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ITepirandm

v mopoloa epyacia, 1 evepyoc datopr| tne avtidpaone 197 Au(n,2n) tpoodloploTnne TELUUOTING CYETIXG UE TNV
evepyd dlatopur; e aviidpaone 27 Al(n,a)?*Na oe evépyelec npoomintédviwy vetpoviov uetofd 9.0 xou 10.5 MeV
péow e TEXVXNE evepyomolnone. H oyeddv yovoevepyeiony| éoun vetpoviwy mophydn péow tng avtidpaong
2H(d,n)*He otov emtoyuvtd Tandem van de Graaff 5.5 MV tou EKE®E ¢ Anuéxpitoc * xou perethidnxe w¢ mpoc
TN CUVELC(ORE ‘TAPACLTIXDY VETPOVIKV YPNOULOTOIWVTAS TNY TEXVXY TOAATANG EVERYOTOMNONG XAl TOV XWX
anoouvéMEne SULSA. Ou evepyéc diatopéc tpogoddtnone tne deltepnc toopepolc xatdotaons (127) tou 196 Ay
%o TO GYpOIoUA TOV EVERYOY SLATOPOY Tpo@oddtnone e Yepehddous (27) xa npdtng toopepolc otddune (57)
npoadopiotnray aveldotnta. Bondnuxéc npocopoudoeic Monte Carlo npaypatonomidnxay ye tov xodxo MCNP.
OewpnTixol UToAOYIoHOL TWV AVWTEREL EVERYMY BLATOUWY GTNY evepYelaxn Teploy 8 pe 25 MeV npayyoatonouidn-
xav pe toug xwdixee STAPRE-F, EMPIRE xow TALYS, ot onolot cuyxpidnxay xat «¢ tpog v vhonoinor tou
Tevixeupévou Movtéhou Yreppeuostol (Generalised Superfluid Model). To Yewpnuixd anoteréopata ouyxpliin-
X0V UE TUAALOTERO ATOTEAECUATA 0TV (Blar Teploy 1) paldV amoxoAUTTOVTOC TNV Loy LeY| e€dpTnoT and To evepYEelaxd
OLAY P TWY CURPETEYOVTWY TUPNVEV.



vi



Abstract

In the present work, the '97Au(n,2n) reaction cross section is experimentally determined relative to the
2T Al(n,a)>*Na reaction at incident neutron energies of 9.0 to 10.5 MeV by means of the activation technique.
The quasi-monoenergetic fast neutron beam was produced via the 2H(d,n)*He reaction at the 5.5 MV Tandem
Van de Graaff accelerator at the NCSR “Demokritos” and was studied to determine the contribution of back-
ground “parasitic” neutrons using the multiple foil activation technique and the SULSA unfolding code. The
cross sections for the population of the second isomeric state (127) of 1%Au and the sum of the ground (27)
and first isomeric state (5~) population cross sections were independently determined. Auxiliary Monte Carlo
simulations were performed with the MCNP code. Theoretical calculations of the above cross sections in the
8 to 25 MeV region were carried out with the use of the STAPRE-F, EMPIRE and TALYS codes, which were
also compared in their implementation of the Generalised Superfluid Model (GSM). The theoretical results are
compared with previous work in the same mass region and the strong dependence on the level scheme of the
nuclei involved was revealed.
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Eiwcaywyn

H pehétn evepyddv Blatopdy mupnvixdy avtidpdoewy elvon éva depehiddec epyalelo tne mupnvixic uoxric. Méypl
ofpEEd, TOAG YewenTixd Lovtéla €youy avantuyDel Yl TNy TEQLYPAPY| TV TUENVLXGY UNyoviouy avtidpaone. H
Behtiwon twv Yewpnuxidv npofrédewy ue Bdorn ta povtéha auvtd euptdton and Ty UToEEN axpBV TELUUATIXGY
Bedopévey YLo TNy eXTIUNON TV (NUL-)EUTELPXODY TOPULETEWY TOU LTELGERYOVTAL GTOUC VewenTX0)¢ UTOAOYLOUOUC.

