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Extetopévn Ilepiindn

H nopoioo didoxtopiny| BtateBr) opoped T HEAETN TNS EAVCTIXHC OXEDUOTC X0k TWV UMY AVLO-
uov avtidpdoeny vl To cvotnua "Be + 28Si oe evépyeiec xovtd oto gpdypa Coulomb xou
ouyxexpwéva oto 13.2, 17.2, 19.8 xan 22.0 MeV (E/Vab.: 1.14, 1.48, 1.71, 1.90). Ytoyoc
¢ TapoVoug PEAETNE Elvol 0 TPOGBLOPIGUOE TNS EVERYELOXNE EEGOTNONE TOU OTTIX0) BUVAULXOD
xS % O TEOGOLOPICUOS TNS GUVELGPORASC TV UECKY AVTIOPICEMY Xal TWV oVTIOPICENY
cOvieTou Tuprval TNV avTidpoo "Be + 2Si. To TEQUUATIXG UEEOS TNG UEAETNG AUTNS TRALY-
poatomotinxe otny yeouury EXOTIC tou Edvixol Epyactrpiou tou Legnaro (INFN—LNL) ™me
Itohlag. H podievepyt| deoun Be Ty dn péow tne teyvixrc “in-flight” yenowomrowdvrog v
avtidpaon *H("Li,"Be)n, énou 1 tpwtoyevhc déoun “Li evidoewnc (100-150)pnA npocéminte oc
éva. oT6y0 aeplou Ldpoydvou. H Beutepoyevie mopaydpevn déoun "Be Sywplothxe and Ta
miovd LUTOAElPpATA TG TEMTOYEVOUS BECUNS Li UECK TNG CUVOLUOUEVNG Opdong EVOS Uoryv-
nTxol Bitdhou xan evog @iktpou toyutitwy (Wien filter). to mopdv nelpopa, yio ty xOpta
wétpnon yenoworotdnxay otéyol mupttiou (*¥Si) mdyouc 400 xou 600 wxpoypopuopiowy avd
TETPAYWVIXO EXUTOOTO XS X €vag oTdy0¢ LoAUBEE0U (208Pb) mdyoug 2000 wxpoypouuopiwy
OVEL TETEUYWVIXO EXUTOCTO YL TNV PETENOT] TOU apoEd GTOV TROGDIOPIOUO TN OTERENS Ywviag
TV avyveutov. To didgopa mpotdvTa TNe avtidpaong "Be + 28Si VLY VEOTIXAY Y EYOLLOTOLWVTOG
¢&L AE-E tnheoxdma and tnyv aviyveutd| odtaln EXPADES. To tnieoxoéma elyov torodetniel
070 Vdhoo oxEdUoNE O GUUUETEIXES VETELC YUPW amd TO GTOYO Yo TOV EAEYYO TNG CUUMETEAC
¢ oéounc. To mpwto Uépog tou xdle tnheoxoriou amotehoOVIAY Amd EVAY UXEOAWPELOLXO
aviyveutt| tupttiou SitAric oewe (DSSSD) mdyouc (40-60) uixpouétenmy, eved To SelTEROS PépOg
Tou TnAeoxomiou ATay evag Wiou Timou aviyveutrg mdyoug 300 wxpopétewy. Ernlong, n meipo-
porte) pog ddtadn eptehdufave 800 mtohuoupuatixole aviyveutée aepiov (PPAC’s) nou yenot-
HoToLUNXAY Yo TOV EAEY YO TOU TEOGIA TNG BEOUNG XATE T OLdEXELd TWV UETPROEWY Xadg entiong
Topely oy X TNV amapalTN T TANROQOEIN VLol TNV UVAXUTACHELY| TV TROYLOY TWY CWUATIOIWY TNg

TPOOTUTTOUGUC GTO GTOYO BEOUNG ARG XOU TWYV TEOYUDY TV OXEDALOUEVLV COUATIOIWY.

H avdluomn twv 6edouévey Tne eEAaoTiXc ox€daong Tpaylotonot\Onxe ue TNV Teyvixy event
by event pe tn yerion evég kO og YAOGGA TeoyeuuuaTiopol C ot Tou TAxXETOu avIAUCTG
oedopévey ROOT. O xoduxag autdg yenoylomolel Ty mhnpo@opior Tou TapéyeTon amd TOUg
oviy veuTée acpiou xodwe xar and to AE-E tnAeoxdmia, mpoxeyévou va mpocdloplGouue T GUY-
TETAYPEVEC TNE TPOOTITTOUCUC BECUNG OTO GTOYO XUVME XOU TS GUVTETAYUEVES TGV UXPOAWELOL-
OXY OVLYVELTOV OTOUC OTOIOUC Vi VEVOVTOL TOl EAUOTINWS OHEQULOUEVA CWUATLOL "Be. Qc ex
TOUTOU, UTOPOUUE VO TROGOLORICOUNE UE UEYUADTERT oxpBElar TNV YeVvio TNG EAACTIXNAS OXEDACTC

v xdde yeyovoe (Iapdotnue A). Ev cuveyeia, o xddixac adpoilet to yeyovoto tou oxeddlovtot



otV Bl Ywvio 1) p€oa o€ Eva Ywviaxd EVPOE TOU AVTIOTOLYEL OTIC DLUC TACELS EVOS ULXPOAWELOL-
axol aviyveuth. H Siodicaoto auth| mporypatonoteiton yior T oxédaon Twv Tuphvey "Be omd toug

oTOY0LUC TuptTiou xou LoAUBBoU Xt XxaTéTY TEOocBLoEllovTaL Ol BIUPOPXES EVERYEC BLUTOUEC.

H avdhuon tev yoviaxdy xatovou®y tne ehaoTixic ox€daong €yive oto thalota Tou Ontixol
Movtélou ue ™ yerion tou urtoloyloTixol xwoxa ECIS axohovdmvtag tny Blo teyvinr 6meg
ebye epappooTtel yio T ouothuata $TLi 4+ %Si. To mporypotind pépoc ToU OTTIXOY dUVaUIXOU
TepLYedPNnXe LioVetwvTac TNV Wxpooxomxr) BDM3Y1 adinienidpacn. Kdvovrtac tny unddeon
OTL TO QUVTAGTIXO UEPOC TOU OTTIXOU duvoixol Topouctdlel Tny Blar axtivixy e&dpTnom Ye To
avTloTOLY O TEAYHATIXG PEQEOG, YLOL TNV TEELYPUPY| TOU QPUVTAO TIXOU UEQOUC TOU OTTIXOU BUVAUIXOU
vodetRinxe 7 Bl wxpooxominy| aAANAERIOPACT OTWE GTNY TEPIMTWOT TOU TEAYUATIXO0) PEPOUS
OAAGL YENOULOTOLOVTOS €Val BLUPORETING ToRdyovTa VopUaAlouol. Ot tapdyovTes VopuoAouo) Tou
TEUYUATIXO00 X0 TOU PUVTAC TIXOU UEEOUS TOU OTITIXOU BUVOLXOU TIROGOLORIc TNXAY GTIC OLAPOPES
EVEQYELEC AT TNV TROCUPUOYT| TV VEWENTIXMY XATAVOUMY GO TELRUUATIXG Sedouéva. AedoUEvng
NG LEYIANG oBEBodTNTIC OTOV TROGBLOPLOUS TWV TEOAVAUPELVEVTHY TORUYOVILY, OEV HTAY EPIXTO
Vo TpofBolpE GE aoQUAY| GUUTERAOUATO UOVO BACEL TWV ATOTEAEOUATWY TG EAVCTIXAC OXEDUCTC
ToEd WOVO OE GUVOUUOUO WUE TU UMOTEAECUNTO TNG AVIAUOTC TOV OEDOUEVLV TNG TURAYWYTC
owuatiov diga. To @avtaoTind pépog Tou OTTIX0U dUVOUIXO) OTWS TEOCBLPICTNXE ATd TNV
OVAAUOT) TV BEBOPEVODY TNG ENACTIXNC OXEDAUOTC, TUPOLCLALEL Uil TTWTIXY) TACT XS TREOCEY-
yiCoupe to gedyua Coulomb ye xotebiuvon and Tic PEYAAITERES TPOC TIC UXPOTERES EVEQRYELEC,
Lol CUUTERLPOEE. GUUPBATY UE TNV TUTLXY) VUl XUTWOAOL 0TS UTH CUVAVTATOL OTNY OXé-
oaon Twv otadepwy Tuphvey. ‘Ocov apopd To TEaypaTixd UEEOS TOU OTTIXOU BUVOUIXOU, BEV
UTopoUUE Vo TOUUE PE BefondTnTor 6TL GUVOEETAL UE TO AVTIOTOLYO QUVTUCTIXO PEPOG UECW TWV
oYE€oEwY dLoToRdC xadde oTNY Teploy T YOpw and to @edyua Coulomb, émou e Bdorn Tic oyéoelc
OLIOTIOPAC AVAEVETAL (Lol oENOT) OTO PETEO TOU TEOYUATNo) SuvoxoD, BladéTouue HONC €va
TELRAUATXG omuelo. Ao Ty AT, av AdfBoupe vt oy Pag Tor avTio Tolyo TEWUUATIXG ATOTENED-
pota yier Tor cuoThuata O7Li 4+ 285, T omola avohbdnxay ue Ty B pédodo dnewe Tor dedopéva
TOU UTO UEAETY) CUC TAUATOS, UTOPOUKE Vo TOUUE OTL TO OTTIXO OUVOULIXO TWV DUO XATOTTEIXMY
TR VGV "Be, "Li Topovotldlel TNy Blo evepyeloxr e€8pTNOT. XUVOUALOVTIC TO ATOTEAECUA QUTO
UE T AMOTEAEOUATO TN AVIAUOTIC TOV DEBOUEVWV TNG TURAYWY NS COUXTILY G, UTOPOUUE Vo
ToUUE Ue xdmota BeBardtnTor OTL 0 TUEYVASG Be OUUTIEQLPERETOL OTIWG O XATOTTEIXOS TOU VPN VOGS

TLi xon byt 6To¢ o Tuphvac tou L.

H avéhuon tewv 6edouévev tne ehactixfic oxédaonc und to mploua tou Ontixol Movtéhou,
OB YNOE XU GTOV TEOGBLOPLOUS TNG OMXTNG EVERYOU BlaTourc TN avTidpaong Yo Ti¢ 4 evEpYELeC.

O Twéc autéc Peédnxay va elvor o e€apeTiXr] CUUIPWVIN UE TIC aVTIOTOYES TYES OTWS QUTEC



TEOGOLRIGTAXAY ATtd TNV AVIALCT) TV COUAUTIV 34He, ME TIC TYWESC Tou TpoPAEnovTon and Eval
(PUYOUEVOLOYIXO HOVTENO xS XL UE TIC TWES Omwe mpoéxuay and toug CDCC unoloyio-
uoUc ot omofol Aopfdvouy ur’ 6hv Ty cOleuln Tou EAACTIXOU XAVUALOU UE TIC XATUO TUCELS
Tou ouveyols. Ou CDCC unoloyiouol mpoyuatonoinxay e TN YENOoTN TOU UTOAOYLOTIXOU
x0oo FRESCO amnd toug onoloug xou cuumepatvouye 6Tt 1) entidpacn tng cULELENS TOU EAACTIXOD
XovohloU e TNV Bactxr) xou TN TeTY DIEYEPUEVT XUTACTAGT, TOU "Be eivou acVeviic. Tapdtt o
CDCC urnohoyiouol TpoBAénouy TOAD et oAy EVERYO BlaToun yiot TNV avTidpaoT didomacnc, 1
enldpaom TN 0OLELENE TOL EAAGTIXO) XAVOAIOU UE TIC XUTAC TAOELS TOU ouVEY0US Poélnxe va lvor
oNUoVTXT) aAAS Oyt Thpa TOAD oy uet|. Téhog, 6oov apopd Tic TYWES TNG OANG EvEpY0U dlaToung
TNC avTidpaone, 1 TOAD XA CUUPWVIA PE TIC TEOBAETOUEVES TWES EVOC (QUVOUEVOROYIXOU UOV-
TENOL XIS ot UE TIC LTOAOYLLOUEVES TWES OTwe TpoxuTouy amd Toug CDCC unoloyiouoic,
eVIoYDOLY TNV EYXVEOTNTA TWV PETEHOEWY oc. Enlong evioylel nepoutépn tor amoteAéopata Tou
apopoLY TNV evepyetoxt] edETNOT TOU OTTIX0V BUVOUXOY, xadMS 1 OAXY) EVEQYOC BlaTouT TNG
avtidpaone yenowomolelton ooy €va u€yelog Yo ToV TEPLOPLOUOY TOU UETEOU TOU (QUVTUC TIXOU

MEEOUC TOU OTITIXOU BUVAUIXOD.

‘Ocov apopd Toug Unyoviouolg avTOEAGEWY, 1) AVEAUGT] TV GYETIXWY OEOOUEVKY APOEd GTNV
Topay WY TV eEApetv cwpatioy #*He elite yéow duecnv avtidpdotny elte péow avtidpdomy
oUvietou uprva. e avtideon e Toug Tuprveg "Be, o 800 ot ehaPEA LOVTOL UTOPOLY Ol TER-
VOUV 670 BEUTERO UEQOC TOU TNAEGHOTIOU Xou Yt AUTO O Bl WELOUOC TOUC EYIVE UE BAoT TN YVWO T
AE-E teyvui. O apiiudc twv yeyovotwy **He mpocdoplotnre and tnv avéhuon tov dlodido-
Totwv gaoudtey AE-E. Iagdha autd, Adyw tou memepacuévou mdyous twv AE aviyveutovy,
UTIELOEQYETOL EVAL EVEQYELIXO XATOPAL GTNY aviyVEUST| TwV dV0 aut®y Wviwy. To yeyovota o
omolol GTAUUTOVY GTO TEMTO YEEOS ToU TNAECoXOTOU avaxTHINXaY amd Ty cUYXELON TWV TELRM-
HOTIXWY EVERYELAXMY QACHUATWY UE Tor avTioTotya @douato tou teoéxuay and tpocopoinoeic. H
TEOGOUOIWOT TWV PACUATOY Yol To YEYOVOTA TTOU TRoEpyovTaL antd dlepyasieg olvieTou Tuprva
éywve péow tou xwdixa PACE2. H npocouoitnon twv QuoudTtey Yo Ta YEYOVOTa TOU TRoER)OvVTaL
amo duece avTdpdoelc Eytvay Yéow evoc Monte Carlo x@oixa mou avamtiydnxe yio Tic aviryxeg
¢ Topodoug epyaolag (Hozpo’(pmpoc B). Met4 TNV AVEXTNON TWV YEYOVOTWY TOU G TUUATOUY GTO
TEMOTO UEEOS TOL TNAEOXOTIOL, LUTOAOYITTNXAY OL DLUPOPLXES EVERYES DLITOUES YLol TNV TURAYWYN

owUTiwY 34He.

H evepydc datour| yior TNV mapary oY1) owpatiey G u€ow SlEpYaolny cOVIETOU TURTVOL EX-
TWAINKE and TNV TEOCUPUOYT| TV VEMENTIXWOY YWVIAXOY XAUTAVOUMY TOU apopoly oTnV e€dyv-
ON CWUATVBIOY dAPa amd ToV GUVIETO TURTVYL, GTO TELRUUATIXG BEDOUEVY TWV THowW Ywviwy. Ot

eV AOY® VEWENTNES YOVIIXES XATOVOUEC uTohoYioTnxay Ue TN Yeror Tou xhowo PACE2. Ev



ouveyela, hopfdvovtac v Oy TIC TOAATAOGTNTES Yiot TNV EEAY VOO CWUATIOIWY AP and TOV
oUvieTo Tuprva, utoloyioUnxay ol evepyéc dlatouéc cLVTNENG. Aedouévou OTL Ol TOAUTAGTNTES
eCoPTOVTUL GUECH OO TNV ETLAOYT| TOU OTTIX00 BUVOULXOV TOU YENOHLOTOLELTAL Yiar Vo Teptypdipet
™V &4y VeOon TV COUATIOIWY dhpa and Tov cUVIETO TUEYVAL, TEAYUATOTOMCUUE DOXYES UE
Tplor SLOPOPETING. OTTIXG BUVOIXE VLol TNV EEAYVWOT TWV COUATIOWWY GAPA TEOXEWEVOL Vol EX-
TWNOOUPE TO GQIAUN GTOV UTOAOYIOUO TNG TOAAATAOTNTOG %o XAT ETEXTAUOY] TO GQIAUL TOU
UTIELGEPYETOL GTOV UTOAOYIOUO TNS evepyol dlatourc olvinéne. Ta anotedéopota Twv evepymy
OLUTOUMY CUVTNENS OIS TEOGOLORIG TNXAY amd TNV ToEoUcA HETENOT), VOTEQA OTO TNV OVAYWOYT
TOUC OTIC AEYOUEVES XUUTUAES GOVTNENG, oLYXEiUNXaY UE TapoUota GEG0UEVA TTOU apopOUY dhhd
acVevind Séopta (otodepd ¥ padlevepyd) BAAuata xou BeéUnxay ot eEatpeTixt| ouppwyvio YeTold
toug xadoe xon pe v Kadohw Kourndin Xovinine (UFF) péoa oe éva edpoc 10% e 20%.
Emmiéov, mpoobioplotnxay oL Aoyol Twv xoumdhwy cOvInéng Tou 514 wc Teo¢ exelvec yia TO
"Li %o to "Be. Ot Aoyol autol Topouctdlouy Wior aUENTIXY TACT, OTNV EVERYELUXT| TERLOYY| TOU
pedypatoc Coulomb xouw xdtew amd autd, LUTOBEXVIOVTAC Uiol EASTTWOY TNG EVEQYOU OLUTOUNC
oLVTNENG YioL TOUC TURYVES T xou "Be wc¢ TEOG TIC AvTIoTOLYES TWES Yia TO 6Ti. H (B ehdt-
Twor ety mapatnenlel xou oe TEONYOUUEVES UETENOELS YId TOV VR VAL TOU "Li UE OLapORETIXNOUC
otoyous. H cuotnuotixy auTr) CUUTERLPOREA TOU AGYOU TV XoUTOAWY GUVTINENG OE GUVOLAOUO
UE TO AmMOTEAEOUOTO TNG EVEQYELUXHC EEHETNONE TOU OTTIXOU BUVAUIXOU, ATOTEAOLY Wi Loy LET
amoOELL OTL O TUENVOG "Be CUUTEQPLPERETAL OTIG O XATOTTELXOS TOU TUEYVAC T4 %o oYL OTwg 0

TUETVOC TOU 614.

Ov yoVIoXES xUTAVOPES YO TNV TOEAYWYY| COUAUTOIWY dAPa amd GUECES AVTIOPUOELS EX-
TAYMXAY AQAUE®MVTAC Ao TIC TELRUUUTIXES YOVIUXES XUTAUVOUES TNG CUVORXTS TRy WY G CWUATIOIY
GAQOL, TIC TEOCUPUOOUEVES OTIC THOW YwVieg VewenTixéc xaUmOAES yior TNV €AY VOOT CWUATIOIY
dAgo amd Tov ovieTo Tuprva. ATO TNV GUYXELOT TWV TELRUUATIXGDY DEBOUEVMY UE TIC VEWENTIXES
YOVIOXES XATAVOUES YL TNV TURAYWYY) COUATIOWY dAga uE€ow tTNng avtidpaong apmayrg evog
vetpoviou, tng avtidpaong anoyiuvwong evog vetpoviou xadog xon tng avtidpacng didomaong,
CUUTEQAVOUE OTL Ol OLUOWAGIES AUTEC UTOEXTLIOLY TNV TUEAUYWYT) COUATOILY dAQa amd JUECES
avTdpdoelc. §2¢ ex TOUTOU, TO UTOAELTOUEVO UEQOC TNC TORAY WY OWHATIOIWY dApa amododn e
oTNV avTidpaoT ATOYUUVKOONS EVOS CWUATIOOU 3He av xo 1 unddeon auth| dev emakniedTnxe
ue xdmolo Yewpentnd unoloyloud ot mhaica e Ipocéyyiong Born IHoapopoppwuévou Kiuo-
toc (DWBA) Aéyw EMEWPNES TOV HUTIAANAWY THOV Y10 TOUS QPUOHATOOXOTUIXOVS GUVTEAEG TEC
(Spectroscopic Factors). ‘Ocov agopd tnv mopoywyh cwpatdiowy *He, ol pdvec diepyaoiec mou
CUVEIGPEROLY Elvar 1) avTidpaon Bldomaong xan 1 avTldpaoT) amoyYOUVKONS EVOC CLUATIO0L “He.
Adyw e younAAC oTATIO TIXAS XM %ol TNG YEWUETEIXAC ATOBOONG TNG AVLYVEUTIXAC oS OLd-

ToENG, OEV UTORECUUE VoL XOTAYEAPOUNE YEYOVOTU GUUNTWONG UETOUED CWHATIOWWY 3He-*He tote



VOL TTOREYOUKE TNV TELQUUOTIXY T Yiot TNV evepyd dlatopr ddonaong. Enouévng, ohoxhnpovoy-
TUC TIG TELQUUATIXES YWVIUXES XATAVOUES TOV 3He, TOUEEYOUNE TNV EVEQYO DLUTOUT| YLol TNV TToEALY-
YN 3He and TNV GUVELSQORE xal Twv dLo Blepyaotey. ‘Ouwe Aaufdvovtac ur’ odiv 6Tl 1 T
YLoL TNV EVERYO OlaTour| Tng avidpaong didomaorg, 6mwe teofiénetar and tov CDCC unoloyioud
ebva TOND pixph, 0 xVplog unyaviopde yia Ty Topoy oy h Tov couatdioy *He eivor 1 avtidpaon

amoyUuvwone evée copatidiou “He.

