¡\ Ce detector \Vas used to mensure lIJe)'
')'-decay of stales in 22Ne populatl'd in lIJis reactioll. So far, olll)' upper limits have heell
o!Jtaincd.

A reeent illvestigatioll [171 of the 221"e(o, "() alld (n, 11)reaelions, the lalter of \Vhieh is
p:.rhaps tIJe nClltroll SOIIlTC fOf tIJe S-PI'OCCSSin Ile-hlll'llillg slars, illdicat~s that tile stcllar
reaet.ioll rate \Viii he domillated by a strollg resollallee at o.sa ~leV. The (o, "() resonallce
strellgth is kIlO\VII, bllt ollly 'In IIpper ¡¡mit for the (0,11) dlallnel has heen ohtailled
alld there \Vas some evidenee from lhe 25Mg(lI, "() that th" resonallee slrength ill lhis
ehallllclmight he small ellollgh lo rule out lhe 22Ne(n, 11)readioll as a possihle s-process
neutron sourcC'. Thus, tile 22No(o, 11) rca(.'tion has I>('CII stu<iiC'd, again at the Ullh"crsil)'
of 'roronto. A 22Ne implallted target \\'as bomhard"d \\'ilh the 200 IU\ n-particle beam,
and Ileutrons \\'('re dct('ctC'd in an arra)' of311C' g-as COllntcrs. lIJe dala are shown in l,'if!.. 7;
the illset in tIJis figure shows the ncutroll deca)' of the O.8:3-ñlcV rcsonanco, aftor tIJe
subtraetioll of vario liS baekgrolllld compollellts. 'rhe resollallee slrength is preselltly beillg
evaluated. Fillally, the 22Ne("Li,d) reactioll ha, r,-eellt.1y beell stlldied at 1\:otre Dame to
scarch for tIJrosllold slalcs that might arrect the stC'llar rC'action rates. T\\'o ne\\' 0-lInbolllld
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FIGUHE 7. Neutroll <lecay of the 830-kcV reSOIlClIlCCin tIJe interadioll of o-particle with 22Ne.

levels were found at energies ¡",Iow the neutron threshold, whieh eoulel eontribnte to the
eompeting (o, ,,) ehanne!.

5. SE,\HCII FOil ~IULTIPIIO:>O:> STATES 1:> DEFOH~IED "VCLE!

The cxcitation-cncrgy spcctrull1 of sphcrical Illlclt'i orten shows lIJe distinctivc pattcrn
expeeled from eolleetive harmonie vibrat ion. the [irst exeiled state, at exeitation energy
1~1,has spinjparity .1= = 2+ all<l its transitioll strellgth to the grouud slate teuds to be
larg(', i.c., severa! tCIlS of "single particlc 1IIlit.s". 'l'hc st'coIHI cxcitcd "sta1e" 1 al £ ~ 21~1,
is aetually a (0+,2+,.1+) lIlultiple whirh displays strong Iransitious to the [irst exeited
slate. This "two-phonon" lIlultiplet is the low('st of the 1Il1llti-phonon states formecl by
sllccessi\'cly more cllcrgctic vibrational cxcilat.ioll of tJ¡e IlUclCIlS.

Thc prcciolllinant collccti\'c cxcitatioll of <1eforlllecl Iluclci, OIl the othcr hand, is thc
usual rotational pattern. Colleetive vibrational excitations often do ocenr, however. Two
fOflllS of lllotiOIl can be charactcrizcd (Fig. 8), dcpcnding: upon whelher lhe vihralioll
orellrs along the sYlllmctry axis (~-\'ibratioll) or lrallsverse lo it h-vibratioll). Hemark-
ahly cllolIgh, althotlgh f3- and ,-vihratiolls are COllllllon in dcfornH'd nuc!ei, multiphollOIl
('xcitalions havc never heeIl [ound. The lluc1car-:-ilructurc group al i':otre Dame is prcscntly
cng:ag:f'd in él scarch rol' the <l01lhle-l' tllodcl all<l han' id('llt ificd allcasl OIle goo<l calldidalc
rol' lhis two-phOIlOIl cxcitalioll. IlItercslillgly cllough, lile excitation-encrgy spectrutll in
this rase aplll'ars lo iIldicatc that t he \'ihratioll is sigllific<lnt1y anharmonic.
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They key to the i<!entification 01 this strueture in the comp1icate<! spcctrum 01 collective
rotationa! excitations is the nse 01 a multi-<!etector array. Generally, these arrays ha,'e
been use<! to sort ont high-angular-momentnm states in the search 101' "snperdelormed"
states. One such array, constructed as a collaboration betweeu Notre Dame ami Argonne
National Laboratory, led to the exciting discovery 01 super<!elormation in I1g isotopes,
atllong other important resu1ts. A less comtllon but potentially e'lually interesting use 01
thesc instrmnents is iJl the search for 1I1lllsual low-spill structures sllch as multiphonon
excitations. This type of expcrilllcnt, which <loes lIol reqllirc very hcavy iotlS or vcry high
energies, is especially sllite<! 101' a stllaJl acceiNator lacility sllch as the one at Notre Dame.
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