H napousia plag ioopepoic xatdotaons udhniol omy 6o Yuyateed Tuphva flag ovtiBpaong xatw@iiou Topéyel éva
evaiodnto epyoielo yior TN HEAETN TV UTAEYOVTIWY TUENVIXGY wovTéhny. H yehétn autdyv twv avtidpdoenvy elivon
€vaL Loy LEo epyahelo yia vo AdBouue TAnpogopies Yo TN Soun Twv Tuehvey. Ebixdtepa, ol Tuphve TN ueTaBaTinng
TEPLOYHG OO TOPAUUOPPWUEVOUS GE GPALEIXOUE TUPHVES XOVTE 0TO XAEoTd *éNUPOC we Z = 82 mopouctdlouy o
Toh0 mepimhoxy doun xou yiot TOUG TEPLOGOTEPOUS amd autols Toug €xel avapeplel pla loouepric otddun pe uPnid
omv og oyéon UE TO omy g avtioTtolyng Vepehwdoug xatdotaone. T to (Blo otouyeio, N evépyeia authg g
LoopEPOUE aLEAveL pe To palixd apldud.

Y10 mhalolo autd, To 1Wétono 99Au napoucidlel éva evdlagépov Lelyog: Vepehddn xon looueph oTddun We omv
27 xou 127 avtiotoiya. Auth 1 wopeprc otddun éxer avagpepdel xau oe dha obtona ypucol (F¥Au, 2°0Au).
Qot600, wia épeuva e BBMoypaplag amoxdiude wovo Evay Teploplopévo dpliud TELUUATIXGDY BEBOUEVELY YLaL TNV

evepy6 Batoun e avidpaonc 7 Au(n, 2n)19%Aum?, eldind xovid oty evépyela xatwhlou.

‘Etot, 0 oxondc authc tne epyooiog [1] Arav va npocdloplotody telpaatixd oL EVEPYES SIITOUES TrV avTdpdoEmY
97 Au(n, 2n)1%Au™? o °7Au(n, 2n)P6AudT™ oe evépyeiec mpoommTévTwy vetpoviov 9.0 énc 10.5 MeV,
ONhadY) xovtd otny evépyela xatw@iiov, ue T pédodo tng evepyomolnone. Emmiéov, dewpnuxol unoloyiouol
ot Thafolo Tou oTaTloTXoU TTpoTiToU éyvay AouPdvovtag un’ div dha ta Sardéoio ElpopoTind Sedouéva oe
EXTETOUEVO PACUOL TNC EVEQYELXS YLl TN PEAETN TNG CUUPBOIAC TNS XATOVOUNC GTROPOPUMDY X0l TOV AETTOUEPELDY
TWV EVERYELUXDY OTAdUMY Tou YuYATELXOU TUEY VAL OTNV TEOPOBOGIN TV IGOUERHOY OTOUTUWMY.

Y10 npdTo xepdhono napovcidlovian ot Bacixéc mhnpogoplies yio Ty avtidpaon Au(n,2n), yall ye wa emoxdmnon
TWV TEONYOUUEVWY PETENoEWY, X xou plo meprypapn tng texvixic evepyonoinong. To melpapatind otouyelo
e wétenone napouctdlovial 6To xe@diato 2 Yoll Ue TV oavEAUCT] TwV BEBOUEVKV X0l TIC OYETIXEC SLopUMOELS Tou
eapudlovTol.

Yo xepdhato 3 mopoucidlovron 1 Pooix) Vewplor mepl UNyovioUody TUENVIXASC avTiBEUoNG %ol TUXVOTNTAS XATo-
otdoewy, pe éugacn oto Movtého T'evixeupévou Treppeuotol (Generalised Superfluid Model). Afvovta eniong
TANPOPORIES YId TOUG XDBXES TOL Yenolponoiiinxay otn Yewentnr| avdiuvor. Ta anoteAéoyota Twv Yewpnuxwy
UTOAOYLOU®Y, xodd %ot 1) avakutixy| Slepelivnot] toug mapouctdlovtal 6to xepdioto 4. Téhog, To nelpaporTixd xon
VEWENTIXE AMOTEAEGUATA X0l TOL CUUTEQACUOTA TPOVCLELOVTOL GTO XEQPIAMO 5.