Téhocg, €yoviag otn Sdeon UaC TIC EVERYEC OLOTOUES Yo TNV TURUYWYT) CWUATIOIY 3He
xS XL Yol TNV TOEAY WYY COUATLOIWY He and dueoec avTIOPdoELS xal avTIopdoel olvie-
TOU TUEYVAL, UTOAOYIGOUE TO AOYO TNG EVEQYOU DLUTOUNG TWV GUECHY AVTIOPUCEWY WS TEOS TNV
OAxY| €veRYd Blatour| Tng avtidpaong mou untoloyloTnxe we To dbpolopa TN EVERYOD dlaTouNg
omo QUECES avVTIOEAOELS xan TG evepyol otatoprc cuvinine. H evepyeiom e€dptnon tou Ao-
YOU Yl TO UG PEAETT GUOTNUO cuyxelinxe ue TV avtioToyn evepyelaxt| e€dpTnon Tou Aoéyou
Yoo Toug uphvee OLi xou "Li otov (B0 otdyo. Ko yio o tplo BAAuate, o Adyoc mopouotdlel
™V B ouunepupopd. Anhady|, meooeyyilovtac to @edyua Coulomb pe xatediuvon omd Tic
MEYOADTEQES TIPOC TIC UXEOTEPES EVERYELES, TopaTNEElTOL Wiot aLENTIXT TAGT OTNV GUVEIGPORE. oo
eudelc avtdpdoec. Ta Ty mepinTtwon Tou Tuphvol "Li, 7 T Tou AOYou elvon UeyohlTepn amd
6t N avioToryn A v tov tuphva Tou PLi. Ou tyéc Tou Aéyou Yo o olotrua "Be + 28Si
oxohovdolv o€ Evtaon Ti¢ avtioTolyeg THES Tou AdYOoU Yio To G)OOTNUA "Li + 28Si unodexviov-
TOC TNV OUOLOTNTA TwV 600 XaTomTE®Y Tuehvwy. H abénon tne evepyol dlatourc twv dUecnmv
AVTIORACEWY (C TPOS TIC AVTIOEAGELS GUVIETOU TUEHVAL Yol TO T xou to "Be etvon dppnxTor GUVO-
€0EUEVT UE TNV EAGTTWOT TNS EVERYOU SlaTopnc oUVTINENG Yiol TOUC BUO QUTOUC TURHVES OTIKS

avapEpUnue Tapamdve.






Abstract

The present work refers to the study of elastic scattering and reaction products for the
system "Be + 28Si at near barrier energies, namely 13.2, 17.2, 19.8 and 22.0 MeV (E/Vab.:
1.14, 1.48, 1.71, 1.90). The goal of this work is to probe the energy dependence of the op-
tical potential as well as the interplay between direct and compound nucleus mechanisms.
The experiment was visualized at the EXOTIC beam line of the Istituto Nazionale di Fisica
Nucleare - Laboratori Nazionali di Legnaro (INFN-LNL) in Italy. The "Be secondary beam
was produced via the in-flight technique through the *H(Li,"Be)n reaction, where a "Li pri-
mary beam with an intensity of (100-150)pnA, delivered by the LNL XTU-TANDEM Van
de Graaff accelerator, impinged on a primary hydrogen gas target. The produced "Be beam
was separated from other contaminants by means of a bending dipole and a Wien filter and
it was directed into the scattering chamber, impinging on a 2®Si target. A 2%*Pb target was
also used for normalization purposes. The various ejectiles were collected by six AE-E tele-
scopes of the detector array of the EXOTIC facility, EXPADES (EXotic PArticle DEtection
System), placed at symmetrical position to balance any beam divergence and to improve the
statistics of the measurement. The AE stage of the telescopes was a Double Sided Silicon
Strip Detector (DSSSD) (45-60)um thick, while the E stage was a DSSSD ~ 300 pm thick.
Also, our experimental setup included two X-Y position sensitive Parallel Plate Avalanche
Counters (PPAC’s) for monitoring the secondary beam profile and providing information for

an event by event reconstruction of the beam particle and elastic scattering trajectories.

The analysis of the elastic scattering data was performed by means of an event by event
analysis code using the two PPAC signals to enable reconstruction of the beam ray and elastic
scattering trajectories. The position of the reaction vertex on the target and of the DSSSD
X-Y strip struck by the elastically scattered nucleus were thus unambiguously defined for each
event, leading to a more precise assignment of angle (see Appendix A). Events with the same
angle or with an angle inside an angular range corresponding to the dimensions of a particular
strip of each EXPADES detector (Af ~2°) were summed up and were appropriately normalized

for the deduction of differential cross sections.

The elastic scattering data were analyzed into the optical model framework following the
same method as adopted previously for ©"Li + 28Si using the code ECIS. The real part of
the optical potential was derived in a double folding model using the microscopic BDM3Y1
interaction. Although the microscopic BDM3Y1 interaction is purely real, assuming that the

imaginary part of the optical potential presents the same radial shape as the real one, the



same folded potential was adopted but with a different normalization factor. The normaliza-
tion factors for the real and the imaginary part were fitted to the data and the energy evolution
of these parameters was deduced. Due to the large errors, it was not possible to draw firm
conclusions solely from the elastic scattering data but only in conjunction with the « - par-
ticle production ones. In principle the trend of the imaginary part obtained from the elastic
scattering data, seems to be compatible with a standard threshold anomaly, with a decreasing
magnitude as we approach the barrier from higher to lower energies. The agreement of the
present data with a dispersion relation cannot be confirmed, as in the critical position of the
real potential, where a peak should appear, we possess only one datum. On the other hand,
taking into account all information relevant to previous data of 7Li + 28Si, analyzed in the
same framework as is the present case, we can in principle conclude that both mirror nuclei,
"Li and "Be present the same energy dependence of the optical potential. This is close to the
standard threshold anomaly, from the point of view of the decreasing imaginary potential but
where possibly the dispersion relation does not hold and the real part is consistent with a flat
line independent of energy. This evidence, if combined with the results of the o - production
data, collected at the same experiment, indicates with some confidence the similarity between

the two mirror nuclei.

Our optical model analysis yielded also total reaction cross sections which were found in
very good agreement with the total reaction cross sections deduced from the 3*He-particle
production, global phenomenological predictions and our CDCC calculations. The last were
performed with the code FRESCO and it was found that the effect of coupling to the ground
state reorientation and excitation of the first excited state of "Be is weak. Despite a very
small breakup cross section the coupling to continuum was found to be significant but not very
strong. As far as the total reaction cross sections, the compatibility with the phenomenological
predictions and the CDCC calculations indicates the validity of our measurements. It also
supports our results for the energy dependence of the optical potential, since total reaction

cross sections are traditionally used to restrict the imaginary part of the optical potential.

Regarding the reaction mechanisms, the analysis of the data refers to the *He and *He
particle production either through a direct or a compound nucleus process. These light reaction
products were able to pass through the AE stage of the telescopes and thus, they were well-
discriminated via the AE-E technique. The 3He and *He yields were obtained by applying the
appropriate energy windows on the two dimensional AE-E plots. However, due to the thickness
of the AE stage of the telescopes, an energy threshold in the detection of the two ions was

introduced. The missing counts were retrieved by comparing the experimental energy spectra
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with the simulated ones. The simulated energy spectra for the direct processes were generated
by a Monte Carlo code (see Appendix B), while the compound nucleus spectra were produced
via the code PACE2 (Projection Angular-momentum Coupled Evaporation). Then, direct
and the compound nucleus spectra were summed using various assumptions for the ratio direct
to compound nucleus contributions until the best fit to the experimental data was obtained.
After correcting for the missing counts, the differential cross sections for *He and *He particle

production were deduced.

The compound nucleus contribution to the *He-particle production was estimated by re-
normalizing the theoretical angular distributions from evaporated a-particles, calculated via
the statistical model code PACE2, to the data of the backward angle detectors. Subsequently,
using the a-particle multiplicities, obtained with the same statistical model code, fusion cross
sections were deduced. The a-particle multiplicities are sensitive on the choice of the optical
model parameters for the evaporation of a-particles and this may introduce further uncertain-
ties in the fusion cross sections. In this direction, the error in the calculated multiplicities
was estimated adopting three different sets of optical model parameters for the evaporation
of a-particles. The deduced fusion cross sections (appropriately reduced to fusion functions)
were considered in a systematic framework with other stable, weakly bound and radioactive
projectiles on the same or similar mass targets and were found in good agreement between
cach other as well as the Universal Fusion Function (UFF) to within an uncertainty band
of 10% to 20%. Moreover, ratios of fusion functions for °Li to those for “Li and "Be were
formed, indicating a hindrance of fusion for “Li and “Be with respect to those of %Li below
the barrier rather than an enhancement. This hindrance was also observed before for “Li on
various targets and together with the results obtained from our optical model analysis present

a strong evidence for the similarity of "Be with its mirror nucleus “Li and not the 5Li one.

The angular distributions for the direct component of the a-production were obtained after
subtracting from the total o experimental angular distributions, the re-normalized theoretical
compound nucleus ones. Comparisons between experimental data and the theoretical angular
distributions for the single neutron pickup, single neutron stripping and breakup showed that
these processes are unable to descibe the bulk of the observed a-particle cross sections. There-
fore, the remaining part was attributed to the 3He stripping reaction although this was not
confirmed via DWBA calculations, due to the lack of the appropriate spectroscopic factors.
Regarding the *He production, the only two contributing mechanisms are the *He stripping
and the breakup. Due to the low statistics and the geometrical efficiency of our detector setup,

coincidence events between *He and “He particles, a clear signature of an exclusive breakup
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event, were not recorded. Therefore, integrating the *He angular distributions, we can pro-
vide an inclusive cross section for both reaction channels although the breakup is predicted
in CDCC calculations to be very small and therefore this cross section is described mainly
by the *He stripping process. DWBA theoretical calculations are in reasonable qualitative
agreement with the experimental data but underestimate them in absolute magnitudes. The
last was attributted to the fact that absolute spectroscopic factors for o transfer reactions are
ambiguously determined, with factors of 5 or more between values for the same target obtained

with different reactions and at different bombarding energies being common.

Finally, total reaction cross sections were formed as the sum of the direct and fusion cross
sections and the ratio of direct to total reaction cross sections as a function of energy was
deduced. These ratio’s were compared with previous ones for ©“Li on 2®Si, where an increasing
trend approaching the barrier from higher to lower energies is seen. For “Li larger ratio’s than
in Li are observed and our data for "Be are in quantitative agreement with the data of "Li
and not °Li, pointing out to a similarity between the two mirror nuclei. This enhancement of
direct channels versus compound for “Li and "Be acts at the expense of fusion resulting in the

fusion hidrance mentioned above.
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Introduction

This work is part of the curriculum of the Postgraduate Program of the Department of
Physics, University of loannina. The research area belongs to the basic direction of Nuclear
Physics and in particular on the subject of elastic scattering and reaction mechanisms at near

barrier energies involving weakly bound nuclei.

Elastic scattering is the simplest process in the nucleus-nucleus collisions. But even in such
“simple” case, the nuclear interactions are far too complicated since the interacting nuclei are
composite systems of many nucleons. A solution to the complex many-body problem of the
interaction of two nuclei may be given by the Optical Model (OM), which approximates the
interaction of two nuclei by the interaction of two structureless particles through an effective
potential. In the Optical Model framework the interaction between two nuclei is represented
by a complex potential, where the real part accounts for the refraction of the incident particles
by the target, while the imaginary part for the absorption of flux out of the elastic channel via
the different reaction mechanisms. Both terms of the optical potential are energy dependent
and in this direction, many studies over the past decades have been devoted to study the

energy dependence of the optical potential through elastic scattering measurements.

At energies well above Coulomb barrier, the energy evolution of the optical potential is
almost energy independent. However, this independence no longer holds while approaching
the vicinity of Coulomb barrier. A first indication for an unusual behavior of the potential in
the vicinity of Coulomb barrier was provided by optical model analyses of elastic scattering for
160 + 208Pb [1] and *2S + *°Ca [2]. Subsequently, the term “Threshold Anomaly” (TA) [3-5]
was applied to such cases, where a rapid and localized variation with energy E of the heavy-
ion optical potential appears at barrier. This variation is visualized as a localized peak in
the strength of the real potential, associated with a sharp decrease in the strength of the
imaginary potential as it becomes more and more unimportant to remove flux from the reaction
in this low energy region. The advent of Radioactive Ion Beam (RIB) facilities moved the
interest to predecessor cases with weakly bound but stable projectiles, since direct processes
like breakup and transfer are enhanced for such systems [6-11]. It was believed [4,12,13] that
the polarization potential which is produced by the breakup, as it is repulsive in nature, will
compensate the attractive term, AV, of the real potential (V: Vo + AV) which is connected
through a dispersion relation [4,5] with the imaginary part and which is responsible for the
threshold anomaly. Otherwise, as it is suggested by Satchler [4], the dispersion relation may

be of no use for weakly bound systems, since according to theoretical calculations [12,13], the
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repulsive contribution of the real part of the potential, is almost independent of beam energy,
while the associated imaginary potential is very small. Indeed, the pioneering experimental
work of elastic scattering with the weakly bound but stable projectiles Li and "Li on 28Pb
and % Ba targets [14, 15] traced an unusual behavior for °Li but not with "Li. It should be
taken into account that the breakup threshold for the first nucleus is only 1.47 MeV, while for
the second is 2.47 MeV. Later on the new manifestation of the anomaly for °Li, is observed
for °Li + 28Si [16] and is interpreted in terms of dispersion relations in Ref. [17]. With the
aid of a re-analysis of previous data, it was pointed out in these articles [16,17] the increasing
trend of the imaginary potential approaching the barrier from higher to lower energies for 9Li,
but not for “Li. This increasing behavior is related via dispersion relations with an almost
flat evolution of the real part of the potential (with a shallow valley at barrier), developing
the bell shape peak at very low energies well below barrier [17-20]. The new manifestation of
the anomaly for SLi is discussed later in Ref. [21] and named as Breakup Threshold Anomaly
(BTA). By today the new anomaly for SLi but not for "Li is well established although not
fully understood and verified in numerous articles for various targets as 2TAl [22], 25Si [16,17],
8Ni [23], 59Co [24], 5Zn [25], 8°Se [26], 29Zr [27], 1121168 [28], 138Ba [15], 141Sm [29], 28Pb [14],

29Bi [30] and #3?Th [31]. A review of these measurements can be found in Ref. [32].

The situation is less clear for radioactive projectiles. Existing measurements are reviewed
in Ref. [8] and concern mainly the neutron rich nucleus °He and the proton rich nuclei *B and
"Be. Comprehensive work on the energy dependence of the potential via angular distributions
measurements is achieved for ®He on both 2%*Pb [33,34] and 2% Bi [35] targets. The conclusion
is that the potential behavior of °He is the same as for °Li, and it can be attributed to the
very low binding energy of the two neutrons to an alpha core of 0.973 MeV. Elastic scattering
measurements with the cocktail radioactive beam (®B, "Be, SLi) on **Ni were performed in
Notre Dame and the results of the analysis are reported in Ref. [36]. The first conclusion,
although it is given with caution due to the large uncertainties assigned to the potential
parameters, is that both proton rich nuclei, 8B and "Be present the same trend as °Li which
was measured and analyzed simultaneously with the radioactive ones. This conclusion is later
re-confirmed for ®B in Ref. [37]. However, the re-analysis of "Be data [38], including elastic
scattering combined with fusion data, showed that “Be resembles rather its mirror nucleus
than °Li, presenting both the usual threshold anomaly. The last measurement appearing
in the literature concerning radioactive projectiles is related again with the proton rich "Be
nucleus, but on elastic scattering from 27Al [39]. The data were collected in two RIB facilities
of the Universities of Sao Paulo and Notre Dame. Due to the low beam flux the researchers

of [39] had to use very thick targets. Their optical model results suggest an energy independent
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optical potential around barrier, but this conclusion is given as susceptible to the use of very

thick targets.

In principle the variations of TA for the optical potential should be connected with vari-
ations in reaction mechanisms appearing strong at near and below barrier. Investigations of
collisions involving weakly bound nuclei create an interesting field to study reaction mecha-
nisms and coupling effects, since direct reactions like breakup or transfer are enhanced. As it
was mentioned above, elastic scattering is a process that can be easily described into the optical
model framework by neglecting the structure effects of the interacting nuclei. However, in case
of the weakly bound nuclei, exhibiting pronounced cluster structure and low binding energies,
breakup might play an important role on the description of elastic scattering data [19]. In
this respect, studies for the "Be + %Zn system [40] or the MLi [41,42] and ®He [33, 43, 44]
on the heavier 2°®Pb target, showed a suppression of the Coulomb rainbow and via CDCC
calculations this effect was attributed to coupling to breakup. Also, selected transfer reactions
are favoured and this may affect the elastic scattering like in case of YBe + 2%*Pb system [45],
where it was found that coupling to the single neutron stripping has a strong influence on
the theoretical elastic scattering angular distribution leading to a reduction of the pronounced
Coulomb rainbow, in the same way like the couplings to breakup. Given the interesting nature
of the weakly bound nuclei, several studies have been performed in such systems the past
decades to investigate the reaction mechanisms through the light particles production. Large
« yields have been observed for most of the weakly bound projectiles either stable like %7Li and
9Be or radioactive like %8He. Exclusive measurements have been reported, mainly for stable
weakly bound projectiles, e.g., Li on ?8Si [46], %Co [47-49], 2°Pb [50,51], 2Bi [52], ‘He on
29Bi [53], "Li on %Si [54], ®®Ni [55], ®Cu [56], *Nb [57] and ?®Pb [51,58]. Relevant inclu-
sive measurements for stable [59-62] as well as radioactive projectiles [34,40,63-67] display

significant contributions from direct channels including breakup.

Besides the influence of the direct reactions on elastic channel, it is also interesting the
interplay between direct reactions and fusion, which might shed more light to the question
of the enhancement or suppression of fusion near and below barrier. Quantifying the energy
evolution of the direct contribution to the total cross sections, the authors in Ref. [68] predict
a significant direct contribution at the barrier of the order of 50% to 80% for 28Si and 2°*Pb
targets, respectively. This prediction is supported by Coupled Reaction Channels (CRC)
calculations [68]. The direct contribution, according to the prediction, is enhanced up to
~100% below the barrier, while it is saturated to ~20% above the barrier. Knowledge of the

energy evolution of the ratio with respect to the projectile and target mass, provides important
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information for an understanding of the question of the enhancement or suppression of fusion
in these systems. It should be noted that fusion cross section enhancements have been reported
for various projectiles and targets (see, e.g., the measurements for °He + 2%9Bi [69] and "Be +
58Ni [70]). However, comprehensive measurements disentangling the direct from the compound
contribution to the total cross section for “8He on 28U [71] and 19T Au [72] and "Be on 233U [73],
show that fusion is not enhanced but follows rather closely a single-barrier penetration model

prediction [74].

The team of Nuclear Physics Laboratory (NPL) (group leader: Prof. A. Pakou) at the
Physics Department of the University of loannina in recent years is dealing with the study of
elastic scattering and nuclear reactions at near barrier energies in interplay between them, for
obtaining the optical potential [16-20,46, 54,59, 60, 75-79]. This research is systematic and
devoted so far, to studies with the weakly bound stable projectiles ®7Li on the same target
28Gi. Extending these studies to radioactive projectiles, it was proposed the study of the elastic
scattering and relevant reaction mechanisms for the system “Be + 28Si in order to probe the
energy dependence of the optical potential. The proton rich "Be is a weakly bound radioactive
nucleus, with a *He + 3He cluster structure, mirror of the weakly bound stable “Li. The
breakup threshold for "Be is 1.59 MeV, lower than the corresponding 2.47 MeV of Li but
similar to the 1.47 MeV of °Li. The above system was chosen because comprehensive studies
already exist for the related systems %7Li + 28Si and it will be an interesting point to investigate
whether the "Be resembles more its mirror nucleus, "Li, or the %Li one, using the information
from both elastic as well as reaction channels. From the point of view of reaction channels, a
large hindrance of the fusion cross sections for “Li compared to °Li were reported previously for
67Li + 59Co [80], &TLi + 2Si [78], 7Li + %4Zn [81], ®"Li + 2*Mg [82] and 57Li + 28Si [83]. In
more detail, the reported ratios of °Li to “Li fusion cross sections exhibited an increasing trend
approaching the barrier from higher to lower energies, according to some measurements, while
the increasing behavior was obvious only well below the barrier for some other measurements.
However, within the error bars all measurements were compatible and supported hindrance
of fusion for “Li compared to SLi. Therefore, it will be useful and enlightening to perform
such comparisons between fusion cross sections for "Be to those for °Li and “Li in order to
investigate the similarity between "Be and the two lithium isotopes, in conjunction with the
elastic scattering data. The relevant experiment was performed at the EXOTIC facility at the
Laboratori Nazionali di Legnaro, Italy, at the beam energies of 22.0, 19.8, 17.2 and 13.2 MeV.
The analysis of the data was completed at the NPL-Ioannina and the results are discussed in

the present work, which includes the following chapters:
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Chapter 1: Includes the theoretical background that is a brief description of the elastic
scattering and reaction mechanisms as well as the main principles of the Optical Model,
the Continuum Discretized Coupled Channels (CDCC) method and the Distorted Wave
Born Approximation (DWBA).

Chapter 2: Includes details of the experimental setup that is a short description of the
beam line with the main focus on the Parallel Plate Avalanche Counters (PPAC’s) and
the Double Sided Silicon Strip Detectors (DSSSD’s) and their utility in our experimental

apparatus.

Chapter 3: Includes the data reduction, where elastic scattering as well as >*He reaction

cross sections are determined.

Chapter 4: Includes the theoretical analysis of the elastic scattering data into the Optical
Model framework and the theoretical analysis of the **He reaction data in the statistical
model (only for “He data), DWBA and CDCC frameworks.

Chapter 5: Conclusion and summary.
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Chapter 1
Theory

The interaction between two nuclei can give place to a nuclear reaction. We can distinguish

four major categories of nuclear reactions:

Elastic Scattering

Inelastic Scattering

Direct Reactions

Compound Nucleus Reactions

The present work focuses on the study of elastic scattering and the light particle production
either through direct or compound nucleus processes. Therefore, the main characteristics for
each process are presented below, together with the theories that have been developed to

describe them.

1.1 Elastic Scattering

Elastic scattering is the simplest process among the nuclear reactions. The nuclei at the
entrance channel are identical to those at the exit channel. The amount of energy released in
such process (Q-value) is zero, therefore the total kinetic energy of the system is conserved.
The study of the elastic scattering is very useful as it provides information, between other
aspects, about the projectile-target nucleus potential which is necessary to perform accurate

theoretical calculations for non-elastic processes. At low energies, well-below the Coulomb
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barrier, incident particles interact with the target mainly via Coulomb interactions. Coulomb
scattering, also known as Rutherford scattering, is a well known scattering problem and the
differential cross section in the center of mass system in such case is given by the following

expression [84]:

2 2
dO’(Q) ZpZtQQ 1 1

1.1
dS) 47eg AE, ., sin4(9/2) 7 (L)

where 7, and 7, are the atomic numbers of the projectile and the target respectively and
Ec¢.m. is the energy of the projectile in the center of mass frame. However, as the energy of
the projectile increases, nuclear forces start to be important and thus, the scattering of the
incident particles is determined by the interference between Coulomb and nuclear scattering.
As an example, below it is presented the scattering of beam particles by a short range central

potential V(r), reflecting the short range nature of nuclear forces.

1.1.1 Scattering by a short range central potential

In order to describe the scattering of the projectile by the target [85], we have to solve the

Schrodinger equation:

h2

— ﬂv2 + V(7| () = BEV(7), (1.2)

where f is the reduced mass, E is the energy in the center of mass frame and V(7) the potential
that describes the interaction between the projectile and the target. At large distances from
the target, the wave function W(7) obeys asymptotically the following expression [86]:

eikr

\Il(r’ 97 ¢) — eikz + f(@, ¢)Ta (1.3)

where the first term represents the incoming plane waves which are considered along Z axis,
while the second term represents the scattered particles described by a spherical waves. The
quantity f(6,¢) is called scattering amplitude and is the fraction of the incident waves that
are scattered at angles (0,¢). The scattering amplitude is related to the differential cross

section by the well-known formula:
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dU(@, ¢) 2
S = 1£(6,0) (1.4

This is a fundamental relation between scattering theory and scattering experiment as it binds
the differential cross section, a purely experimental quantity, with the scattering amplitude
which characterizes the wave function at large distances from the target. If the interaction
between the projectile and the target is described by a central potential, the system is invariant
under rotation around the 7 axis and the wave function does not depend on the azimuthal
angle ¢. Then, the wave function ¥(r,f) can be decomposed in its radial and angular parts [85]

and with the partial wave expansion, the wave function may be written as:

1 o0
U(r,0) = > Apur(r)Yio(6). (1.5)

L=0

with L being the angular momentum between the projectile and the target, Ay being the
amplitude of each partial wave and Yo being the spherical harmonic functions. As it was
mentioned above, the total wave function does not depend on the azimuthal angle ¢. This
is the reason why in spherical harmonic functions Y,,, m=0. Subsequently, the Schrédinger

equation can be written as [85,87]:

B d? N R2L(L +1)
241 dr? 24172

+ V(r)|ur(r) = Eur(r). (1.6)

For a short range potential (decays faster than 1/r), V(r) goes to zero at very large distances
from the target. The same is also true for the second term of Equation 1.6. Therefore, the

equation above is reduced to:

d*ur(r)
dr?

%

+ Kur(r)=0,E = ETR (1.7)

The solution for this equation is a linear combination of the Bessel and Neumann functions

and for large values of r, it takes the form of:

ur(r) — By sin (kr — % + 6L). (1.8)
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where By is a constant and ¢y, is the phase shift. Using Equations 1.5 and 1.8, we are leading

to the assymptotic form for W(r,f) given by the following expression [85]:

Lr
(7“ (9 Z (', sin (]{37“ — 7 + 5L> YL()(H)

L 0
elkr i(kr—45) (1.9)

o ~i5, €
PR — AN
ZCL{ Sikr 2tkr ] zol0)

where Cp= A;B,. Working in the same way as previously for ¥(r,f), we may expand in partial

waves the incident plane waves as follows [85]:

=) VATRL+ 1) (k) Yio(6)

etkr L (kr——)

e
\VAr (2L Y,
Z m(2L+1 2ikr 2tkr ro(6),r = oo

(1.10)

where jg (kr) is the Bessel function. Using Equations 1.3 and 1.10, we can write the asymptotic
form for WU(r,d) as

" . pikr X e . cikr Z-Le—i(krfL—;) ; . cikr
‘ 1) r ZLO ad ) 2tkr 2ukr zo(6) + /(6) r
(1.11)

We can see that Equations 1.9 and 1.11 are referred both on the same quantity, the asymptotic
behavior of the wave function W(r,d) at large distances from the target. By comparing this two
expressions we obtain the coefficient Cp, Cp=+/4m(2L + 1) i*e®" and finally, the scattering

amplitude is evaluated as:
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f(6) = \Q/fz Z V2L + 1(e* — 1)Y10(0)
L=0 (1.12)

f(0) = @ i vV 2L + 16i6L SiIl(CSL)YL()(Q).

Having obtained the scattering amplitude, the differential cross section is determined through

the following relation:

do (6
O sy
N 2 (1.13)
dgg) _ ‘;_7; Z V2L + 1% sin(67)Y70(6)
L=0

This was a brief description for the elastic scattering of beam particles by a central potential.
However, during a nuclear collision besides elastic scattering, other reactions may also take
place having an impact on the elastic scattering cross sections. Therefore, to describe in a more
accurate way the elastic scattering, we have to take into account the effects of the possible
reaction channels via coupling channel theories [88,89]. Below we give some aspects of the
CDCC (Continuum Discretized Coupled Channel) approach most suitable for weakly bound
nuclei as is the present case. Otherwise in a more simplistic form the problem can be described

into an Optical Model framework which will be discussed also below.

1.1.2 Continuum Discretized Coupled Channels Calculations

The Continuum Discretized Coupled Channels (CDCC) method [8,90-93], is used to
describe the elastic scattering taking into account couplings to the continuum states of the
weakly bound nucleus (usually the projectile), both resonant and non-resonant ones. The
projectile is assumed to be a composite system with an internal cluster structure of a core
nucleus and a valence nucleon (or a cluster of nucleons). Therefore, in a CDCC calculation, the
(core + target) and the (valence + target) potentials are introduced which may be obtained
from an optical model analysis of elastic scattering data of these systems [94-96]. These
potentials are very important as they are introduced in the “construction” of the central
potential in the "Be + 28Si entrance as well as in the “construction” of the couplings potentials

by means of a single-folding method as [94]:
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1
3
where R is the separation between the projectile and the target, r is the distance between the
two clusters in the projectile and U._, and U,_,; are the (core + target) and the (valence +

target) potentials respectively.

The continuum phase space above the breakup threshold of the projectile is discretized into
a finite number of states. The most widespread methods for the discretization of continuum
phase space are the pseudo-states and continuum bins method [8,97]. In the present work,
we have adopted the continuum bins method, since the code FRESCO [98], used to perform
our CDCC calculations, is based on that method. In this method, the continuum phase space
above the breakup threshold is discretized into a finite number of momentum bins of certain

width (Ak). The wave function of each state is obtained by averaging over the width of bin

as [8,98]:
2 [k
cp(r)z,/ﬂ—N/k w(k)op(r)dk, (1.15)

ks
N= [ |wk)|dk, (1.16)
b

where

w(k) is a weight function and ¢(r) are the single energy-energy eigenstates of the (valence
+ core) continuum [8]. The choice of the k,,,, and the width Ak= (ky-ki) of the bins are
adjusted empirically by checking the convergence of the calculation. Besides the truncation
of the momentum space, the continuum is also truncated in L, the relative orbital angular
momentum between the valence and the core nucleus, where the maximum value of L is also
adjusted empirically. For the calculation of the ¢(r), the (valence + core) binding potential is
necessary. The geometry of this potential is adjusted such as to reproduce quantities like the
static quadrupole moment of the ground state or the B(E2) values for other transitions, while
the depth of the potential is adjusted in order to reproduce the binding energy for the bound

states or the resonance energy in case of a resonant bin [8].

After the wave functions ¢y (r) are obtained, couplings to the continuum states are taken into
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account in the standard coupled channels scheme, in order to obtained the angular distributions
for the elastic channel as well as for the breakup [8]. As an example of the continuum space
truncation, in Figure 1.1 is illustrated the discretization of the continuum phase space as it

was considered in the present work for the system "Be + 28Si, at the energy of 22.0 MeV.
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Figure 1.1: Discretization of the continuum phase space using the continuum bins method [8, 97] as it
was considered in the CDCC calculation for the system under study at the energy of 22.0 MeV. The
values in the center of each box correspond to the mean excitation energy of each bin with respect to
the breakup threshold, denoted with the dashed green line. The two bins which are designated with
the red boxes correspond to the the 5/2= and 7/2~ resonances. The pairs of numbers inside the
parentheses correspond to the pairs of quantum numbers (L,J).
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1.1.3 Optical Model

The Optical Model (OM) is one of the simplest and most succesful models which is used
to describe scattering. The OM provides a solution to the complex many-body problem,
approximating the interaction of two nuclei by the interaction of two structureless particles
through an effective potential. In the OM framework the interaction between two nuclei is
represented by a complex potential, where both real and imaginary parts are energy dependent.
The real part is referred to the refraction while the imaginary part accounts for the loss of flux
in the elastic channel (non-elastic processes). The imaginary part of the potential interacts
with the incident wave and attenuates it [87,99]. At low energies, it is expected that this
attenuation is dominant near the nuclear surface, but as the bombarding energy increases, the
absorption of the incident wave may take place throughout the whole volume of the nucleus.
So, in the optical model analysis, both surface and volume absorption terms are adopted.

Based on that, the full optical potential is given by the expression:

U(r) =Ucs(r) + Ug(r) —i—z’[WV(r) + Wg(r)} + Us.o(r), (1.17)

where U (r) is the Coulomb potential, necessary if the involved nuclei are charged particles,
Ug(r) is the real part of the optical potential, Wy (r) and Wg(r) are the volume and surface
absorption terms respectively and Ugo(r) is the spin-orbit term [87, 100], necessary if the
incident particles possess non-zero spins. In the optical model framework, both microscopic and
macroscopic potentials are invoked. In the microscopic approach the real part of the potential
is obtained by assuming a nucleon-nucleon effective interaction. In contrast, the macroscopic
description does not treat the nucleus as a system of different nucleons and thus, the interaction

between the projectile and a target can be described in terms of a mean potential.

Macroscopic Approach

The most famous macroscopic potential was proposed by Woods and Saxon [101]. The
assumed form of this potential is similar to that for the radial dependence of the nuclear

density distribution and is following the relation:

Vo
V(/’n) = _1 + e(T—R)/Oé’ (].]_8)

where Vj is the potential depth, R is the radius usually defined as: R= rO(Apl/ ALY 3,
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where A, and A; are the mass numbers of the projectile and the target respectively and
« is the diffuseness which describes the decreasing rate of the potential [100]. The optical
potential parameters are usually determined by fitting elastic scattering angular distribution
data. However, at this point we would like to stress out the well-known problem of potential
ambiguities [102-106]. In this, different families of potentials can provide equivalent fits to the
data. To overcome this problem, one has to determine the radial region of sensitivity, where
the nuclear potential can be well and uniquely determined. In order to determine the so called
sensitive radius, the Crossing Point [77,103,107-109] and the Notch Perturbation [77,110-112]

methods are introduced. Below, are presented briefly the main features of each method.

The crossing point method is applied both on the real and the imaginary part of the optical
potential and we will assume that they are both described by Woods-Saxon form factors.
Working separately for the real and the imaginary part, we are changing manually in small
steps the values of the diffuseness «, and we are fitting to the data the depth Vy and the radius
R,. Then, for the sets (Vg,R,,q,) with the best x* values, we calculate the potential through
the expression 1.18 and we plot these values as a function of radius r. These potential families
cross each other at a specific radial point x corresponding to the sensitive radius where the
optical potential can be uniquely determined. The Notch Perturbation method is based on the
introduction of a localized perturbation (notch) into the real or imaginary part of the optical
potential at a given radius r, and the observation of the effect of such a perturbation on the
predicted cross sections as the perturbation is moved systematically across the potential. It
is expected that at the radial region where the calculation is very sensitive to the potential
parameters, the perturbation will strongly affect the calculated cross sections, while away from

that region, the impact on the calculated cross sections will be unimportant.

Microscopic Approach

In the microscopic description of the optical potential, the real part of the optical potential
is usually obtained in a double folding model, by using an effective nucleon-nucleon (NN)
interaction folded over matter densities of projectile and the target [113,114]. In this respect,

the potential can be written as:

U(R) :/dﬂ/dr‘épp(ﬁ)pt(@)u(ﬁ’g), (1.19)

where p;, i=(p,t), are the density distributions of the projectile and the target, R is the distance
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Figure 1.2: Coordinates used in the folding procedure.

between the center of mass of the interacting nuclei and u(ry2) is the effective NN interaction.

In principle, the effective interaction has the form [113,114]:

u(r12) = Ugy + U1 TL - T2 + U107 - O2 + U107 - T9Ty - To, (1.20)

where ¢ and 7 are the Pauli matrices for spin and isospin respectively. The M3Y effective
interaction [113,115] is the oldest and the most popular interaction which is widely and suc-
cessfully used in elastic scattering and other reactions. In the M3Y approach the first term of

Equation 1.20 is given as:

—4r —2.57

e
E) = [ € 9134
UO()(T', ) 7999 Ay 3 9 5y

}Mev. (1.21)

It is well-established, that the wave function of N identical fermions has to be antisymmet-
ric. However, the term that describes the effective interaction between two nearby nucleons
in the same nucleus is not antisymmetric. To correct that, an additional correction term was
added to the relation above and the effective interaction is given by the following expres-
sion [114]:

—4r —2.57

oo (r) = 7999647 - 213462 -

E
_ 276(1 - 0.0052) 5(r)| MeV,  (1.22)
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with E and A being the energy and the mass number of the projectile respectively. It should
be noted that the M3Y interaction is density independent. Therefore, it is used only in a
short density range approximately the 1/3 of the density of a normal nuclear matter [113]. In
a more realistic analysis, it is necessary to include a density dependent interaction, like the

following [114]:

DD
ugo (ry ps E) = uoo(r) f(p, E), (1.23)
where ug(r) is the original M3Y interaction and f(p,E) is a function following the form:

f(p, B) = C(BE)[1 + a(BE)e "F)r], (1.24)

with p being the density of nuclear matter and C(E), a(E) and p(E) being energy dependent
parameters. This interaction is known as DDM3Y interaction (Density Dependent M3Y). A
specific parametrization for the function f(p,E) was introduced in Refs. [116,117]

flp)=C[1—ap’]. (1.25)

This is called BDM3Y interaction and by replacing this term in Equation 1.19, the overall

potential can be written as:

U(R) = /dﬂ / drap,(r1) pe(72) oo (r) [C’(l - ozpﬁ)]. (1.26)
Some typical parameters for different types of BDM3Y interaction are presented in Table 1.1.

In the present work, for our Optical Model analysis we have adopted the BDM3Y1 interaction.
Further details are given in Chapter 4.

Table 1.1: Typical parameters for the different types of BDM3Y interaction [116, 117].

Interaction C o 15}
BDM3YO0 1.3827 1.1135 fm? 2/3
BDM3Y1 1.2253 1.5124 fm3 1.0
BDM3Y2 1.0678 5.1069 fm® 2.0
BDM3Y3 1.0153 21.073 fm? 3.0
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1.1.4 Threshold Anomaly and Dispersion Relations

As it was already mentioned, both real and imaginary part of the optical potential are
energy dependent. At energies well above the Coulomb barrier, the energy evolution of the
optical potential is almost energy independent but approaching the vicinity of the Coulomb
barrier, this independence no longer holds. The optical model analysis for elastic scattering
data for the 1°O + 2%Pb [1] and 32S + 19Ca [2] showed that the imaginary potential decreases
rapidly at barrier, while the real potential presents a localized peak. That behavior was named

Threshold Anomaly (TA). The real part of the optical potential can be written as:

V(E)=Vy+ AV(E), (1.27)

where Vj is an energy independent term and AV(E) is called dynamic polarization poten-
tial and reflects the effect on V(E) of couplings to non-elastic processes [3-5]. This term is
connected with the imaginary part through a dispersion relation. The dispersion relation is
similar to that appearing in optics for the interaction between the electric field and a dielectric
material, connecting the absorption coefficient with the refraction index [118-120]. In our case,

the dispersive term is given by the expression [5]:

P [ W(E)
AV(E) = — ——— 2 dF' 1.28
where P is the principle value and W(E) is the function that describes the energy dependence
of the imaginary potential. The subtracted version of Equation 1.28 which was first suggested

by Satchler [5], leads to the following expression:

AV(E)— AV (Eg) = (E — Eg)g / = E‘zf)(ig’ 7 dE’ (1.29)

where Eg is a reference energy. In order to calculate this quantity, the linear segment model [5]

is adopted where in this approach, the function W(E) is described by three linear segments (or
more) as it is shown in Figure 1.3. The result for the AV(E) is given by the following relation:
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TAV(E) = Wy(eoIn|eo| — e In|ep]) + (Wr — Wo) (€, In|ey| — €. In|el|) —

(1.30)
Wi (el Inlel| — ep nlen]) + Wi(nlnn — (n+1)In(n+ 1)),
where W, W;>0 and
E_Ei / E_Ei " E_Ei Al 131
== = = .
A, A 9T TA, T A, (1.31)
=
=
I
0
Ea Eb Ec Em
E

Figure 1.3: The linear schematic model for W(E), consisting of three straight-line segments. Figure

from Ref. [}].

1.2 Reaction Mechanisms

As it was already mentioned above, during a nuclear collision different types of reactions
can take place. Besides the elastic scattering, where the nuclei at the entrance and the exit

channel are the same, we can distinguish two types of nuclear reactions:

Direct reactions and compound nucleus reactions. The main features for each mecha-

nisms are presented below.
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Figure 1.4: Classical description of the heavy ion collisions, showing the trajectories corresponding to
different values of the impact parameter b [87].

1.2.1 Direct Reactions

The term “direct reaction” characterizes a reaction mechanism which occurs fast and pro-
ceeds directly from the initial to the final state without forming an intermediate compound
state [8,99]. The time of interaction between the incident and the target nucleus is very short
(Ata107?2s) compared to the life time of the corresponding compound nucleus (t&107!7s). In
a classical description of the heavy ion collisions via the impact parameter b [87,121] (Figure
1.4), direct reactions correspond to trajectories with larger impact parameters than in the case
of compound nucleus reactions. The most interesting types of direct reactions are: the strip-
ping reaction, its inverse process, the pickup reaction, the knock-out reaction and the breakup

reaction.

e Stripping reactions: In the case of a stripping reaction, when the incident nucleus ap-
proaches the target, a strong interaction takes place between the outer nucleons of the
projectile and the outer nucleons of the target. Thus, there is a possibility for one or
more peripheral nucleons to be detached from the projectile and captured by the target

(Figure 1.5a). Assuming a reaction of the form:
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a+A— (a—z)+ (A+2) (1.32)
S—— S~

b B
the Q-value is given by the expression:
Q= (M, + My — M, — Mg)c*. (1.33)
The binding energy of nucleus B is:
Ep = (]\4/1—|—]\4$—]\4B>C2 (1.34)

and the separation energy for the removal of the valence particle x from the projectile

nucleus « is given by the expression:

Sy = (Mg + My — M,)c”. (1.35)

Using Equations 1.34 and 1.35, the Q-value for a stripping reaction can be written as:

Q= (—S5.+Ep). (1.36)

e Pickup reactions: The inverse process of the reaction mechanism described above is
known as pickup reaction. During a peripheral collision between two nuclei, a cluster
of nucleons (or a single nucleon) is transferred from the target to the projectile (Figure

1.5b). Assuming a reaction of the form:

oz+A—>(oz—|—a:)—|—(A—a:) (1.37)
T ¥

the Q-value is evaluated through the relation 1.33. The binding energy of nucleus b is

given as:

Ey= (Mo + M, — My)c? (1.38)

and the separation energy for the removal of the valence particle x from the target nucleus

A is given by the expression:
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Sy = (M, + Mp — My)c. (1.39)

Using Equations 1.38 and 1.39, the Q-value for a pickup reaction can be written as:

Q=(—5:+E). (1.40)

Knock-out reactions: In a knock-out reaction [121], during a high energy collision one
or more nucleons are knocked-out from the target by the projectile and both projectile
and nucleons continue moving freely (Figure 1.5¢). On the other hand, in a pickup
reaction, one or more nucleons of the target are peaked up by the projectile. The form

of a knock-out reaction is:

oz—i—AHoz—l—a:—i—(A—a:) (1.41)

B

with a Q-value given as:

Q =-S5, (1.42)

where S, is the separation energy for the removal of the valence particle x from the target
nucleus A. These reactions are also known as quasi-free scattering because they permit
a description of the whole procedure as an interaction between the target and one of the

outer nucleons of the projectile (Figure 1.5¢).

Breakup reactions: In a breakup reaction, the projectile nucleus which is usually a weakly
bound one (e.g. ®"!'Li, "9Be) breaks into two or more fragments, due to the Coulomb
and/or nuclear interactions with the target nucleus [8]. The breakup process can be
further classified in direct and sequential breakup. In the first case, the weakly bound
projectiles breaks immediately during the interaction with the target nucleus, while in
the later the projectile is formed in a resonant state and subsequently decays into two

or more fragments [122]. Considering a breakup reaction as the following one:

at+A—b+x+ A, (1.43)

the smallest value of the modulus of Q-value for such a process is:
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Figure 1.5: Schematic representation of the direct nuclear reaction mechanisms.
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Q = E, (1.44)

with E, being the binding energy of the projectile nucleus a.

The description of a breakup reaction, is usually performed in the CDCC framework de-
tails of which were presented in Subsection 1.1.2. The rest of the direct reactions, may be
described in the Distorted Wave Born Approximation (DWBA) framework, details of which

are presented below.