Extetopévn nepiindn (extended Greek
summary)

H avtidpaocrn Au(n,2n) xou n uédodog tng evepyornoinonc

H avtidpaon Au(n,2n)

H yehétn evepydv BLOTOUOY TURPNVIXODY AVTIORACEWY VETEOVIWY Yo TAUREYEL TANPOPORIES VLol TNV XATOVOUT] GTEO-
(POPUAY X0 TNV TUXVOTNTO TUPNVIXGDY oTaduey Tou advietou Tuphva, xadog autég ol tocdtnteg xadopllouy Tic
evepYEC SloTouég Yl T BLdpopar xarvdhior e€6Bou. AvtioTolywe, 1 TELAUATIXY UETENOT| TETOLWY EVERYLY BLATOUMDY
evioy Vel v npoondleia Bertiwong Twv JewpnTxdy HOVIEAWY TOU TEPLYPAPOLY TO TURNVIXG CUVEYEC.

H avtidpaon Au(n,2n) eivon avtidpaon xatwehiov ye evépyeta xatwghiov Ey= 8.11 MeV. H avtidpaon npaypoato-
Totelton péow dnuioupyiec Tou cvvdetou tupRva 198 Au, o onoloc ot cuvéyela amodleyeipeton otov 19 Au pe v
exmopuny| 600 veTpoviwy.

O Yuyatpde tuprivee 198 Au etven aotadfc xou anodieyelpeton péow BT (93%) xou B~ didomaore (7%). O ypdvoc
nulohe e Yepelnddoug otddunc eivon 6.17 nuépec. H anodiéyepon cuvodeleton amd EXTOUTY YOEUXTNELOTIXDY
axtivwv-y o evépyeteg ota 333, 356 xan 426 keV.

Etvou duvatéy, wotéoo, o tuphvas 19Au va Peedel oe dieyeppévn xatdotaon petd v avtldpoon. Mpdypatt, o
196 Au éyel dlo woopepelc otduec. H mpddtn woopephc otddun éyet (ml) ota 85 keV éyel ypdvo nulone 8.1 s. H
deltepn oopepric otddun (m2) ot 596 keV €yel ypévo nulenfc 9.7 h xou anodieyelpetar otn Yepehddn otddun
pe exmouny axtivwv-y ota 148 xou 188 keV.

Yxomde authc TNe gpyaoiac RToy Vo TpoodloploToly TElpapatid oL evepyéc dlatouéc Twv avtdpdocwy 7 Au(n,
2n)19Au™2 you 197 Au(n, 2n)196AudT™! oe evépyelec tpoomnTévIey vetpoviny 9.5 xu 10.5 MeV, dnhadr| xovid
oTnV evépyela xatw@Aiou, e t pédodo tng evepyonoimong. Ou guoxée xou ynuxés Tou WBLOTNTES, XrHoToLY
TNV XOTUOXELY| LOVOIOOTOTUXADY BELYUATOV Ypuoo) Twv eETJUUNTOV BLICTACEWY OYETXd €0XOAY, O BE YEIPLOUOC
ToUg BeV ToEOLGLELEL xdmol SUoKOMa. XYETIXE UE TN CUYXEXPUEVY UETENOT, OL PUOLXES WLOTNTEC TOU YPUGOU
YE€Touv éva UOvVo TEUUATIXG EUNOBL0: 0 UYNAGSC GUVTEAEGTAC EVOOUTOPROYNONS OBNYEL GE GNUAVTIXES OMWAEIES
OTIC OVLYVEUOUEVES aXTIVEC -V, OTWC TMEQLYPAPETOL GTO XEQ. Adbyw tou oAU Pixpol ypdvou Nulwng, dev
Aty duvaty 1 aveEdeTnTn HEAETY TNE TEMOTNG LOOUEREOVS OTAVUNG.

H p€dodog tng evepyonoinong

H pédodoc tne evepyomnolnong ouviotaton ot UeAETN Tou YuyaTEo) TUEHVA TNE AVTBEACTC XATOTY OXTVOBOAT-
ong tou otoyou. H epappoyy| tne pedodou amoutel tpopavds o Yuyatpude muphvag va elvon actordhc 1 va Peloxeton
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m2 12 9.7hr 595.7

420.8

2+
— 6888
333
ot 3557
196
356
OMENN SR, )
196Pt

1: Anhomownuévo By oo amodLéYepoms TV ooPeEpGY xat TNe Vepeiddoue otddunc Tou tuphve 96 Au.
O evépyeleg divovton og keV.

oe Sleyepuévn xatdoTtaon PeTd to mépag e oxtvoBoinong. Meletdvtog Tov opidud omodleyépoewy TOU TEory o
TomoLoUVTAL YETE TNV axTVOBOANGT), UTopolV v exTUioly 0 aptduds Twv avTdpdoewy Tou TEoyUoToTol Xy
OTO GTOYO XaL XAT EMEXTAON 1) EVERYOS BlaTour) Tne avtidpoong.

O Baouxol melpapatinol TEpLOPLOUOL XoL ATATACELS XOL TA TAEOVEXTHUATA TNG LeYoOdoU TG Evepyonolnone meplypd-
(POVTOL UVOAUTIXE GTO XEQ.

IMetpopoatixd

AxtvoPolfioeic oe evépyeieg 9.0 pe 10.5 MeV npaypoatonotjdnxay otov emtoyuvth 5.5 MV Tandem Van de
Graaff tou EKE®E ¢ Anudxeitog ’. Xtn ouvéyela, axololinoay peteroeic ue yeron aviyveuts Ieppaviov udming
xadopontac (HPGe) oto Epyoaothpo upnvixfic Puoinic tou Topéo Puoixrc tou EMIL.

H oyeddv povoevepyelondt| déopn vetpovinwy mopfydn péow tne avtidpaone 2H(d,n)>He BopPapdilovtac éva otdyo
deuteplou pe déoun deutepoviwy. Me 1 didtaln awth emetelydn pof| vetpoviny 3x10%-4x10% n/(cm?-s).

H oBefoudtnta oty evépyeta vetpoviny extiuriinxe ota 50 keV. H cuvelogopd ‘napacttixdy’ vetpoviwy yeletriinxe
enione die€odind péow e e Ve ToMamAAC oxtvoBoinone [2]. Tuunépaopo tne yerétng authc Aoy 6T, ov
%o 0 opLioC TETOLWY VETROVIWY elvol UEYTAOG, 1) EVERYELS TOUC TOROMEVEL XATK ANd TO XATOPA TWV UTO UEAETY
AvVTLOPAOEWY.

Ou axtvoPoirioeic elyav Sidpxela nepimov 24 wpwyv. Xenowonoujinxay atdyol udmiic xadopdtnrag e didueteo
14 mm xou méyog 0.5 mm. ‘Oyolot otéyoL ahovpiviov tomodetAdnxay Tety xaL UETE T0 6TdY0 YEUoOU Yla TOV
TPOGBLOPIOUS TNC POTC VETPOVILY PEow TNE YVWOTHAC evepyol dlatoufic tne avtidpaone 27 Al(n,a)* Na.

Ot otoyol Tonodetinray xatd Tedmo mou va ehaylotomole(ton 1 ofeBardTnTa 0TV evépyela Twv vetpoviwy. Ou
dlaxupdvoel Tng déopng xataypdenxay pe oaviyveuth) BF3. Ta avtiotouyo dedouéva yenowwomoifinxay yior thy
extipnon Tou aprpol v Tuphvey 9Au tou anodleyeipovtar oty didipxeta T axTvoBOANoTC.

4



20000 T T T
/1 48 keV 188 keV

10000 - B

0 T T T
100 125 150 175 200

80000 T T T T T T

Counts

60000 1 356 keV 411 keV T

40000 - 333 keV \
“ 426 keV
20000 4 N \ eV ]
0

300 320 340 360 380 400 420 440

y-ray Energy (keV)

2: Tewpopotind pdopata e amodiéyepone e 2n¢ Loouepols otddune (téve) xou tne Yeyerddous otddune
(%d1w) Tou TupRvae 198 A, petd Ty actvoPéinon ota 10.5 MeV.