Distorted Wave Born Approximation

As it was already mentioned in Subsection 1.1.1, in order to describe the scattering of the

projectile by the target [85], we have to solve the Schrodinger equation:

2
— S—MVQ +V(7) | V(7)) = BY(F), (1.45)

where p is the reduced mass, E is the energy in the center of mass frame and V(7) the potential

that describes the interaction between the projectile and the target. If we define

2
U(r) = h—g (7) (1.46)

equation 1.45 can be written as:

(v2 + kQ)xp(f) — U(A)U(R). (1.47)

The solution of the homogeneous equation (right-hand side of Equation 1.47 equals to zero)

corresponds to a plane wave and is given by the expression:

X3 (7) = Ae® T, (1.48)
and so the general solution of Equation 1.47 is:

— — —
/ /

Uy (7) = e 4 / ' G(7, U (1) U (1), (1.49)
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where A was set equal to 1 and G(F,ﬁ ) being the Green’s function defined as: [87]

. 1 eiklm=r]
G(?”,T,) = _E—»i_} (150)
r—r

In order to determine the scattering amplitude and thus the differential cross section, we
need to know the behavior of W (r) at large distances from the target. The Green’s function

behaves asymptotically as:

- 1 et o5
G(F,r") = ———e F" r 5 00 (1.51)
A 7
where it was assumed that: k'= k 7. So, the wave function defined by Equation 1.49 has the

asymptotic form:

R i
\Ilk(f‘) _ e(k ) d?)Tle ik!-r U(T/)\I[k(r )77. - 00. (1.52)
A r
Identifying the scattering amplitude as the coefficient of the outgoing wave, we obtain an

integral expression for the scattering amplitude:

— —
/

F(6.6) = —— / &Pr'e U (7)), (1.53)
4

Despite the simple form of the Equation 1.53, we still cannot calculate the scattering amplitude

since the integral form contains the unknown wave function Wy (1), but if the potential U(7) is

weak, the amplitude of \Ilk('r?’ ) is small and the unknown wave function can be replaced by the

plane wave ¢** 7. This is called First Order Born Approximation. That leads to the expression

of the scattering amplitude where everything is known [121]:

1 n T S
fa(0,0) = —4—/6537“'6““ U et (1.54)
T

Moving one step forward, we can assume that the potential U(7) can be written as U(r)=
Uo(7) + Uy (7) and for Ug(7) the exact solution can be found by solving the equation [121]:

(V2 + k%) Xow(7) = Uo((7) Xon (7). (1.55)

38



So, the plane waves of Equation 1.48 are replaced with the solutions of the above equation and
are called distorted waves Xéf)(f’). The X(()J,g)(f) corresponds to a plane wave plus an outgoing
scattered wave, while the X(();)(F) corresponds to a plane wave plus an ingoing scattered wave.

Considering all the above, the asymptotic form of the Wy (7) can be written as:

1 eikzr B
() = X (F) - P / & X (Y U (W), = 00, (156)

If the potential Uy (7) is sufficiently weak compared to Ug(7), Uy, (17) can be replaced by XOk (r").
This approximation is called Distorted Wave Born Approximation (DWBA) and the expres-

sion for the scattering amplitude is [121]:

fowpa(0,) = fo(0,6) - ﬁ / & X (U)X 00 s

The entire procedure described above, is referred to the elastic scattering process. In a
more general case the interaction potential can be written by two terms. The Uy(7) is chosen
to describe the elastic scattering, while the U;(7) describes the interaction responsible for the
direct reaction. In this respect, it is valid to use DWBA for direct reactions if only the elastic
scattering is stronger than any other possible process [121]. Then, the transition amplitude

for the reaction A(a,b)B has the form of:

1
DWBA), ¢) = — / d37“ad37"5X (75)"(b, B| Uy | a, A)X{P (1), (1.58)

direct 4 T

where X, is used to describe the elastic scattering at the entrance channel (a=a + A), while Xz
is used to describe the elastic scattering at the exit channel (= b + B). Therefore, transition
amplitudes are strongly dependent on the entrance and exit channel potentials, highlighting
the importance of the elastic scattering measurements which provide the information about
nucleus - nucleus potential. In the present work, the theoretical predictions [123] for the transfer
reactions under consideration were obtained in the DWBA framework via code FRESCO [98].

Details about the calculations are given in Chapter 4.
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1.2.2 Compound Nucleus Reactions

In a compound nucleus reaction, the projectile and the target are merged forming a com-
pound nucleus in a high excited state. The compound nucleus life time is ~10~'7s (this is the
lifetime at low excitation energies and decreases with the increasing excitation energy). During
that time interval, the excitation energy of the compound system is shared among the nucleons
of which it is consisted until one or more nucleons acquires enough energy to escape [100,121].

The compound nucleus mechanism can be described by the two-stage scheme:

at+A—C"—b+ B, (1.59)

where « is the projectile, A is the target, C* is the excited compound nucleus and b, B* are
the reaction products after the compound nucleus decay. The excited B* nucleus will decay
either through particle emission, if the excitation energy is sufficiently large, or through =,
[ decay [121]. The life time of the compound nucleus is very long compared to the time
within the incident particles and the target nucleus interact during a direct reaction. As a
consequence, the compound nucleus B* has lost the information of its formation (entrance
channel) and thus, it will decay in various modes irrespective of the formation process. This
is known as Bohr independence hypothesis [100,121,124]. Based on that, the cross section for

the decay of the compound nucleus to a specific channel can be written as:

oo = 00(E) * Gy (EB), (1.60)

where o¢(E) is the formation cross section of the compound nucleus C* from the entrance
channel @ + A with energy E, and G (E) is the probability for the compound nucleus C* to
decay in the b + B channel. Using the Bohr hypohesis, theories like the Hauser-Feshbach [125]
or the Weisskopf-Ewing [126,127] theory have been developed to predict cross sections for the
various decay modes of the compound nucleus. Below are presented briefly the main features

of these theories.

The Hauser-Feshbach theory

Starting from Bohr hypothesis, the cross section for the a particular decay mode from an

initial channel ¢ to a final channel ¢’ is:
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O ot = Z oJﬂ(c)F—SF, (1.61)
J

where o ,(c) is the cross section for the compound nucleus formation, I'/™ is the sum of the

Jr
decay widths corresponding to the possible decay modes and the ratio E?'ﬁ

for the compound nucleus to decay in a particular channel ¢/. T'J7 is a fraction of the total

is the probability

decay width and is connected with the compound nucleus formation cross section, o ;. (c), via

the following relation [87]:

7"« guk?o g (c), (1.62)

where k. is the wave number of the emitted particle and g. is the statistical weight of the
final channel. The cross section for the compound nucleus formation is the sum over all orbital

angular momentum values ¢ and is given by the expression [87]:

7T (2J+1)

(€)= 13 (24 1) + (2 + 1) %:TE(C)’ (1.63)

where Ty(c) is the transmission coefficient which we assumed that does not depend on spin
J. The transmission coefficients for the light particle emission are usually determined using

optical model potentials. Using Equations 1.62 and 1.63 we can write the decay width as:

2.J +1)
D77 o guk?— ( Ty (). 1.64
c *9 Ck2(2i+1)+(2l+1)%: ¢(¢) (1.64)

In the same way, the sum of all decay widths may be written as:

2] + 1)
T _ I 2 T ( (). 1
zC: o gk (2ic+1)+(2]c+1)zcjz£: () (1.65)

where k. is the wave number of the projectile, g. is the statistical weight of the entrance
channel and i. and I. are the spin of the target and the projectile respectively. Finally, using
equations 1.61, 1.63, 1.64 and 1.65, the cross section for the transition from channel ¢ to the

final channel ¢’ is given by the Hauser-Feshbach theory as [87]:
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(1.66)

7 Z (2J+1) >0 Ti(e) 2oy T ()
B 2+ 1)+ 2L+1) Y. Tle)

The Weisskopf-Ewing theory

The Weisskopf-Ewing theory [126,127] is the first statistical model which was used for the
description of the compound nucleus decay. This theory is favored when the available energy
is enough such as to excite the states of the compound nucleus which are very close to each
other and thus cannot be resolved. It is simpler than the Hauser-Feshbach theory, since the
decay widths are treated to be independent of spin J and parity [87]. The cross section for a

particular decay mode from an initial channel ¢ to a final channel ¢’ is given as:

L'y
T

Oeer = 0(C) (1.67)

Using Equations 1.64 and 1.65 (without summing over ¢) the relation above can be written as:

gc/k o(c)
> e gckZo(c)

If the energy of the emitted particle after the compound nucleus decay is within the energy

Occ = ( )

(1.68)

range of [Ec/,Ecl + dEcl] , the energy of the residual nucleus will be within the energy range of
[Us, U + dUy] [87], where

Uc’ = Ecomp. - Bc’ - Ec’a (1'69)

with Ecopp. and B!, being the compound nucleus energy and the binding energy of the emitted
particle in the compound nucleus respectively. Taking also into account the level density of

the residual nucleus w(U.), Equation 1.68 can be written as:

2 /
OewdEy = o(c) gck o (¢)w(Ue)dUe . (1.70)

Z fo gck2 ) (UC)dUc

The level density of the residual nucleus of the reaction is obtained usually through the constant
temperature model [128], the Fermi gas model [129], the Gilbert-Cameron model [130]. The

calculations of the cross sections for the possible decay modes of a compound nucleus may be
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determined by the statistical model codes like CASCADE [131] or PACE2 [132]. In the code
CASCADE, the decay sequence starts with a compound nucleus of a given mass and charge
and excitation energy, while its spin distributions are obtained via fusion cross sections from
a strong-absorption model [131]. Then the relative decay widths for the emitted particles or ~y
are calculated and the matrices containing the population of the daughter nuclei as function
of excitation energy and angular momentum are generated. This procedure is repeated until
the excitation energy of the compound system is lower than the particle emission threshold.
One disadvantage of this code is that it cannot provide angular distributions for the emitted
particles or the residual nuclei. In case of the code PACE2, the decay sequence is similar as
for the code CASCADE, but at each de excitation step of the compound nucleus, angular
momentum projections are calculated, which enables to determine the angular distribution of
emitted particles. In the present work, the statistical model calculations were performed with

the code PACE2. Details about these calculations are presented on Chapter 4.
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Chapter 2
Experimental Details

The purpose of the present work is the study of the elastic scattering and the relevant
reaction mechanisms for the system “Be 4 28Si at near barrier energies. The experiment,
proposed by Prof. A. Pakou (University of Ioannina), was visualized at the Istituto Nazionale
di Fisica Nucleare - Laboratori Nazionali di Legnaro (INFN-LNL) in Italy, at the EXOTIC
facility [133-137] with the collaboration of the EXOTIC group and other contributing research
groups as appear in the last part of this thesis. The experiment included angular distribution
measurements for the various ejectiles, which were performed using the detector array of the
EXOTIC facility, EXPADES [138,139]. Information regarding the beam line are given in the
following Section, while details for the detection system as well as the electronics of the present

experimental setup are presented in Sections 2.2 and 2.3.

2.1 The EXOTIC facility

EXOTIC is a Radioactive Ion Beam facility (RIB) hosted at LNL in Italy. In the EXOTIC
beam line, the RIBs are produced via the In Flight technique (IF) in inverse kinematics, where
a high intensity primary beam of (100-150)pnA, delivered by the LNL XTU-TANDEM Van
de Graaff accelerator, impinges on a gas target. The gas target is confined in a 50 mm long
cylindrical cell with two Havar foil windows 2.2 pm thick, located at the entrance and the exit
of the cell. The windows tolerance has been tested with an internal gas pressure up to 1.2
bar, while the operating gas pressure at most of the experiments is ~ 1 bar. Furthermore,
the gas target is usually cooled down with liquid Ny and thus, the gain in the intensity of the

secondary beam may be increased by a factor of ~ 3, compared with a gas target operated
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Table 2.1: Characteristics of the available radioactive ion beams produced at the EXOTIC
facility [68, 140].

Primary beam Gas Target Secondary Beam Intensity (pps)
170 lH 17F 105
SLi 3He 5B 103
Li 'H "Be 10°
"Li ’H 8Li 10°
15N 1H 150 104

at a room temperature (300 K) [137]. A list of the RIBs delivered at the EXOTIC facility is
included in Table 2.1.

A schematic view of the EXOTIC facility is presented in Figure 2.1, where the first element
of the EXOTIC line is the slit set S0, located ~ 200 mm upstream the gas target, which is
used to control the dimensions of the primary beam spot. The common values for the SO slits
aperture are +1.5 mm on X and Y axes. After SO, a quadrupole set (Q1-Q3) is placed ~
200 mm downstream the gas target, ensuring large horizontal and vertical acceptances for the
secondary beam of Af= £+50 mrad and A¢p= +65 mrad respectively. A second slit system,
S1, is situated ~ 1 m upstream the dipole magnet (DM) preventing the scattered ions of
the primary beam from impinging on the dipole walls, while the 30° bending dipole magnet
together with the S2 slit system are used to reduce the beam contaminations. Then, with the
appropriate choice of the electric and magnetic fields in the Wien filter (WF'), all the spurious
ions will be deflected and eventually blocked by slit system S3, located 136 mm downstream
the exit of the second quadrupole triplet (Q4-Q6). After the secondary beam is purified, is

directed into the scattering chamber.

The scattering chamber of the EXOTIC facility is a 778 mm diameter cylindrical cell
that hosts a rotating platform with four available positions at £27°, +69°, £111° and +153°
with respect to the beam direction for mounting the telescopes’ supports. By rotating the
platform, different angular configurations may be achieved depending on the physics case of

each experiment.

2.1.1 The dipole

The operating principle of a dipole is quite simple. Considering a charge particle a, with
mass m, charge q moving with constant velocity 4 perpendicular to a uniform magnetic field

ﬁ, its trajectory will be deflected by the the Lorentz force, Fr. Thus, the charge particle
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Figure 2.1: A schematic layout of the EXOTIC beam line - Figure from Ref. [1535].

is undergoing acceleration leading its track along the circumference of a circle (Figure 2.2a).
The equations of motion describing the movement of the particle inside the magnetic field are

given by the following expression:

)
Fr—qix B=m¥
p
02
quB = m— (2.1)
P
Bp = P
q

where, p is the radius of the track and the product Bp is the magnetic rigidity. The magnetic
rigidity expresses the bending strength of the dipole for a given radius and momentum of the

particle. So, the dipole acts like is a filter on magnetic rigidities.

2.1.2 The Wien filter

The Wien filter is an optical device consisting of perpendicular electric (E) and magnetic

—

(B) fields. Considering the case of the charge particle mentioned above, by entering inside
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Figure 2.2: a) A schematic representation for the motion of a charge particle inside the homogeneous
magnetic field of a dipole. b) The operation of the Wien filter for a given ratio E/B.

the Wien filter, the ion will “sense” the Coulomb force F_‘é, as well as the Lorentz one F_’;;
The two forces have opposite directions (Figure 2.2b). By adjusting properly the values of the
electric and magnetic fields, each force will compensate each other allowing particles with a

specific velocity to pass through the Wien filter unaffected according to Equation 2.2.

Py - —F

qu X B = —qﬁ
(2.2)

2.2 Detection systems and electronics

The EXOTIC facility includes the following detections systems: Silicon detectors for monitor-
ing the secondary beam in the beginning of the experiment, to be described in Subsection 2.2.1,
two Parallel Plate Avalance Counters -PPAC detectors [137,139] for mapping the trajectory
of the secondary beam during the experimental procedure- Subsection 2.2.2- and the detection

multi telescope array EXPADES [138,139] to be described in Subsection 2.2.3.
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Figure 2.3: A typical one dimensional energy spectrum from the beam monitor MLy detector at the
energy of 22.0 MeV.

2.2.1 Silicon detectors

During the secondary beam production, it is critical to monitor the radioactive beam profile
in order to obtain the optimum parameters in the dipole and the Wien filter for rejecting any
contaminants and focus as much as possible the secondary beam. The beam monitoring was
achieved by using a surface barrier silicon detector, mounted on the target ladder, as a monitor
detector (MLy), providing information about the different ions arriving at the target position.
The monitor detector was 100 pum thick and it was also used to measure the energy of the
secondary beam. A typical spectrum of the MLy detector is presented in Figure 2.3, where a
clear "Be peak is observed. Furthermore, in order to validate the beam purity a AE-E telescope
was also used consisting of a silicon detector 20 pm thick followed by a second one 200 pm
thick. A representative AE-E spectrum from the energy at 22.0 MeV is presented in Figure

2.4, where the only contour appearing in the spectrum is the "Be one.

2.2.2 Parallel Plate Avalanche Counters

The two PPAC detectors [137,139] of the EXOTIC beam line, developed by INFN-Napoli,

are X-Y position sensitive detectors with tolerance to counting rates up to ~ 10° Hz for RIBs in
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Figure 2.4: A typical AE-E spectrum at the energy of 22.0 MeV from the telescope mounted on the
target ladder. It is obvious that the possible beam contaminants were successfully suppressed.

the energy regime of (3-5) MeV /u. The first PPAC (PPAC,) is located 909 mm upstream the
secondary target, while the second one (PPACp) is located at the entrance of the scattering
chamber, 365 mm upstream the secondary target. The PPAC detector has an active area of
(62 x 62) mm? and is usually operated with isobutane (C4Hjo) at a pressure of 10 to 20 mbar.
Each PPAC consists of a cathode plate between two anodes. The cathode plate is made of
a mylar foil 1.5 pgm thick with an extra layer of 30 nm aluminum evaporated on both sides
of the mylar. Each anode consists of 60 wires 20 pum thick with 1 mm spacing from each
other. The two anodes are placed perpendicular to each other ensuring a position resolution
of 1 mm(X) x 1 mm(Y). The anode wires are connected to a 2.3 ns/mm delay line. The
charge collected by the anodes produces a signal travelling towards the delay line (see Figure
2.5). Reaching the delay line, the signal is splitted in two directions (Left-Right or Up-Down)
travelling simultaneously towards the two ends (X; and X5 or Y; and Yy). The time interval
that the signal needs to reach each end is measured with a Time to Digital Converter (TDC),
using as a start the signal from the cathode, while the stop signal is provided by each end.
The time difference of the arrival time of the signal between the the two ends of the delay line
is proportional to the position of the particle. Absolute measurements of the position of the
particles are obtained after calibrating the PPAC’s as follows. Almost all the active area of a

PPAC is irradiated by the secondary beam. Thus, by plotting the differences (X; - X3) or (Y,
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Figure 2.5: The position determination on a PPAC detector through the anodes signals. A group of
electrons, designated with the blue dot, produces a signal that travels through the anode wires towards
the delay lines, depicted with the grey bars. The signal (black arrow) arriving at the delay line is
splitted in two directions, travelling towards X1 and Xo or Y1 and Yo outputs. The time differences
(X1 - X3) and (Y1 - Y3) are proportional to the X and Y position respectively.

- Yy), in principle, it is expected to observe in the spectrum a number of peaks equal to the
number of the anode wires producing the signals. Since the spacing between two wires is known
(1 mm), the distance between two neighbor peaks in the spectrum is converted from channels
into millimeters and the position of the particles is deduced. Representative calibrated spectra
of PPAC, for the time differences (X; - X3) and (Y7 - Ys) from the present experiment are
presented in Figure 2.6. After the determination of the X and Y positions, the beam profile
can be reconstructed by plotting the (Y - Ys) versus (X; - X3). The relevant spectra for
both PPAC’s are shown in Figure 2.7. In addition to the beam profile monitoring, the two
PPAC’s provided the information for an event by event reconstruction of the beam particle
trajectories as well as the trajectories of the scattered particles from the target to the Double
Sided Silicon Strip Detectors (DSSSD’s). This information proved to be very useful for the
analysis of the elastic scattering data which are very sensitive to a possible misalignment of the
beam at the target position. It was implemented in an event by event analysis code, developed
in our laboratory, for the exact determination of the scattering angle for each one of the events.

Details about this code are given on the Appendix A.
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Figure 2.6: a) The determination of X position on PPACy for the "Be beam at the energy of 22.0
MeV. b) The determination of Y position on PPACy4 for the " Be beam at the energy of 22.0 MeV.
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Figure 2.7: a) The " Be beam profile as it was recorded on PPAC.4 at the energy of 22.0 MeV. b) The
"Be beam profile as it was recorded on PPACy at the energy of 22.0 MeV.
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2.2.3 Double Sided Silicon Strip Detectors (DSSSD) and the EX-
PADES array

The advent of radioactive beam facilities moved the interest to measurements involving
exotic nuclei especially at near barrier energies, where the direct mechanisms are expected to
be of great importance creating a very interesting field for studies of reaction mechanisms and
channel coupling effects. Since the RIBs are usually produced with lower intensities than the
stable ones, a detector system covering a large solid angle together with high granularity is

required. These features are met in the DSSSD arrays (Double Sided Silicon Strip Detectors).

A DSSSD is consisted of an n-type silicon layer having implanted p* silicon strips on the
one side (front) and n~ silicon strips on the other side (back) [141,142]. The p* indicates that
the crystal is highly doped with impurities increasing the population of the holes, while n™
indicates that the crystal is doped with impurities such as there is an excess of free electrons.
In the space between the series of n™ strips, thinner p* silicon strips are implanted for electrical
isolation purposes. A reverse biased voltage is applied over the detector, creating an electric
field throughout the n-type silicon layer that prevents the recombination of the electrons and
holes, leading to the formation of the so called depletion region. When a charged particle
passes through the detector, electron-hole pairs are formed in the depletion region. Then, both
charge carriers are moving in opposite directions producing two coincidence signals. Each strip
is connected to its own amplifier and so, the coincidence signal from a single event is amplified
and through the readout electronics the energy loss of the ion as well as its position in the

detector are determined.

The past few years, a large number of DSSSD arrays like EXPADES [138,139], GLORIA
[143,144], MUST2 [145,146], TTIARA [147], LASSA [148], HiRA [149] and LEDA [150] were
developed dedicated to measurements with stable or radioactive beams. In the present study
the DSSSD array of the EXOTIC facility, EXPADES (EXotic PArticle DEtection System)
was used. EXPADES is a detector array of eight telescopes, each one comprised by two
DSSSD’s with the possibility to use also an ionization chamber (IC). In the present experiment
the IC part was not available therefore, the main focus will be given on the description of the
DSSSD’s. The AE stage of the telescopes is a DSSSD (45-60)um thick detector, while the E
stage is a DSSSD ~ 300 pum thick detector. The DSSSD’s have active areas of (64 x 64) mm?
with 32 strips per side. The y strips, providing the information of Y position, are implanted
on the front side of the detector and are orthogonally oriented with respect to the the x strips

on the back side, providing the information of X position. Thus, pixels of (2 X 2) mm? are
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defined. The signal readout electronics for the AE stage of the telescopes are different from
those for the E one as explained in [138,139]. A short description for both types of electronics

is given below.

At the AE stage of the detector, both x and y strips were short-circuited two-by-two in
order to reduce the cost as well as complexity of the signal handling. The AE electronics
readout were developed by INFN-Milano and include a charge sensitive preamplifier and an
amplifier module called MEGAMP [151]. The preamplifier module has 16 input channels and
it generates 16 differential output signals, fed as an input to the MEGAMP. The MEGAMP
amplifier has 16 input channels where each one provides information both for energy and time.
The energy information is provided from a spectroscopy amplifier. The signal is amplified
properly by means of a 2-bit coarse gain stage followed by an 8-bit fine gain stage and then
is sent to the ADC module. The time information is provided using two Constant Fraction
Discriminators (CFDs) and a Time to Analog Converter (TAC). The CFDs provide an output
signal at 30% and 80% of the signal leading edge. The 30% CFD output provides the START
signal to the TAC unit, while the STOP signal is provided either by the 80% CFD output or
an external signal. Using as STOP the 80% CFD signal the TAC unit provides a pulse shape
information, while an external signal may be used for Time Of Flight (TOF) measurements.
The block diagram for a single channel of the MEGAMP is displayed in Figure 2.8.

Regarding the E stage, the readout electronics include 32-channel ASIC chips (VA and TA)
installed on a board (VA-TA board), designed by INFN-Padova, for each side of the detector
(front and back). The development of the electronics was based on similar work described
in Refs. [149,152]. The VA chip is employed for the treatment of the energy signal and the
TA chip for the treatment of the logic signal. The VA chip is consisted of a charge sensitive
preamplifier followed by a slow amplifier and a Sample and Hold unit. In contrast to the
MEGAMP module, the amplification via the VA chip is common for all strips and can be set
at four discrete values allowing a dynamic range for the detector of 30, 52, 90 and 113 MeV.
After the amplification stage, the signals from all the strips are combined into one through
a multiplexer (MUX) and the final signal is sent to the ADC. The TA chip is comprised of
a fast shape unit followed by a discriminator, where its output signal is sent to the Trigger
Supervisor (TSB) which is responsible for the trigger logic. The block diagram for a single
channel of the VA-TA board is illustrated in Figure 2.9. These are in short the main features
of the electronics for the AE-E telescopes of the EXOTIC facility. Further details are given in
Ref. [139].
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Figure 2.8: The block diagram of the MEGAMP amplifier for a single channel - Figure from Ref. [139].
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2.2.4 The trigger of the experiment

In the previous Subsection, a short description about the EXPADES array and its elec-
tronics was presented. Further on, the main concept of the experimental design is the trigger
of the electronics. The trigger is controlled via the Trigger Supervisor (TSB) board. The
TSB accepts the OR signals of the x and y strips from both stages of the AE-E telescopes.
Also, signals from external sources, usually from PPAC’s, are fed as an input to the TSB.
The TSB board includes four different stages: The first stage receives the signal from all the
DSSSD’s. The second stage receives the signal from the external sources together with the
output of the first stage. In the third stage, the output of the second stage is used to create
further logic and in the final stage, the so called Master Trigger signal for the chain of the
electronics is generated. In our case, the Master Trigger of the experiment was created as the
logical AND between the OR signal of the AE stage of the telescopes and the signal from the
cathode of PPAC,. Under normal circumstances, the PPAC 4 signal precedes the signal from
the DSSSD’s. Thus, the signal from the cathode of PPAC, was delayed by 200 ns, such as the

two signals were overlapped within a certain time window.

2.3 Experimental setup and procedure

In the present experiment, six telescopes from the EXPADES array were used with the
following standard configuration. The forward telescopes T1 and T6 were set at +27°, the
middle telescopes T2 and TbH at +69° and the backward ones T3 and T4 at £111°, covering
the following angular ranges: ~ (13° to 41°) and ~ (14° to 40°) for the forward telescopes, ~
(54° to 85°) for the middle telescopes and ~ (96° to 126°) for the backward telescopes. The
telescopes were set at symmetrical positions to balance any beam divergence and to improve
the statistics of the measurement. A schematic view of the experimental setup is displayed in
Figure 2.10, while a photo with the telescopes mounted in the scattering chamber appears in
Figure 2.11. In the center of the scattering chamber, a target ladder was installed with several
available positions (Figure 2.12). In the present experiment, three kinds of targets were used.
For the main measurement, two 23Si targets 0.4 mg/cm? and 0.6 mg/cm? thick were used, the
second one for the measurement at the energy of 17.2 MeV. In addition, the thick silicon and
a 28Pb target (2 mg/cm?) were used at the energies of 9.0 and 22.0 MeV respectively for the

solid angle determination, since the scattering at such energies is of Rutherford type.

For the needs of the present study, the “Be secondary radioactive beam was produced by
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Figure 2.10: Schematic view of the experimental setup which includes 6 of the 8 modules of the
EXOTIC array EXPADES [158,139]. Each module includes two DSSSD’s as explained in the text.
Telescopes T1 and T6 were set at +=27°, T2 and T5 at £69° and T3 and T4 at +£111°, covering the
following angular ranges: ~ 15° to 41° and ~ 14° to 40° for the forward telescopes, ~ 54° to 85° for
the middle telescopes and ~ 96° to 126° for the backward telescopes.

means of the 'H("Li,”Be)n reaction. The Li primary beam with an intensity of 150 pnA,
produced at three energies namely 26, 31 and 33 MeV, impinged on a Hy gas primary target
at a pressure of 1 bar and a temperature of 93 K corresponding to an effective thickness of
1.35 mg/cm?. The "Be beam was produced at five near barrier energies namely 9.0, 13.2, 17.2,
19.8 and 22.0 MeV, the highest three being obtained by re-tuning the primary beam while
the lowest two using an Al degrader at the energies of 19.8 and 17.2 MeV. After the gas
target, the "Be beam was directed into a series of optical elements, slits sets and collimators
placed along the beam line, allowing the separation of "Be from the scattered 7Li ions and
possible ‘He contaminations from the *H("Li,*He)*He reaction, as it was explained in Section
2.1. In the present experiment, the average “Be beam intensity was ~ 5 x 10* pps on the target

position.
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Figure 2.11: A photo of the detectors’ armngehzent inside the scattering chamber.

Table 2.2: The information regarding the telescopes arrangement inside the scattering chamber.
The first column indicates the telescope identity, the second one includes the distances of each
telescope with respect to the target position, the third column includes the mean angle of each
telescope, while the last one the angular range covered by each telescope.

Distance from the

Telescope 1D target (mm)

Mean angle (deg) Angular range (deg)

T1 123.0 27.0 13.0 - 41.0
T2 111.0 69.0 53.5 - 84.5
T3 115.0 111.0 94.8 - 127.2
T4 106.0 111.0 96.1 - 126.0
T5 111.0 69.0 53.5 - 84.5
T6 134.0 27.0 14.2 - 39.8
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Figure 2.12: Schematic representation of the target ladder used in the present experiment.
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Chapter 3

Data Reduction

In order to deduce the optical potential and map its energy evolution, elastic scattering
angular distribution data were determined at various near barrier energies, namely 13.2, 17.2,
19.8 and 22.0 MeV (E/Vc.b_: 1.14, 1.48, 1.71, 1.90). Further on, the degree of competition
between direct and the compound nucleus mechanisms was sought by considering the *He and
4He reaction products. For that, experimental angular distributions together with direct and
compound nucleus calculations were used, as the tool for disentangling the various mechanisms.
In the following, details about the data reduction are presented, leading to differential cross
sections either for the elastically scattered “Be ions (Section 3.2) or the 3*He reaction products

(Section 3.3).

3.1 Energy calibration

For the identification of the reaction products, especially in the present case were the
elastically scattered ions stop in the first stage of the telescope, an accurate energy calibration of
the detectors is necessary. In order to span the whole dynamical range of them, the calibration
was performed by using a pulser in combination with a triple alpha source (**°Pu, ?*'1Am,
244Cm). The pulser generator was calibrated through the alpha source and the detectors
through the pulser. Thus, the accuracy of the calibration was extended in a wide energy
range. Representative spectra for the calibration of one strip of the AE stage of telescope T6

are displayed in Figure 3.1.
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Figure 3.1: Calibration spectra collected by one strip of the AE stage of telescope T6. a) A pulser
spectrum spanning a wide energy range. b) A pulser spectrum together with the peaks corresponding
to the triple alpha source decay which are denoted with the blue color.
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Figure 3.2: Representative energy spectra for the elastic scattering of " Be on (a) ?Si and (b) 28 Pb at
the beam energy of 22.0 MeV. These spectra were recorded by one strip of the AE stage of telescope
T1, corresponding to a Oi= 22.5°.
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3.2 Determination of the elastic scattering cross sec-

tions

The elastically scattered "Be ions were stopped in the first stage of the telescope and were
identified taking into account the kinematics of the colliding ions and the energy loss, using
the programs NRV [153] and LISE++ [154]. A typical one dimensional energy spectrum from
a telescope set at forward angles is shown in the left panel of Figure 3.2. As it is seen, the peak
is well pronounced and no other events are present near by. This is because, the other light
reaction products did not stop in this detector but punched through, therefore leaving very
little energy in it. At this point it should be mentioned that the data in the present analysis
refer to quasi - elastic scattering, since excitations to the 1/27 state of "Be (0.429 MeV) or the

27 state of 28Si (1.779 MeV) could not be resolved from pure elastic scattering events.

The reduction of the quasi - elastic scattering events was performed by means of an
event by event code, developed in our laboratory, using the data analysis package ROOT [155].
Details of this code will be given in Appendix A. Briefly we can refer on that as following.
Experimentally the coordinates for each beam particle are determined in two places via the
information collected by the two PPAC’s. This information is implemented in our code and
via analytic geometry, the beam particle trajectories are reconstructed. In this respect, the
reaction position on the target is defined for each event. Subsequently, the DSSSD telescopes
provide the position of each elastically scattered particle, since each event is detected in a
unique pixel of the detector. By using the coordinates of the reaction position on the target
together with the coordinates of the events detected in the DSSSD’s, the scattering angle for

each event can be determined.

Data concerning both the quasi - elastic scattering of "Be on 2*Si and 2°Pb were treated
in an event by event framework. Events with the same angle or with an angle inside an angular
range corresponding to a particular strip of each EXPADES detector were summed up. The
so performed event by event analysis, reported in Ref. [156], improved greatly our preliminary
strip or/and pixel analysis reported previously in [157]. The ratios o/a% ,, were deduced

according to the following expression:

o Ng;
Ratio = —g— =~ % K (3.1)
Ofutn  AVPb

where Ng; and Np;, are the event by event counts corresponding to every strip collected with
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the silicon and lead targets respectively and the constant K corresponds to

Pb
B Try®py O Ruth

K= ToPo: gt
Si*¥Si O puth

(3.2)

where Tg; and Tp, are the scattering centers of the silicon and lead targets respectively, ®g;
and ®p;, are the beam fluxes during the runs with the silicon and lead targets respectively and
oxi . and obb , are the calculated Rutherford cross sections for the elastic scattering of "Be on
28Gi and 2°PDb respectively. In case of the 17.2 MeV data, the main quasi - elastic scattering
data were combined with quasi - elastic scattering data at 9.0 MeV where the scattering can
be considered as Rutherford, and not with data from the lead target. Thus, Equations 3.1 and
3.2 were slightly modified, where Np;, was replaced with N5 and Tp;, was replaced with Tg;,
with N§% being the event by event counts corresponding to every strip collected with the silicon

target at 9.0 MeV and Tg; are the scattering centers of the silicon target. In this particular

case, Equation 3.2 is reduced to Equation 3.3.

b O foupn
K = Do o5 (3.3)

Si 0 Ruth
The constant K is determined assuming that at small scattering angles the ratio o/o% ,,
between elastic scattering cross sections and Rutherford cross sections is 1.0. This assumption
is valid only at the lowest energy of 13.2 MeV. For the rest of the energies the ratio was
assumed to be closed to 1, according to the theoretical calculations. As a result, the error
assigned to our data, except systematic errors, is connected solely with the statistical errors
from the measurements with the silicon and lead targets and not with errors due to the beam

flux or the target thickess. The error in the ratio was calculated as:

1 1

Y. = +Ratio * _ 4 —
Ngi  Npy

(3.4)

The results for the quasi - elastic scattering of "Be+4-22Si at the energy of 22.0, 19.8, 17.2 and
13.2 MeV are presented in Figures 3.3, 3.4, 3.5 and 3.6 respectively. Differential cross sections
were determined via weighted means of data, collected by telescopes placed at symmetrical

positions. Weighted mean cross sections, were evaluated through the expression:
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Figure 3.3: Present angular distribution data for the quasi - elastic scattering of "Be+22Si at the
energy of 22.0 MeV. Tabulated values of the ratios are given in Appendix C.
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Figure 3.4: Same as in Figure 3.3 but for the energy of 19.8 MeV. Tabulated values of the ratios are
given in Appendix C.
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Figure 3.5: Same as in Figure 3.3 but for the energy of 17.2 MeV. Tabulated values of the ratios are
given in Appendiz C.
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Figure 3.6: Same as in Figure 3.3 but for the energy of 13.2 MeV. Tabulated values of the ratios are
giwven in Appendiz C.

The quasi - elastic scattering data were treated in an Optical Model and a Continuum
Discretized Coupled Channels (CDCC) framework to be described in Chapter 4.

3.3 Determination of the reaction cross sections

Our reaction analysis refers to the production of *He and *He either through a direct or a
compound nucleus process. These light particles were able to pass through the AE stage of
the telescopes and thus, they were well-discriminated by the AE-E technique (see Appendix
E) as may be seen in Figure 3.7. Light particles with low energy that stopped in the first stage
of the telescopes were retrieved via simulations as it will be described below. The reaction

mechanisms leading to the production of 3He are:

1. Projectile breakup: "Be — 3He + “He, S,= 1.586 MeV and

2. *He stripping: ?®Si("Be,*He)??S, Q,,= 5.36 MeV

while those leading to the production of *He are:
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Figure 3.7: A representative AE-E correlation plot for telescope T1 at the energy of 22.0 MeV. The
solid green and red lines represent kinematical simulations for the energy loss of >He and *He ions in
the telescope using code LISE++ [15/], presenting very good agreement with the data.

1. Projectile breakup: "Be — 3He + *He, S,= 1.586 MeV,

2. 3He stripping: 2*Si("Be,*He)?!S, Q,,= 10.89 MeV,

3. 1n stripping: #*Si("Be,’Be)*'Si, Q,,= -2.20 MeV, Be — *He + p + p,
4. 1n pickup: #Si("Be,*Be)?"Si, Qo= 1.72 MeV, ®Be — *He + “He and

5. Evaporation process after compound nucleus formation.

3.3.1 o - particle production cross sections

The « - particle production data were analyzed via the analysis program PAW [158]. The
a yields were obtained by applying the appropriate energy windows on the two dimensional

AE-E plots. However, it should be noted that due to the thickness of the AE detector, an
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energy threshold in the detection of the two reaction products was introduced. So, an energy
phase space correction was necessary to be applied for the missing counts. This was achieved
via comparisons of the experimental energy spectra with simulated ones. Simulated spectra
were obtained with the contribution of all processes direct and of compound nucleus origin,
normalized appropriately in a best fit. Compound nucleus energy spectra were produced via
the well known code PACE2 (Projection Angular-momentum Coupled Evaporation) [132].
For a - particles produced via a direct process, that is the neutron pickup channel leading to
®Be (“He+*He), its inverse process leading to °Be (‘He+2p), the *He stripping and the breakup
processes, a Monte Carlo simulation code was developed to describe them. Energy spectra for
most of the processes were generated by the code starting from angular distributions obtained in
the DWBA framework, while for the breakup the angular distributions of the continuum states
were obtained in the CDCC framework. In case of the 3He stripping process, no theoretical
calculation was performed due to the lack of the appropriate spectroscopic factors (see Section
4.2). However, for the rest of the processes, tests adopting either specific angular distributions
or isotropic ones did not affect the result for the energy spectra. Therefore, in this particular
case, the simulations were performed with the assumption of an isotropic distribution. Details
regarding the simulation code are given in Appendix B, while as an example, the main features

of the code for the simulation of the neutron stripping process are given below.

In order to construct the alpha energy spectra from the decay of Be, the energy and the
momentum of « particles in the laboratory frame are necessary. In this respect, the simulation
code is organized in three steps: In the first step, a theoretical angular distribution for the
In stripping process, obtained in the DWBA framework using code FRESCO [98], was fed
as an input to the code. Then, the emission angle 0., of the °Be in the center-of-mass
(c.m.) frame was randomly generated, and by using the theoretical angular distribution of
®Be as a constrain, we evaluated the frequency of each 6..,,. to be observed. Subsequently,
for each emission angle, the momentum modulus in the c.m. frame, P, ,,., was calculated and
subsequently the pairs (Hc.m,, Pc,m,) were transformed in the laboratory reference system to
be used in the final step of the code. In the second step, the breakup procedure takes part
in the %Be rest frame and the °Be nucleus breaks into an « particle and two protons. The a
particle and one of the protons are emitted with randomly specified energies and momenta and
the third fragment acquires energy and momentum fulfiling the conservations laws of energy
and momentum at the rest frame of °Be. In the final step, following the prescription of Olimov
et al. [159], by applying a Galilean transformation and an axes rotation, the alpha energy
spectra from the rest frame of %Be are transformed to the laboratory frame. The same or

similar method was followed for the rest of the direct processes and the final energy spectrum
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was obtained by summing the four energy spectra normalized to the calculated cross sections.
Finally, direct and the compound nucleus spectra were summed using various assumptions
for the ratio direct to compound nucleus contributions until the best fit to the experimental
data was obtained. Comparisons between experimental and simulated alpha energy spectra
(AE+E) are shown in Figure 3.8, while the procedure described above is demonstrated in

Figure 3.9 for two representative spectra.

The integrated “He yields for each strip, after corrections for missing counts (by comparing
experimental and simulated energy spectra), were transformed to differential cross sections in

the laboratory reference system via the following relation:

do _ N,
dQ  Np,

* I’ (3.7)

where N, is the *He yield for each strip, Np;, are the counts for each strip collected from "Be

quasi - elastic scattering to the lead target and the constant K’ corresponds to

K'= K %0, (3.8)

with K being a constant determined by the quasi - elastic scattering data as it was described
in Section 3.2 and o4, is the calculated Rutherford cross section in the laboratory reference
system for the elastic scattering of “Be on 2®Si. The results of the analysis are presented in

Figure 3.10 and they are also reported in Ref. [160].

3.3.2 JHe production cross sections

The 3He particles are produced through direct processes as it was stated above, by breakup
and “He-stripping. In the same spirit as for the o particle production, missing counts due
to the energy threshold introduced by AE detector were estimated via comparisons of the
experimental with the simulated spectra produced by our Monte Carlo code. The results of the
simulations are presented in Figure 3.11. After correcting for missing counts, the integrated 3He
yields for each strip were transformed to differential cross sections in the laboratory reference
system via the Equation 3.7, where N, was replaced with Ns ., with the second being the 3He
yield corresponding to every strip. The angular distributions for the *He particle production

are shown in Figure 3.12.

Looking at Figure 3.12, it is obvious that the *He particle angular distributions are forward
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Figure 3.8: Alpha energy spectra (AE+E) collected with telescope T1 at three energies a) 22.0 MeV,
b) 19.8 and c) 13.2 MeV. The green solid line represents the simulated spectrum taking into account
both direct and compound nucleus mechanisms.
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Figure 3.9: Decomposition of the simulated alpha energy spectra at the energy of 22.0 MeV for tele-
scopes (a) T1 and (b) T2 due to compound nucleus process, designated with the dotted black line, and
direct processes as follows: The dashed red line indicates the o spectrum due to 3He stripping, the
dashed blue line due to breakup, the dotted-dashed magenta line due to neutron stripping and the solid
yellow line due to neutron pickup. The multiplication factors are arbitrary values for the purpose of

presenting the different processes only.
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Figure 3.10: Present angular distribution data for the *He particle production at the energies of a)
22.0 MeV, b) 19.8 MeV and c) 13.2 MeV. Tabulated values of the differential cross sections are given
in Appendiz C.
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Figure 3.11: 3 He energy spectra collected with telescope T1 at three energies a) 22.0 MeV, b) 19.8 and
c) 13.2 MeV. The red solid line represents the simulated spectrum taking into account *He transfer
and breakup processes.
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Figure 3.12: Present angular distribution data for the 3 He particle production at the energy of a) 22.0
MeV, b) 19.8 MeV and ¢) 13.2 MeV. Tabulated values of the differential cross sections are given in

Appendiz C.
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peaked. This fact points to direct mechanisms. On the other hand, the *He particle angular
distributions are forward peaked but are also extended at backward angles with substantial
cross sections. This points to a more complicated situation where both direct and compound
nucleus mechanisms are present. The theoretical analysis of these data is presented in the

following Chapter.
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Chapter 4
Theoretical Analysis

In the present Chapter, the theoretical analysis of the experimental angular distributions
for the elastically scattered "Be ions as well as the 3*He reactions products is presented and
discussed. The elastic scattering data were analyzed in a double folding framework and the
energy evolution of the optical potential as well as the total reaction cross sections were de-
duced [156]. Further on, regarding the reaction mechanisms, angular distribution data of
« - particles were analyzed in statistical model, DWBA and CDCC frameworks in order to
disentangle the degree of competition between direct and compound nucleus channels [160].
Subsequently, fusion cross sections were deduced taking into account « - particle cross sections
due to compound nucleus formation and « - particle multiplicities from the statistical model
calculations. Finally, angular distribution data of *He particles were analyzed in the DWBA
and CDCC frameworks since the only mechanisms contributing to the *He production are the
a - stripping and the breakup. In the following, the theoretical interpretation of the elastic
scattering data is presented in Section 4.1, while the relevant analysis of >*He reaction data is

presented in Section 4.2.