1: Iddtntec anodiéyepone Ty YuYATEIXDY TUPHVKY

Ouyatpxde Xpdvog Evépyeia ‘Evtaon
TUEHVOC Nuloie axtivog -y (%)
196 Aot 6.1669+0.0006d  333.0 22.91+0.9
355.7 87+1
426.1 6.6+0.1
196 A2t 9.7£0.1h 147.8 43.5£0.1
188.3 30.0£1.5
2Na? 14.9590+0.0012h  1368.6 100.040.0
Ll
2l

Ot Booixéc ToodTTES TOL CPoPOLY TNV axXTVOBOANCY Topouctdlovion oTov Tivaxa

Merproeic axtiveov-y

Metd to mépoc tne axtvoBoinong, oxohoudoloe pétenom Twy oToYWV UE Yehon aviyveutr Ieppoaviou udminc
xadopdtntac (HPGe). Ou otéyor tonodetAdnxay oe andotoon 10 cm and 1o nopddupo tou aviyveuth. Ltnv
eéva 2| mapouctdlovian @doyato and T uétenon yio T deltepn oouepr) otddun (emdve) xon TN Vepelddn
otdiun (xdtw).

Ta otowyeia ©wv oxtivwv-y Tou yenowonofdnxay 6tny avdhuon napouctdlovion GUYXEVTEeTXd oTov mivaxo [I}

H Sudpxeto twv petprioeny fitav mepinov 20 dpec yio T dedtepn woopeph, otddun (uéow e axtivac ota 148 keV)
xo oTr) SLVEYELX UéypL 3 pee Yo T delypartar ahovpviou (1369 keV). Ou petphioeic yia T Yepehddn otddun (356
keV) Zexwvoloay petd tny mifen anodiéyepon (depixois ypdvoug nulwihc) tne deltepne woouepoile otdiung (772
= 9.7 h).

Avdhuor dedopévwy

YnoAoYIOUOG EVERY®V BLATOULY

I xdde nepintwon, n evepydg datour| utohoyiotnxe pe Bdon tnv mapoxdte e&icwon:
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N’Y
_ 1
7T dINy®SfD (1)

onou N, 0 aprdudg Yeyovdtwy tng avilotoiyng putoxopuens. O napdyovtog € expedlel TNV andd0aT TOU AV VELTH,
I elvou m évtaon tne oxtivoc -y, N o aprdudg TV TURTVeY Tou GToYoU Xol S 0 CUVTEAECTNAC EVOOUTOPEOPNOTS.
Ot anodleyépoelc Tou TEAYHOTOTOVVTAL XoTd TN dtdpxeto g oxTvoBéAnone xou mpv TNV évopén e wétenomne
haBdvovton ut’ v pe tov Slopdwtind mopdyovta f mou diveton we:

Jor e ME(t) dte_A

Jor F(t)dt A )

f=

omou 1y 0 Ypévoc axtvoBénomne xou F(t) 1 pon vetpoviny ot avduipetes povidec dnmg divovion and tov aviyveut
BF'3, eved o doptwtinde mopdyovtog D apopd To SIAOTNUA AVAUESH GTO TEAOC TNG oXTVOBOANCTE Xl TO TEAOC TNG
pétenone xat divetar we:

D = (1 —e Mm)e Aw, (3)
Omou ty, xou by, elval 0 ypovog avdueco oto Téhog TNg axTvoBOAnoNe xaL TN HETENOT XU O YEOVOC TNE METENOTNG
avtioTolya.

H cuvolxh o) vetpoviwv @ unohoyiotnxe Bdorn tne evepyol datoufic tne aviidpaone 27Al(n,a)?*Na nou etvou
drodéoun ot BiBhoypagia [5] xou urohoyiloviac T wéon T and toug dVo otdyous chouuviov.

O1 oBeBandtntee OAWY TV TOEOYOVTWY TOU UTELGERPYOVTUL GTOY UTOAOYIOHUO TWYV EVERYRDV DATOUMY TapouatdlovTol
AVUAUTIXG OTOV Tiivaa

Awopdnoeilg evioanoppdpnong

AeBouévne NG OYETIXd YUUNATG EVERYELNG TwV axTivv-y XL Tou UPMAOU GUVTEAEGTY amopedPNomNG Tou YPUGOU
ftay anapodtnTy 1 EXTIUNON TNg evdoanoppdpnone oto delyuo. Ilpocopoiwoeic Monte-Carlo ue yehorn Tou @i
MCNP [6] édei&av 6Tt nepinov 55% twv axtiveov ota 148 keV xaw 12% twv axtivoy ota 356 keV ydvovtar Adyw
evdoanoppdpnone oe éva delypa ypuool mdyoug 0.5 mm. H evdoanoppdpnon tne axtivoe -y tou aloupiviou ota
1369 keV Bpédnre va elvon puxpdtepn tou 0.5%.

Arnoteréopata

To véa melpapatind dedopéva gaivovton otig ewoveg [3| xan (4] woli ue mohondtepeg UETEHOELS.

ITupnvixég avILOEACELS XoU TEAOTUTA TUXVOTYTAS TUETVIXGV
oTAIU®YV

Mryaviopol ntupnvixng aviidpaong

Avdhoya ye tov TpéTO TOL TEayUoToTolElTon 1) aAANAETBoaor TOU BAAUNTOC UE TOV TUEYVA-GTOYO, Ol TUENVIXES
avTdpdoelc uropoly va ta&voundolv o TEE XUTNYOpiEc: TIC GUECES, TIC AVTIOPEOEC TROICOPEOTHAS XAl TIG
avtdpdoelg ahvieTou TuERvoL.

T va nparypatonomlel plo dueon avtidpaon, to BAfuo meénel vo €xel TETOL0 UAXOS XVUATOS OGTE Vo Umopel va
OMNAETUBPACEL UE HELOVWUEVD YOUXAESVIL Tou oToyou (A ~1fm). Etol, n mbavétnto mpaypatonolnone dueonc
avtidpaone auldveton ye v evépyeta tou Brjuatoc. H exnouny tov npotéviwy tne avtidpaone yivetar oe moAD
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oOvTopoug ypévoug (10722s) xou xatd mpotiunon xovid ot gopd tou Phfuatoc. Ot (av)ehaotixés oxeddoels xou
ot avtdpdoeic (d,p), (p,d) elvan YopaxTNELOTIXES TEPITTHOOELS JUECWY AVTLOPACEWY.

O dueoeg avTtidpdoelc TepLYpAPOVTAL PUE TO AEYOUEVO ‘ONTXO UOVTERD’, OTIOU 1) AVTIBEOOT TEQLYPAPETAL (S OAAT-
henidpoon tou PMuartog e éva pyadnd Suvauixd V(r) = =V — iW, xot” avohoyla pe ) diodixacio oxédaone/
ATOPEOYPNONG PWTOE amd uio uehavy ogaipa.

Egbcov 1o BAiua €xel to Ypbvo vo oAANAemidpdoel e pepxd omd Tol Vouxhedvia Tou atoyou téTE apy(lel va
dnulovpyeitar éva clvdeto clotnua xoog 1 evépyela Tou BAAHATOC LolpdleTol OTO YELTOVLXA YOUXAEOVIA. AV xotd
™ Sidipxeta authc NS SLodixaciog €va VOUXAESVIO ATOXTHOEL UpXETH EVERYELX WOTE Vo exTep Vel (tpotol emiteuy Vet
160ppoTHa 0T0 GUCTNUA), TOTE WAGUE Yo avTidpaon mpoicopporiag.