4.1 Elastic Scattering

4.1.1 Optical Model Analysis

For the Optical Model (OM) analysis we followed the same method as the one adopted for
67Li + 28Si previously [16,17], and elastic scattering calculations were performed [161] with

the code ECIS [162]. The real part of the entrance potential was derived in a double folding
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model [113] adopting the microscopic BDM3Y1 interaction developed by Khoa et al. [117].
Since the density distributions of the projectile and the target are introduced in the folding
procedure, the density for the 28Si was obtained from electron scattering data adopting a
three parameter Fermi model [163]. The proton ground state densities were deconvoluted
from the finite charge distribution of the constituent nucleons to obtain a point proton ground
state density. Point neutron densities were taken to be N/Z times the point proton ground
state densities. In case of the "Be, its density was calculated adopting semi-phenomenological
analytic expressions taking into account the asymptotic behavior and the behavior of the

density at the nucleus center according to Bhagwat et al. [164].

In case of the imaginary potential, assuming that the imaginary part of the entrance po-
tential presents the same radial dependence as the real one, the same folded potential was
adopted but with a different normalization factor. During the fitting procedure, a search was
performed by using as free parameters the two normalization factors Ng and Ny for the real
and imaginary potential respectively. The best fit optical potential parameters are included
in Table 4.1, while the deduced best fit angular distributions are compared with the data in
Figures 4.1, 4.2, 4.3 and 4.4 for the energy of 22.0, 19.8, 17.2 and 13.2 MeV respectively. The
adopted errors in the optical model parameters were deduced from a sensitivity analysis [161]
performed by varying the parameters, Ngz and Ny, by certain amounts. The results of the

sensitivity analysis are presented in Figures 4.1 - 4.4.

Table 4.1: Best fit optical model parameters for system "Be + 22Si for the real, Ng and imag-
wnary, Ny, part of the optical potential. The real part of the potential was calculated in a
double folding model (see text). For the imaginary part, the same potential as the real one was
adopted, assuming the same radial shape.

Energy (MeV) Ng N;
22.0 0.43 £ 0.17 0.45 £ 0.33
19.8 0.43 £ 0.18 0.59 + 0.45
17.2 0.32 £ 0.15 0.29 £ 0.33
13.2 0.63 £ 0.25 0.14 £ 0.32
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Figure 4.1: Present angular distribution data for the elastic scattering of "Be + 22Si at the energy
of 22.0 MeV (E/ Vop.= 1 .90), designated with the red stars, are compared with previous data [17]
for "Li + 28 at 16.0 MeV (E/Vc.b.: 1.84). The solid red line describes our best fit optical model
calculation, while the blue dashed lines represent the results of the sensitivity analysis.
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Figure 4.2: Present angular distribution data for the elastic scattering of " Be + 28Si at the energy
of 19.8 MeV (E/Vc,b_: 1.’71), designated with the red stars, are compared with previous data [17]
for "Li + %8 at 15.0 MeV (E/V(;_b_: 1.73). The solid red line describes our best fit optical model
calculation, while the blue dashed lines represent the results of the sensitivity analysis.
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Figure 4.3: Present angular distribution data for the elastic scattering of "Be + 22Si at the energy
of 17.2 MeV (E/Vc_b_: 1.48), designated with the red stars, are compared with previous data [17]

for "Li + 228i at 13.0 MeV (E/Vc.b.: 1.50). The solid red line describes our best fit optical model
calculation, while the blue dashed lines represent the results of the sensitivity analysis.
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Figure 4.4: Present angular distribution data for the elastic scattering of "Be + 28S8i at the energy
of 13.2 MeV (E/Vc.b_: 1.14), designated with the red stars, are compared with previous data [17]
for "Li + 28i at 10.0 MeV (E/V(;_b_: 1.15). The solid red line describes our best fit optical model
calculation, while the blue dashed lines represent the results of the sensitivity analysis.
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4.1.2 Energy evolution of the optical potential parameters

The best fit optical potential parameters for the system "Be + 28Si are plotted in Figure
4.5 as a function of energy. It has to be pointed out here that we have considered as more
appropriate to plot rather these potential parameters [16] as a function of energy, than the
values of the real and imaginary potential at the strong absorption radius, since for light
elements the definition of the radial region of sensitivity is not straight forward. As it was
shown by Roubos et al. [77], using the crossing point method to determine the sensitive radius,
two crossing points between the various potential families were observed around Coulomb
barrier. Furthermore, for weakly bound projectiles, the radial region of sensitivity varies with
the bombarding energy [165,166]. Additionally, in a similar analysis for SLi + ?Si system [16],
tests adopting either a Woods-Saxon potential [101] for the imaginary part or the same folding
interaction as for the real part were performed. In both cases, the quality of the fits to
the angular distribution data was similar. This result validates the present analysis. The
present analysis is also preferable as we have to fit only two parameters, avoiding additional

uncertainties for deducing the optical potential.

The energy evolution of the optical potential parameters is compared with previous results
of Li on 2Si [17] in Figure 4.5. Although the uncertainties in the determination of the potential
parameters for the “Be + 2Si system are large, the trend of the energy evolution seems to be
the same for both projectiles pointing out to a similarity between the two mirror nuclei. In
particular, a decreasing trend in the strength of the imaginary potential is observed for both
projectiles approaching the barrier from higher to lower energies compatible with the standard
threshold anomaly. The situation is more clear considering the results of the analysis of the
°Li + ?8Si data [16] with the backscattering barrier distribution technique [18-20,167]. As it
was shown in Ref. [18,19], among different trials, only a potential with a slightly increasing
imaginary part is able to describe adequately well both the excitation functions as well the
barrier distribution data. The best potential obtained from the barrier distribution analysis for
6Li + 28Si system is presented in Figure 4.6, where an increasing trend is met at E ~ 1.7V,
This is a clear evidence that the imaginary part of the optical potential for “Be presents the
same decreasing trend with the decreasing energy as for "Li and not 6Li. This behavior is in
accordance with the re-analysis of the "Be + %Ni elastic scattering and fusion data [38], while
it contradicts the findings from the analysis of the "Be + 27Al [39] elastic scattering, where
an energy independent imaginary potential is suggested. However, this independence is given
as susceptible to the use of very thick targets. Our suggestion for the similarity between “Li

and "Be is also supported by the analysis of our « - production data, simultaneously measured
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with the elastic scattering ones to be described in Section 4.2.

In case of the real potential, an attempt was made to describe the potential behavior in
terms of dispersion relations. Using the linear segment model [5] for the imaginary potential,
a dispersion relations calculation was performed for the "Be + 22Si system and is presented in
Figure 4.5. In the same figure, a dispersion relations calculation performed previously for the
"Li [17] is also compared with the data. It will be interesting here to include the results from
a barrier distribution analysis performed previously for “Li + ?%Si system [19]. It was found
that the real potential is not connected via dispersions relation with the imaginary part but
instead, an energy independent potential is suggested. In our case the results are inconclusive
since we possess only one datum at the region where the peak in the strength of the real
part, associated with the drop of the imaginary potential, should appear without excluding an
energy independent real potential as in the case of “Li. In this direction, more measurements

with lower uncertainties around the barrier region are needed to draw firm conclusions.

4.1.3 Total reaction cross sections

The optical model analysis for the system "Be + 2Si, leads also to total reaction cross
sections which are included in Table 4.2. The assigned errors were obtained from the sensitiv-
ity analysis performed for the normalization factors Nz and N;. In the same Table we have
included total reaction cross sections obtained from the analysis of the a-particle production
for the same system (see Section 4.2), total reaction cross sections obtained with the phe-
nomenological prediction as deduced for light targets in Ref. [68] and also total reaction cross
sections calculated in a CDCC approach (see subsection 4.1.4). All results are found in very
good agreement, supporting our present optical model analysis. Further on, our results were
considered in a systematic framework involving other weakly bound and radioactive projec-
tiles on a similar, 2"Al, or the same target, *Si. However, in order to compare total reaction
cross sections corresponding to different systems, it is necessary to reduce appropriately the
cross sections and compare them to some benchmark as it was pointed out in [168]. Thus,
the different data sets were reduced according to a procedure applied previously for the reduc-
tion of fusion cross sections to fusion functions, as it is presented in Refs. [169-172]. Details
about this procedure are given in Section 4.2. This technique is now applied to total reaction
cross sections, (O'TR), where they are reduced to total reaction cross section functions, Frr,
as a function of quantity x, following the prescription described in Refs. [68,172,173]. The

definitions of Frg and x are the following:
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Figure 4.5: The energy evolution of the optical potential parameters, Nr and Ny, obtained in a
BDM3Y1 framework for the " Be + 22 Si - present data, designated with the red stars, are compared with
optical potential parameters for the system "Li + 22Si - previous data [17], designated with the green
circles. The dotted-dashed blue line corresponds to a dispersion relation analysis performed previously
for "Li [17], while the dashed black line corresponds to a dispersion relation analysis performed for
the " Be using the routine from Ref. [167]. The solid green lines correspond to the results of a barrier
distribution analysis for "Li [19], where an energy independent real potential is suggested, without
obeying dispersion relations.

o 2Ecm
" hwRY,

orr — Frr(z) * OTR (4.1)
corresponding to an energy in the center of mass, E¢ ., reduced to quantity x given by

the expression:

Ec m. VB
E.. _em 2 4.2
m. =X o (4.2)

The barrier parameters namely, barrier heights Vg, radii Rg and curvatures hw for the
different systems were obtained using the Christensen-Winther potential [174] and are included
in Table 4.3. Since the Frr functions are strongly dependent on the atomic and mass number

of the colliding ions [172], the comparison of reduced total reaction cross sections was limitted
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Figure 4.6: The energy evolution of the optical potential parameters, Nr and Np, obtained in a
BDM3Y1 framework for the "Be + 228i - present data, designated with the red stars, are compared
with optical potential parameters for the system ®Li + 22Si - previous data [16], designated with
the black triangles. The dashed black line corresponds to a barrier distribution analysis performed
previously for SLi [18].

to light targets. As it may be seen in Figure 4.7, the present results are in very good agreement
with previous data: ®7Li + 2Si [78], He + 27Al [175], SLi + 27Al [176], "Be + 27Al [39,177]
and 8B + 27Al [178]. Looking at Figure 4.7, we may see that the values of the total reactions
cross sections corresponding to the first set of "Be + 27Al [39] are larger than the second
set [177], the present and all other data. This fact is related with the experimental conditions
under these measurements were performed. By using such thick ?7Al targets, 2.1 mg/cm? and
5.0 mg/cm?, large uncertainties in the determination of the reaction energy are introduced
and therefore, the results of the optical model analysis, including total reaction cross sections,
may be invalid. Also, for ®B the authors give two experimental values for the total reaction
cross section (designated in Figure 4.7 with the magenta open circles and black open triangles)
extracted from their optical model analysis either with the Sao Paulo potential or with a
Woods-Saxon one. Finally, all data sets are compared with a phenomenological prediction
obtained in Ref. [68], which describes them in an excellent way, considering that the prediction

formula is suggested within an uncertainty band of 20%. The prediction function is following
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Table 4.2: Total reaction cross sections for "Be + 22Si obtained in the present work via an
optical model analysis, ooy, are compared with values deduced in the a-production analysis [160]
(see Section 4.2), 0a—production, @S well as with a phenomenological prediction [08], oprea and
a theoretical value extracted from our CDCC' calculations, ocpcoc (see Subsection 4.1.4). The
first column includes projectile energies incident in front of the target, Ej.,, while the second
column, the reaction enerqy, E,..., in the middle of the target.

Elab (Mev) Erea (Mev) O opt (Hlb) O ov—production (Hlb) O pred (mb) ocpcc (mb)

22.0 21.7 1124 £ 148 1206 = 195 1118 1130
19.8 19.5 1072 £ 163 1103 £ 242 990 1020
17.2 16.7 738 + 190 - 779 831
13.2 12.9 355 £ 95 250 £ 63 347 401

Table 4.3: The barrier parameters namely, barrier height Vg, radius Rg and curvature hw,
for various systems considered in this work, obtained using the Christensen- Winther potential

[174].

System Vi (MeV) Rp (fm) hw (MeV)
"Be + 28Si 9.351 7.922 3.478
6Li 4 28Si 7.008 7.932 3.223
"Li + %Si 6.840 8.145 2.968
8B + 28Si 11.670 7.935 3.662
Be + ?TAl 8.681 7.925 3.371
Be + 27Al 8.358 8.269 2.955
6Li + 27Al 6.512 7.927 3.123
6He + 27Al 4.201 8.222 2.487
8B 4 27Al 10.825 7.943 3.553

the equation: Y(x)= aln[l4exp(27x-b)], with a= 1.14409 and b= -1.06089.
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Figure 4.7: Reduced total reaction cross sections for weakly bound projectiles on light targets. Previous
data from Refs. [39,78, 175-178] are compared with the present data and a prediction from Ref. [68]
for light targets, designated with the black solid line.

4.1.4 Continuum Discretized Coupled Channels Calculations

For a more global description of the elastic scattering of “Be + 28Si, Continuum Discretized
Coupled Channels (CDCC) calculations were performed, taking into account couplings to
continuum states, both resonant and non-resonant ones. These calculations were performed
via the code FRESCO [98]. The model used in the calculations was very close to that of
Ref. [179]. The "Be nucleus was modeled as a composite system with a two-body *He + 3He
cluster structure. Couplings between resonant and non-resonant cluster states corresponding to
“He - 3He relative orbital angular momentum L = 0, 1, 2, 3, 4 were included. The excitation to
first excited state of the projectile (0.429 MeV) and ground state reorientation was also taken
into account. The continuum phase space above the "Be — *He + 3He breakup threshold

(1.586 MeV) was discretized into momentum bins. As highest excitation energy was taken the
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Table 4.4: Optical model parameters for the * He + *Si [180] and ® He + ?8Si [181] interactions
adopted in the CDCC calculations. The real and imaginary parts of the optical potential are
described by Woods-Sazxon form factors. The nuclear radius is given as R= ryayy * 2843, The
Coulomb radius for the *He(®He) + 25Si interaction was taken as Rc= 1.62(1.30) * 28/,

System V (MeV) ry (fm) ay (fm) W (MeV) ry (fm) ay (fm)
‘He + *Si  82.00 1.62 0.52 13.50 1.62 0.52
SHe + 28Si 106.50 1.07 0.85 11.80 1.80 0.65

energy of 9.4 MeV for the 22.0 and 19.8 MeV data and 7.7 MeV for the 17.2 and 13.2 MeV data.
The convergence of the calculation was tested taking into account higher excitation energies
and relative angular momenta which however did not affect the results of the calculation. The
width of the bins at the energy of 13.2 and 17.2 MeV was Ak= 0.23 fm~!, while the width of
the bins at the energy of 19.8 and 22.0 MeV was Ak= 0.20 fm~!. In the presence of resonant
states, the binning schemes were suitably modified in order to avoid double counting. In our
calculations, the 7/27 (4.57 MeV) and 5/27(6.73 MeV) resonances were taken into account
and they were treated as momentum bins with a width corresponding to 0.4 and 2.0 MeV
respectively. All the diagonal and coupling potentials were generated from empirical *He +
Target, *He + Target optical model potentials for the corresponding target nucleus by means of
the single-folding technique. The corresponding potentials were adopted from Refs. [180, 181]

and are shown in Table 4.4.

Into this context, elastic scattering angular distributions were deduced and are compared
with the data in Figures 4.8, 4.9, 4.10 and 4.11. Furthermore, one ("Be ground state reorien-
tation only)- and two (“Be ground state reorientation and excitation of the first excited state)-
channel calculations were performed and the results are compared with the data in Figures
4.12 and 4.13. The agreement of the data with the full CDCC calculations is very good, while
it is seen that the coupling to inelastic excitations of "Be is unimportant and couplings to
continuum are substantial but not very strong. Furthemore, our CDCC calculations provided
breakup angular distributions (Subsection 4.2.2) and total breakup cross sections. The last

are included in Table 4.5.
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Figure 4.8: Present angular distribution data for the elastic scattering of "Be + 28Si at the energy
of 22.0 MeV (E/Vc.b.: 1.90), designated with the red stars, are compared with a CDCC' calculation
which is denoted solid blue line. The dashed red line represents our best fit optical model calculation.
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Figure 4.9: Same as in Figure 4.8 but for the energy of 19.8 MeV (E/Vab.: 1.71).
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Figure 4.10: Same as in Figure 4.8 but for the energy of 17.2 MeV (E/Vc_b_: 1.48).
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Figure 4.11: Same as in Figure 4.8 but for the energy of 13.2 MeV (E/Vc_b_: 1.14).
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Table 4.5: Breakup cross sections for the "Be + 28Si system, as they were deduced from our
CDCC calculations.

Energy (MeV) Breakup (mb)

22.0 13.4
19.8 10.5
17.2 7.4
13.2 3.4
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Figure 4.12: Elastic scattering data for "Be + ?88i at 22.0 MeV (top) and 19.8 MeV (bottom) are
compared with 1 - channel, 2 - channel and full CDCC calculations.
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Figure 4.13: Elastic scattering data for "Be + ?88i at 17.2 MeV (top) and 13.2 MeV (bottom) are
compared with 1 - channel, 2 - channel and full CDCC' calculations.

4.2 Reaction Mechanisms

4.2.1 Fusion Cross Sections

As it was mentioned in Chapter 3, the a-particle production angular distributions are for-
ward peaked but they also extend to more backward angles with substantial cross sections.
This fact indicates the presence of both direct and compound nucleus formation mechanisms.
In order to disentangle the compound nucleus processes from the direct ones, we follow the
same technique as applied previously for the ®"Li + 28Si systems [54,60,78]. The angular
distributions from evaporated a-particles were calculated within the statistical model frame-
work [182] via code PACE2 (Projection Angular-momentum Coupled Evaporation) [132]. In
the code, optical potential parameters for the evaporation of a-particles were introduced from
the work of Huizenga and Igo [183] based on a-particle scattering from very low energies up
to 50 MeV, and 20 target nuclei with 10 < Z < 92. The level density parameter was taken
as A/8 MeV ™!, and compound nucleus spin distributions were calculated taking into account

the Bass nuclear potential [184].

The calculated angular distributions were renormalized to the data of the backward de-

91



tectors, T3 and Ty. The procedure is illustrated in Figure 4.14 for 22.0, 19.8 and 13.2 MeV.
In the latter case, due to low statistics, data for the middle and backward detectors were
summed over the whole detector and the obtained differential cross sections were assigned to
the middle angle of each detector. The renormalized compound nucleus angular distributions

were integrated over angle and the a-particle production due to compound nucleus formation,

@
compound?

into account the best fits and a reduced y?-plus-1 analysis [(XQ /N) + 1]. The statistical model

o was obtained. The values are included in Table 4.7. The errors were assigned taking
code PACE2, provides also the multiplicities for the evaporated a-particles. Therefore, it was
possible to deduce fusion cross section at three near barrier energies. However, it should be
noted that the determination of fusion cross sections may be liable to possible shortcomings of
the statistical model code. A comprehensive analysis of 8B fusion data in various compound
nucleus models [185], has pointed out this issue. Our case is slightly different, since the pa-
rameter introduced in the evaporation code, that is the total fusion cross section, does not
affect the extracted values of fusion cross sections as the calculated angular distributions are
renormalized to the backward angle experimental data. However, the a-particle multiplicities
are sensitive on the choice of the level density parameter and the optical potential parameters
for the evaporation of a’s. This may introduce uncertainties in the determination of fusion

cross sections.

In this direction, test adopting different level densities or different optical potential param-
eters were carried out. By varying the level densities approximately + 6% (A/7.5 or A/8.5),
the calculated multiplicities are larger or smaller 1% to 2%, introducing a negligible error to
the fusion. Thus, we have estimated the error introduced in the multiplicities by using three
different sets of optical model parameters from the work of Huizenga and Igo [183], McFadden
and Satchler [186] and Satchler [187]. The last two are based on the analysis of 24.7 and
28.0 MeV a-particle scattering on various targets with atomic numbers, 8 < 7 < 92 and 10
< 7Z < 50 respectively. The calculated multiplicities together with the mean and a standard
deviation are presented in Table 4.6. Subsequently, using the a-particle multiplicities and the
cross sections due to compound nucleus formation, fusion cross sections were deduced. The

values are included in Table 4.7 and they are also compared with a single barrier penetration
model (BPM) prediction of Wong [74].

The fusion cross sections, presented in Table 4.7, were considered in a systematics involving
other, stable, weakly bound and radioactive projectiles on the same or similar mass targets
(*"Al, 28Si). However, in order to compare fusion cross sections corresponding to various

systems, the different data sets should be reduced appropriately such as to exclude static
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Figure 4.14: Present angular distribution data for the * He particle production at the energies of a) 22.0
MeV, b) 19.8 MeV and c) 13.2 MeV. The solid blue line represents a calculation with the evaporation
code PACE2 renormalized to the backward angle data. For the energy of 13.2 MeV, the black square
represents the experimental datum minus the estimated contribution from direct processes, since in
that case we expect significant direct contribution.
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Table 4.6: «a-particle multiplicities obtained via statistical code PACE2 [132] using three dif-
ferent sets of optical potentials. The second column includes multiplicities using the Huizenga
and Igo potential [183], M1, the third column using the McFadden and Satchler potential [186],
M2, the fourth column using the Satchler potential [187], M3, while the last column includes
the mean of these multiplicities, M,,ean, and the standard deviation.

Energy (MQV) M1 M2 M3 Mmean
22.0 0.63 0.55 0.58 0.59 £+ 0.04
19.8 0.57 0.50 0.52 0.53 £ 0.04
13.2 0.37 0.31 0.34 0.34 £ 0.03

effects for each system arising from the different barrier heights, radii and curvatures. The
reduction procedure adopted in this work follows the prescription described in Refs. [169-172],
based on a single barrier penetration model of Wong. Wong has approximated the barriers
for different partial waves, £, by inverted harmonic oscillator potentials of height Vg, and
frequency wy. By using the assumption that the radii and curvatures of the potentials do not

vary with angular momentum, Wong obtained for fusion the following analytic expression:

27T(Ec.m. — VB)
huw

2
0_W0ng . hWRB
fusion 2Ec.m.

xIn |1+ exp (4.3)

Into this context, fusion cross sections can be reduced to fusion functions, F(x), as a

function of quantity x, according to the following relations:

2E.m.
O fusion — F(x) = hio R2 * O fusion (4.4)
B
and
Ec m. Vi
Eem —0=——"—— " &5 (4.5)
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Table 4.7: Details of our results for the compound nucleus channel. The second column in-
cludes the cross section for the a-particle production due to compound nucleus formation. The
third column includes the a-particle multiplicities obtained via the statistical code PACEZ2. The
fourth column includes the extracted fusion cross sections, o fysion, and the last column a pre-
diction for fusion cross section according to a single barrier penetration model of Wong [7/].

Energy (MeV)  0%,00uma (Mb) o multiplicity O fusion (Mb) ‘7%2?511 (mb)
22.0 511 £ 87 0.59 + 0.04 866 + 159 910
19.8 419 + 105 0.53 +£ 0.04 791 £ 205 791
13.2 50 £+ 18 0.34 &£ 0.03 147 £+ 54 202
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Figure 4.15: Reduced fusion cross sections for various stable and weakly bound (stable or radioactive)
projectiles incident on 2" Al and *88i targets as a function of parameter z (reduced energy). The
reduction was made according to Refs. [169-172]. The solid black line represents the Universal Fusion
Function, UFF, defined in [171]. Previous data were taken from Refs. [78,83, 177, 188-192].
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Figure 4.16: Ratios of fusion functions for Li + ?88i versus " Li + 22Si compared with ratios of fusion
functions for S Li + 28Si versus " Be + 22 Si as a function of parameter x (reduced energy). Other ratios
for S Li versus " Li on various low and medium mass targets are also included.

Fusion functions, F(x), were determined for various systems and they are compared among
themselves in Figure 4.15. The potential barrier parameters namely, barrier heights Vg, radii
Rp and curvatures hw for the different systems were obtained using the Christensen-Winther
potential [174] and are included in Table 4.3. Looking in Figure 4.15, present and previous
data follow the same trend as the Universal Fusion Function (UFF), defined in Ref. [171] as:

Fy(z)=1In [1 + exp (27r:1:)] : (4.6)

and show good consistency between each other as well as the UFF to within an uncer-
tainty band of 10% to 20%. Variations between the data and the UFF are expected since the
experimental values for fusion, are given, in principle, at least with an error ~ 10%. Also,
Wong’s approximation does not take into account couplings to direct mechanisms like breakup

or transfer which are expected to be important around and below barrier. However, to assign
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such variations with significance to a particular coupling scheme, the uncertainties to fusion
cross sections should be small, which is not in the present case. Nevertheless, we may try to
map variations between fusion cross sections obtained for °Li and “Li with those for "Be, in
order to strengthen (or not) our results obtained from the optical model analysis that point to
a similarity between the two mirror nuclei, Li and “Be. In this direction, ratios of fusion func-
tions for %Li to those for Li and "Be were formed. Comparisons of previously measured data
for S7Li + Mg [82], &7Li + 28Si [78], ®"Li + 28Si [83], ®"Li + %°Co [80] and %7Li + 5Zn [81]
with present results are shown in Figure 4.16. It is seen that hindrance of fusion cross sections
for “Li with respect to those of 5Li, starts near barrier (already at ~ E= 1.1V, R= 1.5) and
it reaches the order of ~ 70% well below barrier. The same trend is met for the present data
indicating a similarity between "Be and 7Li rather than °Li as theory had predicted for elastic
scattering in Ref. [179]. However, it should be noted that in Ref. [179], CDCC calculations
were performed for the elastic scattering of ©Li and “Be on the heavy 2°°Pb target, where

couplings to breakup could play an important role.

4.2.2 Direct Reactions Cross Sections

In the previous Section, cross sections due to compound nucleus formation were determined
by renormalizing the theoretical compound nucleus angular distributions to the backward angle
data of the experimental (total) a-particle angular distributions. By subtracting from the ex-
perimental (total) cross sections the renormalized compound values at each angle, the angular
distributions due to direct mechanisms were obtained. As it was already mentioned in Chap-
ter 3, different direct processes contribute to the a-particle cross section. Theoretical angular
distributions for the n-pickup and n-stripping processes were obtained in the DWBA frame-
work, while for the breakup the o angular distributions were obtained in a CDCC framework.
The relevant transformations of the theoretical angular distributions from the center-of-mass
frame to the laboratory one were performed using the same Monte Carlo code used in the
spectrum simulations. The so obtained angular distributions are compared with the data in
Figure 4.17. Looking at Figure 4.17, it can be seen that the a-particle production due to these
processes is small. The remaining part should be therefore attributed to an *He stripping pro-
cess, but which cannot be quantified by DWBA calculations due to the lack of the appropriate

spectroscopic factors (see Subsection 4.2.3).

For the *He-particle production, the only two contributing mechanisms are the “He strip-
ping and the breakup. However, due to the low statistics and the geometrical efficiency of our

detector setup, coincidence events between *He and *He particles, a clear signature of an ex-
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clusive breakup event, were not recorded. Therefore, integrating the *He angular distributions,
we can provide an inclusive cross section for both reaction channels. The results are given in
Table 4.8. Moreover, theoretical angular distributions for the *He stripping and breakup were
obtained in the DWBA and CDCC frameworks respectively and are compared to the exper-
imental data in Figure 4.18. The “total” angular distributions, obtained as the sum of the
angular distributions for the breakup and “He stripping, are in reasonable qualitative agree-
ment with the experimental data, while underestimate them in absolute magnitudes. This may
be explained from the fact that absolute spectroscopic factors for a transfer, introduced in the
DWBA calculation for the 28Si("Be,>He)32S reaction, are notoriously ill defined. The values of
the spectroscopic factors extracted from experiments with the same target but using different
reactions and at different energies, may vary by a factor of 5 or more. Therefore, taking into
account that according to CDCC calculations, which described in a very good way the elastic
scattering data, the contribution of the breakup channel is small, we can say that the bulk
of the 3He production is attributed to “He stripping. This is consistent with previous data
concerning the “Be-+%¥Ni system [67] and it seems to be a more general property of reactions
involving weakly bound nuclei presenting a cluster structure. For example, in Ref. [57], where
exclusive measurements are reported for "Li+?Nb, t stripping is suggested as the main direct

mechanism for the o production.

Finally, having obtained cross sections for the 4He production due to direct mechanisms
and fusion cross sections, total reaction cross sections were deduced by summing these two
components. To avoid double summing the breakup channel, present in both 3He and *He-
particle production, we have subtracted the breakup cross section estimated via the CDCC
calculations. Also, to avoid double counting of a’s from the decay of ®Be (n-pickup reaction)
which breaks into two « particles, we have subtracted the cross section estimated via the
DWBA calculations. Both these contributions are very small and do not significantly affect
the final result. The values of the total reaction cross sections, extracted from the a produc-
tion measurement, are given in the sixth column of Table 4.8. Also, a comparison between
these values and the ones obtained from the present optical model analysis, from our CDCC
calculations and a prediction formula described in Ref. [68] is presented in Table 4.9. All val-
ues are in very good agreement with each other indicating the validity of the measurements.
Subsequently, ratios of the direct versus total reaction cross sections were formed. The present
ratios are compared with previous ones for the systems ®"Li + 28Si [68, 78] in Figure 4.19.
The trend of the energy evolution of the ratio for the three projectiles is the same, that is
approaching the barrier from higher to lower energies, the contribution of the direct channels

becomes larger. However, the present data seem to follow in magnitude those of "Li rather
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Table 4.8: *He and 3He- particle production cross sections. The second column includes the
cross section for * He-particle production. The third and fourth columns include the *He- and
3 He- particle production cross sections, respectively, due to direct mechanisms. The fifth column
includes total cross sections due to the direct channels, deduced as the sum of *He and ®He
cross sections after subtracting a small part due to breakup and due to double a-production
in the 8Be + 27Si channel. The breakup cross sections were estimated in a CDCC approach
resulting 13.4 mb, 10.5 mb and 3.4 mb for 22.0 MeV, 19.8 MeV and 15.2 MeV respectively.
The transfer pickup was estimated in a DWBA calculation and the parts subtracted were 12.5
mb, 12.0 mb and 5.0 mb for 22.0 MeV, 19.8 MeV and 13.2 MeV respectively. Finally, the
sixth column includes total reaction cross sections by summing fusion cross sections and direct
cross sections (the fifth column of this table and the fourth column of Table 4.7).

Energy (MQV) O-g)tal (mb) O-girect (I’Ilb) Uzgzct (mb) Odirect (mb) Uafproduction (mb)
22.0 763 £ 69 252 £ 111 114 £ 17 340 £ 112 1206 £ 195
19.8 653 £ 72 234 £ 127 101 £ 19 312 £ 128 1103 £ 242
13.2 131 £ 26 81 £ 32 30 £ 8 103 £ 33 250 + 63

Table 4.9: Total reaction cross sections for “ Be + ?8Si extracted from the a-production analysis,
O a—production, are compared with values deduced in the present optical model analysis, oo,
as well as with the theoretical values extracted from our CDCC calculations, ccpcc and a
phenomenological prediction [08], 0prea. The first column includes projectile energies incident

in front of the target and the second column breakup cross sections, oy,, deduced from our
CDCC calculations.

Elab (MGV) Opy (I’Ilb) Oa—production (mb) Uopt (mb) ocpcc (mb) Upred (mb)
22.0 13.4 1206 £ 195 1124 + 148 1130 1118
19.8 10.5 1103 £ 242 1072 £ 163 1020 990
17.2 7.4 - 738 £ 190 831 779
13.2 3.4 250 £ 63 355 £ 95 401 347

than those for Li. This indicates larger contribution of direct processes for the two mirror
nuclei than for SLi. Approaching the barrier from higher to lower energies, direct channels
exhaust the largest part of the total reaction cross section (70% of the total reaction cross
section) and this may be the reason for fusion hindrance, observed for "Li and “Be compared
to SLi (Figure 4.16). It should be underlined that more data for the “Be below barrier are

needed, in order to draw firm conclusions.

4.2.3 DWBA Calculations

The direct reactions (except the breakup one) leading to *He and *He- particle production

were described in the DWBA framework [123]. In all cases, the potential of the entrance
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channel ("Be + 8Si) was described using the global "Li optical model parameters of Cook

[193]. For the rest of the details, we will refer to each reaction seperately starting with the

28Si("Be,5Be)*Si reaction.

Considering the unbound nature of °Be, there are no optical model parameters available for
reactions involving this nucleus. Instead, the global °Li optical model parameters of Cook [193]
were used. Stripping to both the 0% ground state and 1.67 MeV 2% resonances of °Be was
included. The spectroscopic factors for the <7Be | 5Be + n>over1aps were taken from Ref. [194].
The valence neutron was bound to a °Be core in a Woods-Saxon well of radius 1.25 x A3 fm
and diffuseness 0.65 fm. A Thomas-form spin-orbit potential of the same geometry and fixed
depth of 6.0 MeV was also included, while the depth of the central well was adjusted such as
to reproduce the experimental binding energy. Moreover, stripping to the following states of
29Si was included: 0.0 MeV 1/2%, 1.27 MeV 3/2%, 2.03 MeV 5/27, 3.62 MeV 7/27, 4.94 MeV
3/27 and 6.20 MeV 7/27. The spectroscopic factors for the (*Si | ?Si + n)overlaps were
taken from Ref. [195].

For the ?8Si("Be,®Be)?"Si reaction, since ®Be is also unbound, the global “Li optical model
parameters from Ref. [193] were used for the exit channel potential. Pickup to both the 0
ground state and 3.03 MeV 27 resonances of ®*Be was included and the spectroscopic factors
for the <8Be | "Be + n>overlaps were taken from Ref. [194]. The valence neutron was bound to
a "Be core in a Woods-Saxon well of radius 1.25 x A'/3 fm and diffuseness 0.65 fm. A Thomas-
form spin-orbit potential of the same geometry and fixed depth of 6.0 MeV was also included,
while the the depth of the central well was adjusted such as to reproduce the experimental
binding energy. Moreover, pickup leading to the following states of 27Si was included: 0.0 MeV
5/2%,0.78 1/2% and 0.96 MeV 3/2". The spectroscopic factors for the (**Si | *Si + n)overlaps
were taken from Ref. [196]. In this reaction, the ®Be ejectile decays to two « particles. This

was taken into account in producing the angular distributions illustrated in Figure 4.17.

The calculations for the 28Si("Be,*He)3!S reaction are more erratic, since there are no suit-
able spectroscopic factors available in the literature for the <3IS | 28Si + 3He>overlabps. The
only experimental indication for population of states in 3'S comes from a measurement of
the 28Si(6Li,>H)3!S reaction [197]. Here the 0.0 MeV 1/2%, 1.25 MeV 3/2T, and 4.45 MeV
7/2” states were the main states observed in 3!S. The Q-matching conditions for this reac-
tion favor the population of highly exited states (E... > 10 MeV) close to or above the *He
emission threshold. Therefore, such calculations were not performed since there is insufficient

information available to yield meaningful results.

Finally, in case of the 28Si("Be,>He)?2S reaction the global *He optical model parameters
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of Ref. [198] were used for the exit channel potential. The spectroscopic factor for the <7Be |
*He + *He)overlap was set equal to 1.0 and the *He + *He binding potential was taken from
Ref. [199]. Stripping leading to the following states in 32S was included: 0.0 MeV 01, 2.23
MeV 27, 3.78 MeV 07, 4.46 MeV 4%, 5.01 MeV 37, 5.80 MeV 17, 6.76 MeV 37, 7.43 MeV
17, and 8.49 MeV 1~. Since the last two states are unbound with respect to the *He emission
threshold of 32S, the form factors in this particular case were calculated using the weak binding
energy approximation with a “binding energy” of 0.01 MeV. For these states, spectroscopic

factors were considered from the reaction 2*Si(°Li,d)*?S reported in Ref. [200].
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Figure 4.17: Angular distributions for a-particle production due to direct processes at (a) 22.0 MeV,
(b) 19.8 MeV and (c) 13.2 MeV. Experimental data are denoted with the black open circles, DWBA
calculations for neutron stripping with the dashed green line and for neutron pickup with the dotted
cyan line, while CDCC' calculations for the breakup are denoted with the dotted-dashed blue line. The
sum of the three processes is depicted with the solid red line. The remaining part may be attributed to
3He stripping. The multiplication factors are arbitrary for a better display of the various processes.
Errors in the data are solely due to the experimental uncertainties of total o production.
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Figure 4.18: Angular distributions for 3 He-particle production at (a) 22.0 MeV, (b) 19.8 MeV and
(c) 13.2 MeV. Experimental data are denoted with the red circles, DWBA calculations for the *He
stripping with the dashed green line and CDCC calculations for the breakup are denoted with the
dotted-dashed blue line. The sum of the two processes is depicted with the solid black line. The
multiplication factor (panel c) for breakup is arbitrary, for a better visual view.
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Figure 4.19: Energy evolution of ratios, R, of direct to total reaction cross sections. The present results
for "Be + 288i, designated with the solid blue circles, are compared with previous results for SLi +
8 Si(red stars) and "Li + 28Si(green square) [17]. They are also compared with a phenomenological
prediction(solid blue line) for "Be + 22Si, outlined in Ref. [68]. Previous calculated ratios for ®Li +
288i and "Li + 22 Si are also shown as the dotted-dashed red line and dotted green line, respectively [78].
These calculations were based on total reaction cross sections deduced from a CDCC calculation and
fusion cross sections deduced from a BPM model. In the latter case an energy dependent potential was
taken into account, derived from the CDCC calculations according to the prescription of Thompson
[201]. The open circles correspond to the present DWBA calculations, multiplied by 5 to match the
data.
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Chapter 5
Conclusions - Summary

In the present work, we have investigated the elastic scattering and the relevant reaction
mechanisms for the system "Be + 28Si at near barrier energies. Angular distribution for the
elastically scattered "Be ions were obtained at four energies, namely 22.0, 19.8, 17.2 and 13.2
MeV (E/Vab.: 1.14, 1.48, 1.71, 1.90), while angular distribution for the reaction products
3He and “He, the cluster constituents of “Be, were obtained at 22.0, 19.8 and 13.2 MeV.

The elastic scattering data were analyzed into a double folding framework by using the
BDM3Y1 interaction and the energy evolution of the real and imaginary part of the optical
potential was deduced. Due to the large errors, it was not possible to draw firm conclusions
solely from the elastic scattering data but only in conjunction with the a - production ones.
However, from the elastic scattering data, the trend seems to be compatible with a standard
threshold anomaly at least in what concerns the imaginary part, with a decreasing magnitude
as we approach the barrier from higher to lower energies. The agreement of the present
data with a dispersion relation cannot be confirmed, as in the critical position of the real
potential, where a peak should appear, we possess only one datum. On the other hand, taking
into account all information relevant to previous data of ®7Li + 28Si, analyzed in the same
framework as is the present case, we can in principle conclude that both mirror nuclei, “Li
and "Be present the same energy dependence of the optical potential. This is close to the
standard threshold anomaly, from the point of view of the decreasing imaginary potential but
where possibly the dispersion relation does not hold [19]. This evidence, if combined with the
results of the « - production data, collected at the same experiment and reported in Ref. [160],
indicates with some confidence the similarity between the two mirror nuclei. In Ref. [160], the
fusion hindrance of both “Li and "Be versus °Li was reported and the similarity between the

two mirror nuclei was suggested. Based on the fact that two different reaction channels yielded
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the same result, we can confirm in this study the similarity between the two mirror nuclei, “Li
and "Be.

Our optical model analysis also yielded total reaction cross sections which were found to
be in very good agreement with the values obtained via the present analysis of 3*He-particle
production and global phenomenological predictions [68]. As total reaction cross sections are
traditionally used to restrict the imaginary part of the optical potential, this compatibility
further supports our result for the energy dependence of the optical potential. This raises
questions for the dependence of the new or the standard threshold anomaly on the breakup
threshold. “Be nucleus has a breakup threshold of 1.59 MeV similar to that of °Li, 1.47 MeV,
and not of "Li with 2.47 MeV, but still it resembles rather its mirror encounter and not Li.
Further on, our total reaction cross sections were also considered in a systematic framework
and were found in very good compatibility with results of other weakly bound, stable as well

as radioactive, projectiles on similar mass targets.

For a more global description of the elastic scattering data, we have performed one, two
channel and full CDCC calculations. It was found that the coupling to inelastic excitations of

"Be is unimportant, while couplings to continuum are substantial but not very strong.

From the point of view of reaction mechanisms, according to the measured light-particle
production and the calculations of relevant compound-nucleus and direct single neutron strip-
ping and pickup reaction processes, large *He- and *He-stripping channels may be inferred.
These were obtained by subtracting from total direct cross sections the single neutron strip-
ping and pickup channel contribution. It should be noted that the DWBA calculations [123] of
single neutron stripping and pickup should be reasonably quantitatively accurate, since such
processes are usually well described. Also, the contribution of the breakup to the *4He-particle
production is estimated to be small according to our CDCC calculations. Therefore, strong

3He-*He reaction channels are inferred.

The relevant DWBA calculations for the 28Si("Be,*He)3!S and 2*Si("Be,*He)3?S reactions
which might shed more light on the large *He- and “He- particle production are erratic. The
optimum Q-values vary from -4 to -8 MeV and -4 to ~-9 for the first and the second reaction
respectively, for incident energies of 13.2 to 22.0 MeV. This implies preferential population
of states in the residual nucleus at excitation energies where no spectroscopic factors are
available. Thus, theoretical calculations for the **Si("Be,*He)*'S were not performed. In
case of the 2Si("Be,>He)*?S reaction, DWBA calculations were performed, using the available
spectroscopic factors which however correspond to a limited excitation energy range in the 32S

covered by the Q optimum value. It was found that the calculations underpredict the data.
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This may be due to the fact that absolute spectroscopic factors for a transfer reactions are
ambiguously determined and in fact, factors of 5 or more between values for the same target
obtained with different reactions and at different bombarding energies are common. This may
easily explain why, although the DWBA calculations are in reasonable qualitative agreement

with the data, underpredict their absolute values.

The compound nucleus contribution to the total a-particle production was estimated by
renormalizing the theoretical angular distributions from evaporated a-particles, calculated
within the statistical model framework [182], to the backward angle data, enabling the direct
component to be separated. Subsequently, using the a-particle multiplicities, calculated in the
same statistical framework, and the cross sections due to compound nucleus formation, fusion
cross sections were deduced. Fusion cross sections were considered in a systematics involving
other, stable weakly bound and radioactive projectiles on the same or similar mass targets and
present good consistency between each other as well as the UFF to within an uncertainty band
of 10% to 20%. This does not preclude the behavior observed below the barrier for the same
projectile but heavier targets, where small to very large enhancements have been reported.
It is therefore an open question whether fusion below the barrier for proton rich nuclei is
enhanced, in contrast to the behavior of neutron rich nuclei, and whether this is connected
with the target mass. It should be underlined, however, that the present results, considered in
a systematic framework with the low mass target 2*Si, indicate a hindrance of fusion below the
barrier rather than an enhancement. This hindrance was observed before for “Li on various

targets [78,80-83] indicating a similarity between the two mirror nuclei.

Total reaction cross sections were formed as the sum of direct and fusion cross sections and
the energy evolution of the ratio direct to total was mapped. The energy evolution for the
system under study exhibits the same increasing trend approaching the barrier from higher
to lower energies as for the stable weakly bound projectiles SLi and 7Li on the same target.
However, the results follow in magnitude those for “Li, where we observe larger direct to total
ratios due to an enhancement of transfer channels at the expense of fusion. Indeed, the present
fusion results for "Be, if compared with those for ©7Li on the same target, 28Si, are in perfect
agreement with previous results for “Li. This fact, as it was already mentioned above, together
with the results obtained from our optical model analysis present a strong evidence that "Be

resembles its mirror nucleus, "Li, and not °Li one.

In summary,

The energy dependence of the optical potential was sought for the system “Be + %*Si at near
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barrier energies via elastic scattering measurements. Comparisons between ‘Be -present data
and %7Li -previous data on the same target showed that, “Be resembles its mirror nucleus and
not °Li one. The behavior of imaginary part of the optical potential is compatible with the
standard threshold anomaly, while the real part cannot be definitely interpreted into dispersion
relations framework, due to the limited data points around Coulomb barrier. It should be noted
that the similarity between "Be and “Li is also validated from the analysis of fusion data, where
fusion hindrance is indicated below barrier for both "Be and “Li nuclei. This may be related
to the large transfer cross sections, observed for the two mirror nuclei, which act at expense
of the fusion ones. In our case, the bulk of the transfer cross sections is attributed to 3He and

“He stripping reactions.
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Appendix A

Event by event analysis code

The event by event analysis was performed with the data analysis package ROOT [155].
For that, the information provided by the two PPAC’s and the DSSSD detectors was used
in order to determine the scattering angle for each event. Three different subroutines were
written in C language. The philosophy of the subroutines implemented in the ROOT code is

described in the following three steps:

1. Beam particle trajectory reconstruction between PPAC’s-target

The first step is referred to the reconstruction of the beam particle trajectories via the
information of the two PPAC’s and therefore to the incident angle in the target. The
two PPAC’s are X-Y position sensitive detectors. When the beam particles are passing
through the sensitive volume of a PPAC, an electron avalanche is created and the charge
is collected by the anode wires. The signal produced by the avalanche is traveling through
the anode wires towards the delay lines both on X and Y directions. Reaching the delay
line, the signal is splitted into two direction (up and down or left and right). The
time difference of the arrival time of the signal between the two ends of the delay line
is proportional to the position of the incident particle. Absolute measurements of the
position of the particles are obtained after calibrating the PPAC’s as it was described in
Chapter 2. Subsequently, by plotting the differences (Up-Down) and (Left-Right) we are
able to determine the coordinates necessary to reconstruct the beam particle trajectories
for each particle (X4,Y a,Z4) and (Xp,Y5,Zp) for PPAC,4 and PPACg respectively with
Z the distance from the target. The equation of a trajectory (straight line) that passes
through the points A(X4,Y 4,Z4) of PPAC,4 and B(Xp,Y 5,Zp) of PPACgp is given by the

expression:
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X-Xy Y-Yy Z-Zg N
Xp— X4 Yp—Yy Zp—Za A

By using equation A.1 we can determine the reaction position on the target (X;,Y;) as

follows:

7, — 7y

Xi=Xp+———F(Xp—X

= X+ =2 (X~ Xa) "
Zy— 4 '

K:YB+H(YB_YA)

where Z; has to be substituted with the known coordinate in the target position, Z;= 0.

. Determination of the scattering angle assuming a point like beam
spot

After the reaction occurs on the silicon target, the “Be ions are scattered at various
angles and are detected by six AE-E DSSSD telescopes. For the determination of the
scattering angle we need for each event to know the coordinates on the target as well as
the coordinates on the strip that the event is detected. For reasons of simplicity in this
step we consider the beam to be pencil like and the reaction to occur in the middle of

the target. Subsequently, the coordinates of the strips have to be determined and will
be described below.

The position information is represented by two numbers, corresponding to the combina-
tion of the vertical and the horizontal strips (pixel) that a particular event is detected. In
order to obtain this information in absolute values, we have to determine the coordinates
corresponding to each vertical and horizontal strip with respect to the target position.

Starting with the coordinates of the central pixel of the detector, we may write [202]:

0.50 * Xgim
X, =/sin(0,) — SR dim cos(0.)
N
Y,C _ 050 * }/dz'm (A3)
N
0.50 % Xgim .
Ze.=/Lcos(b.) + % sin(6.) |,

where / is the distance between the target and the center of each telescope, 6. is the mean
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polar angle of each telescope (see Table 2.2), Xy, and Y gy, is the width and the height of
the detector respectively and N is the number of strips included to the detector. Then,
assuming a point like beam spot on the target position, using the following recursion
relations the coordinates of each strip are determined with respect to the target position

0(0,0,0) as [202]:

) ) -
X, — (7 n/ ) * Adim COS(‘gc) ’ ifn = 0,2,4,..,12
N
Xs(n) =\ X itn =14 (A4)
()2 —7) % Xy |
X+ (n/ ]7\]) * Xdim cos(6.)|, if n=16,18...,32
L i J

Y, +0.40 % (7T — k/2), ifk=0,2,4,.,12
Yi(k)={v., if k = 14 (A.5)
Y, — 040 % (k/2 —7), if k= 16,18...,32

o i
Zoy |25 Xaon gy, it n=0,2.4,..12
N
Z(n) =1 7. if =14 (A.6)
[(n)2 = 7) * X4 _
Zc B (n/ ]7\2 * Adim Sin<90> , ifn= 16’ 18..., 32
| |

where n(k)€[0,32] is the number of each vertical(horizontal)strip as it is registered in the

root file.

. Determination of the scattering angle using a finite dimensions
beam spot

Step 2 refers to the ideal case of a point like beam spot on the target. However, the
beam spot has finite dimensions and thus the reaction position on the target is different
from the O(0,0,0) one. The correct position was already determined in step 1. Using
this information, the position on the strip has to be corrected. The coordinates of each

strip now with respect to the real reaction position for each event are given as:
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Y (k) =Y,(k) - Y, (A7)

Having obtained the coordinates of each strip with respect to the reaction vertex on the
target, we can associate to each event a scattering angle 6 based on the coordinates of

the pixel(n,k) that the particular event is detected as follows:

1 Z(n)
VX(n)2+Y (k)2 + Z(n)?

6 = cos™

(A.8)

. Determination of the differential cross sections

Events with the same angle or with an angle inside an angular range corresponding to a
particular vertical strip of each EXPADES detector (Af~ 2°) are summed up both for
the elastic scattering on the silicon target as well as for the elastic scattering on a lead
target used for the determination of the solid angles, and the differential cross sections

are deduced via the following equation:

. _ 0- ) K
Ratio = 5N x I, (A.9)
Ruth Pb
where Ng; and Np, are the event by event counts corresponding to every strip (Af~ 2°)
collected with the silicon and lead targets respectively and the constant K is determined
assuming that at small scattering angles the ratio o/o% ,, between elastic scattering

cross sections and Rutherford cross sections is 1.0.
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Appendix B

Simulation Code

To obtain the alpha energy spectra arising from the decay of *Be nucleus (*Be—a+p+p),

a Monte Carlo simulation code was employed. The simulation code proceeds in four steps:

1. The angular distribution of the "Be + 28Si — Be + 2YSi reaction, calculated in the center
of mass system via code FRESCO [98], is fed as an input to the Monte Carlo code. Then,
0. angles are randomly generated for the heavy ejectile °Be with a frequency restricted
by the probability of the reaction. Pairs (6., ,P.m.) are formed taking into account the

following relation:

2M29Si(Ec.m. -+ Q — Ex)
MﬁBe(MﬁBe + MQQS@') 7

P.,. = Mspg, (B.1)

where Mespg, and Masg; is the mass of Be and ?°Si respectively, E.,,. is the energy of
the two-body reaction in the center of mass system, Q is the Q-value of the two-body
reaction and E, is the excitation energy of °Be nucleus. Subsequently, the pairs from the
center of mass system are transformed to the laboratory system (6;45,P1a5) by using the

appropriate jacobians.

2. The breakup process of the Be nucleus in its rest frame K is now considered. °Be breaks
up to three particles a + p + p. The momentum for the two fragments is randomly gen-
erated but restricted to a maximum energy equal to the binding energy of °Be. Also, the
polar and azimuthal angles (6, ¢) are randomly generated and therefore the momentum
components (P, P;y, P;,) where i=[1—a,2—p;], are defined. The momentum compo-

nent of the third particle (i=3—ps) is finally defined by applying conservation laws of
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momentum:

P3x = _(Plac + P2x) (B-Q)
Py = —(Pry + Pyy) (B.3)
P3z = _(Plz + PQZ) (B-4)

3. In this third step we combine information from the first two steps, that is the momentum
of °Be in the laboratory frame and the momenta of the fragments in the rest frame of
Be, for transforming the momentum components from system K to K’ according to the
prescription of Olimov et al. [159]. In this model the Z axis in the K system, is considered
at the same direction as P, (momentum of the 5Be nucleus in the laboratory system).
K’ is a system which is moving parallel to the K with relative velocity -V, with Vg
the velocity of the Be nucleus in the laboratory system. The momentum components
from system K to K’ system are evaluated applying a Galilean transformation through

the relations:

P, = P, (B.5)
P, =P, (B.6)
Pi,z = I)ZZ + Plaba (B7)

where P’;;, P’;, and P’;, are the momentum components of each fragment in the X', Y’
and Z’ axes respectively and Py, is the momentum of the ®Be in the laboratory reference

frame. Again the Z’ axis is considered at the same direction as Pjg.

4. After the evaluation of the momenta in the K’ system, a two-dimensional axes rotation is
made in order to transform the momentum components to the laboratory system using

the formulas:
P/’ =P, (B.8)
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Pil;b = P! sin(0y4) + Pl-’ycos(elab) (B.9)

P = P/ cos(01a) — P, sin(0ap), (B.10)

where P!, Piyl“b and P;.!® are the momentum components of each fragment in the
Xiabs Yiap and Zyq, axes respectively, while 0,4, is the angle of the °Be in the the laboratory

frame.

Having known the momenta of the fragments in the laboratory frame, the energy E;'e

and the angle 6, of each fragment are obtained through the relations:

(Plab)Z

Bl 2’7 (B.11)
(3
Pplab
6! — arecos [ = |, (B.12)
t Plab
(3

where i=[1—a,2—p1,3—ps] and P;!? is the the total momentum, P;.'® is the momentum
component in the Z;,, axis, and m; is the mass of each fragment. Finally, choosing the
angular range covered by our detectors, the data are sorted into energy bins with the

appropriate widths and thus, we are able to construct the energy spectrum of our interest.
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Appendix C

Tabulated cross sections

Table C.1: Quasi-elastic scattering ratios o /o run for the system "Be + 288i at the energy of
22.0 MeV.

Ocm. (deg) 0/ 0 Ruth Error
17.80 1.0900 0.0614
19.91 1.1102 0.0639
22.01 1.1018 0.0649
24.11 1.0609 0.0642
28.31 0.9491 0.0615
30.39 0.8911 0.0601
32.48 0.7943 0.0565
34.56 0.6726 0.0513
38.69 0.6464 0.0544
40.75 0.5145 0.0483
42.81 0.4293 0.0448
45.88 0.2920 0.0454
48.92 0.2231 0.0350
65.10 0.1048 0.0370
67.48 0.1419 0.0448
69.83 0.1185 0.0423
72.18 0.0464 0.0342
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Table C.2: Quasi-elastic scattering ratios o /o gun for the system "Be + 22Si at the energy of
19.80 MeV.

Oc.m. (deg) /0 Ruth Error
17.42 0.9729 0.0978
21.33 1.0536 0.0567
26.50 1.0685 0.0794
30.77 0.9503 0.1510
37.66 0.7343 0.3008
42.81 0.5786 0.0612
46.89 0.5022 0.0669
65.10 0.1922 0.0508
67.48 0.1489 0.0406
69.83 0.1728 0.0555
72.18 0.1115 0.0426

Table C.3: Quasi-clastic scattering ratios o /o gy for the system "Be + 28Si at the energy of
17.20 MeV.

Oc.rm. (deg) O'/O'Ruth Error
14.11 0.9655 0.0452
16.33 1.0095 0.0475
18.57 1.0371 0.0489
20.78 1.0517 0.0498
24.10 1.0757 0.0363
27.42 1.0826 0.0520
29.61 1.0984 0.0532
31.80 1.1203 0.0546
33.98 1.0668 0.0526
36.16 1.0546 0.0525
38.22 1.0660 0.0538
42.66 0.9624 0.0768
64.79 0.4279 0.0475
67.18 0.3942 0.0525
69.60 0.3320 0.0541
71.95 0.2663 0.0485
76.73 0.2350 0.0355
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Table C.4: Quasi-elastic scattering ratios o /o run for the system "Be + 22Si at the energy of
13.20 MeV.

Ocm. (deg) 0 /0 Ruth Error
18.86 1.0000 0.0164
23.06 1.0206 0.0202
29.35 0.9935 0.0270
33.52 0.9610 0.0327
37.66 1.0172 0.0414
41.78 0.9879 0.0496
66.34 0.9900 0.1560
71.00 0.8945 0.1558
75.80 0.8110 0.1532

Table C.5: Differential cross sections for the total a-production, (do./dQ)\% . for the system
"Be + %8i at the energy of 22.0 MeV.

O1ap (deg)  (do,/dQ)i®  (mb/sr)  Error (mb/sr)

16.16 384.50 25.03
20.71 323.05 27.46
26.12 224.30 12.80
31.83 177.42 8.70
36.54 110.67 7.04
56.61 54.49 4.26
65.31 52.60 6.19
71.07 39.42 8.22
80.00 35.75 8.51
100.23 35.02 7.15
110.85 31.93 5.36
117.93 27.48 5.50
124.22 32.73 7.23
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Table C.6: Differential cross sections for the total a-production, (do,/dQ)i . for the system
"Be + 288i at the energy of 19.8 MeV.

Orap (deg)  (do,/dQ)i®  (mb/sr)  Error (mb/sr)

16.16 284.06 2491
20.37 201.82 28.41
25.56 189.31 11.36
31.45 137.99 9.37
37.08 101.60 11.66
27.64 51.70 7.23
65.31 38.85 6.29
74.16 32.75 6.11
80.00 29.50 13.37
100.99 25.84 12.83
109.34 32.33 10.66
116.42 23.23 8.15

Table C.7: Differential cross sections for the total a-production, (do,/dQ)i% for the system
"Be + 28i at the energy of 13.2 MeV.

Orap (deg)  (do,/dQ)ie  (mb/st)  Error (mb/sr)

15.47 62.30 21.73
23.80 57.40 7.07
28.75 31.58 9.99
38.88 35.61 2.57
69.00 6.40 1.94
111.00 4.15 1.45

Table C.8:  Differential cross sections for the «-production due to direct processes,
(doo/dQ) ., for the system "Be + *5i at the energy of 22.0 MeV.

Oiap (deg)  (do,/dQ)lb . (mb/sr)  Error (mb/sr)

direct

16.16 290.73 18.92
20.71 236.97 20.14
26.12 149.30 8.52
31.83 108.50 2.32
36.54 47.96 3.05
56.61 10.25 0.80
65.31 11.41 1.34
71.07 1.89 0.39
80.00 1.25 0.30
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Table C.9:  Differential cross sections for the a-production due to direct processes,
(doo,/dQ ). .. for the system "Be + ?8Si at the energy of 19.8 MeV.

010 (deg)  (do,/dQ) . (mb/sr)  Error (mb/sr)

direct

16.16 205.21 18.00
20.37 127.32 17.92
25.56 122.63 7.36
31.45 79.78 5.42
37.08 50.74 5.82
57.64 16.36 2.29
65.31 6.85 1.11
74.16 2.60 0.49
80.00 0.50 0.23

Table C.10:  Differential cross sections for the a-production due to direct processes,
(do,/dQ)eb . for the system "Be + *Si at the energy of 13.2 MeV.

O1ap (deg)  (do,/dQ)lb . (mb/sr)  Error (mb/sr)

direct

15.47 55.19 19.25
23.80 50.95 6.23
28.75 25.28 8.00
38.88 30.27 4.74
69.00 2.32 0.93

Table C.11: Differential cross sections for the ®He-production, (dosg./d)iw, for the system
"Be + 28i at the energy of 22.0 MeV.

Orap (deg)  (dosge/dQ)ie (mb/sr)  Error (mb/sr)

16.16 98.22 10.75
20.71 72.80 13.31
26.12 56.30 9.32
31.83 39.57 6.72
37.28 26.57 2.94
55.58 12.70 2.33
61.26 8.31 2.49
67.97 4.93 1.45
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Table C.12: Differential cross sections for the ® He-production, (dosg./d))iw, for the system
"Be + 288i at the energy of 19.8 MeV.

Orap (deg)  (dosge/d)e (mb/sr)  Error (mb/sr)

16.16 100.23 24.89
24.39 72.98 19.39
28.70 45.76 8.69
32.77 30.95 4.51
37.72 30.86 5.31
55.16 9.31 2.56
61.26 5.52 2.77

Table C.13: Differential cross sections for the ® He-production, (dosg./dQ)iw, for the system
"Be + 288i at the energy of 13.2 MeV.

Orap (deg)  (dosge/d2)e (mb/sr)  Error (mb/sr)

17.73 20.73 7.24
23.49 15.46 6.64
34.12 16.13 4.01
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Appendix D

Error calculation formulas

The ratios o /a3, were deduced according to the following expression:

o Ng;
= R K, (D.1)
Ot NPb

R

where Ng; and Np, are the event by event counts corresponding to every strip collected with
the silicon and lead targets respectively and K is a constant which was determined assuming
that at small scattering angles the ratio o /o ,, between elastic scattering cross sections and
Rutherford cross sections is ~ 1.0. Using the error propagation formula [142], the error in the

ratio is calculated as follows:

2=ty () + (o)

S -+ (N£ Nsi)2 + ( _ Nsilt m>2 (D.2)

Pb N,
Ns; N2,
Sty (K2 + (k)
NPb NPb
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2

NZ o1 N2 1
Yo+ (%K?—) + (—§K2—>
NPb NS’L' NPb NPb

5 # (RaNLSi) N (RQNLPb) (D.3)

zziR*\/(NiSi) +(N%b>

The differential cross sections either for *He- or *He- particle production where evaluated

through the following expression:

do N

— =—x K/ D.4

A2 Npy (D-4)
where N is either the *He or “He yield for each strip, N p;, are the counts for each strip collected

from “Be quasi - elastic scattering to the lead target and the constant K’ corresponds to

K'= K % 0, (D.5)

with K being a constant determined by the quasi - elastic scattering data as it was described
in Section 3.2 and 0% ,, is the calculated Rutherford cross section in the laboratory reference
system for the elastic scattering of “Be on 28Si. Working in the same way as previously, the

error in the differential reaction cross section is calculated as follows:

(@) s V', (@) )’
Sy = (iz ) (iz )
t oN V) TGNy,
K’ 2 NK' 2
Zreact = ( m) + ( - 7V NPb) (D'6)
NPb pr
N N? 2
Zreact ==+ <—2K/2> + <—3K/2>
NPb NPb
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N? 1 N? 1
_ _K/Q_) <_K/2_)
Zreacrf :l:\/<N]23b N + N%b pr

Z7’eact = j:\l

Yireact = ij—g * \/(%> - (Nipb)

do 2i

)~ |G~

d021]
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Appendix E

AE-E technique

One important aspect in experimental nuclear physics is the particle identification. During
a nuclear collision, different types of reactions may occur leading to various reaction products
with different masses and energies. Thus, the discrimination between different ions may be
difficult due to overlaps between the energy peaks in the spectrum acquired with a single
detector. A widespread technique that allows the distinction between different ions is called
AE-E technique. A AE-E technique is adopted by using a thin detector followed by thick
one (or more). This detector array is called AE-E telescope. The energy deposition at the
fist layer of the telescope is rather small compared to that of second stage where usually the

particle stops.

The AE-E technique is based on the fact that the stopping power of the charged particles
when they interact with matter, depends upon their atomic number Z and mass M. When
a charged particle passes through a detector, a part of its energy is lost via electromagnetic
interactions with the detector material. Thus, for a given material, the higher is the ion
charge, the greater is the energy loss. The stopping power of an ion inside a detector material
is evaluated via the Bethe-Block formula [84]:

dE 172 7 N 2Omu’ 2 :
L TN |y By (g

do dreomeou? A, I

where Z; and u are the atomic number and the velocity of the incident ion respectively, Z,,,
A,, and p are the atomic number, the atomic weight and the density of the detector material
respectively, I is average excitation energy of the atomic electrons, m, is the electron mass, €q

is the vacuum permittivity and c is the speed of light. It is obvious from Equation E.1 that
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the energy loss increases as the square of the atomic number of the incident particle. For a

non-relativistic particle, we may express the kinetic energy Eg as:

1
Ey = §Mu2 (E.2)

where M is the ion mass. Solving for the velocity u, Equation E.1 is reduced to

E Z2M Am. B, 2F 25
d = K- In m O—ln(l 0) 0

= - — E.3
dx Ey IM Mc? M2 (E:3)

with K being a constant for a given material. In case of a AE-E telescope, the energy deposition
on the first stage of the telescope with thickness T is given by the integral of the energy loss

function over the detector thickness.

T
AE :/ —@da:
0 dl’

(E.4)
Z?M dm.F) 2F 2F
AE= KT | m = (1 220 ) = 220
B, M M)~ M
Taking into account that AE is very small compared to E, we may write that:
(AE + E)AE = EyAE
Zl-QM (E.5)

AFEx

E

Based on Equation E.5, by plotting the energy loss at the first stage of the telescope as a
function of the energy loss at the second stage, ions with the same atomic number and mass
will lie on the same geometrical place (hyperbola). Thus, by using AE-E technique we may

identify the different ions produced during nuclear reactions.
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