AvTidpdoelg obvidetou nupHva

O unyoviopoc chvdetou Tuprva Bactletor otnv unddeor 6Tt 1 avtidpaon npaypatonoleiton oe 800 oTddla. Apyixd,
10 BAAUa EloEpyETAL Xou CUANOBAVETOL antd TOV TUET VAL UE amoTéAeoUa T dnpoupyio evée cbvietouv cuoTAUaTOC.
3TN ouvéyela, U€ow eVOC UeYdAoU aptdpol ohANAETIBRACEWY YouxAeoviou-vouxheoviou 1 evépyela Tou BAAUATOS
HOLEALETOL OVHEGO GTOL VOUXAEOVIA TOU GUVIETOU TUPTVOL Ol ETUTUYXAVETAL LoOPEOTIO. LTATIOTIXES DIUXUUAVOELS
MTTOPOVY Vol 0BNYHoOLY EVa VOUXAEOVIO Tou BploxeTton x0VTd oTNY EMQAVELN TOU TUPNVOL Vo ATOXTHOEL ETOEXT
eVEQYELXL (OOTE VL UTERVIXHOEL TO TUENVIXO SuvoLxd, xat” avahoylo pe tnv e€dtulon evoc uypold. H dadixacto vty
TEOPAVE EVVOEL TNV EXTIOUTY| VETPOViwY Tou dev vploTavton TNy enidpacy tou duvamxol Coulomb. Xtn cuvéyela,
0 oOvieTog Tuphvoc amodleYelpeTal €(TE YUE TNV EXTOUTY] TEPAUTEPL CWHATIOIWY oy UTEEYEL ETUEXTC EVEPYELX 1) UECL
anodLéyepong -v.

To Baowd onuelo etvar 6TL 1 anodiéyepon Tou clvletou Tuprva elvor aveEdeTnTn amd TOV TEOTO CYNUATIOROV TOU
(0 xavdhL €10680U), AN e€opTdTon LOVO and TNV EVERYELN, OTPOPOPUN XL OUOTI{A TOU EYEL AMOXTAOEL.

Ipénel va onpetndel 6L dAoL oL unyaviouol cuvelspépouy oe dopopeTid Badud oe uio avtidpaorn. Autd egaptdton
amd BLdpopous TAPAYOVTES, OTWE 1) EVERYELX X0 TO PopTio Tou BAAuaTog, oL Udlec Tou BAAUNTOS XoL TOU GTOYOU
xa 7 Sour| Tou oUVIETOU GUOTHUATOC (EVEPYELUXES OTEVUES, EVERYELX DIEYEPONG, HATOVOUT GTEOPOPUMY XTA.).

O Yewpnrixol utohoyiopot Tnc evepyol datoufic e avtidpaone 197 Au(n,2n) npoypetonothdnxay oe evépyelec 8 -
25 MeV haufdvovtag um’ 6 to pnyaviopd civietou muphva, xodde Xol CUVELTQORES TEOLoopEOTIaS oo TAdioLol
¢ Yewplag Hauser-Feshbach 7] xou tou yovtéhou e&itoviwvy 8] avtictouya.

ITuxvotnTa TLENVIXKY GTATUGY

Aldpopa povtéra €youv mpotadel yia TNV TEPLYPAUPY| TN TUXVOTNTAS XATUCTACEWY OTO TUENVIXG CUVEYXEC UECK
TUPUUETEWY TWV oTolwv 1 T exTiwdton péow cLyxplone Ye melpouatixd dedouéva. Tétown elvon 1o Movtého
Aeplou Fermi (Fermi Gas Model - FGM), 1o Movtého Etadepric Ocppoxpasioc (Constant Temperature Model -
CTM) xou t0 I'evixeupévo Movtéhou Treppevotol (Generalised Superfluid Model - GSM).

Ye xde nepintwon yiveton n unddeon otL 1 e€dETNOT TNE TUXVOTNTOC XUTACTACEWY A6 TNV EVERYELXL, T1) GTEOPOPUY
xou TNV opotipia propoldy va yeretntodv aveEdptnta étol dote p(U, J,m) = p(U) f(J)p(r).

To T'evixevuévo Ilpdétuno Yreppeuotol (Generalised Superfluid Model)

Yto Thadolo TV UTONOYLOPGY Yl Ty aviidpaon 7 Au(n,2n) n TuxvOTNTE XUTACTAGEWY TERLYRAPNXE OTO Thalotal
ou GSM oty gowvouevohoyixh Tou woppt| dnwe avantdyvnxe and tov Ignatyuk [9,/10]. Baocléuevo otov amhoi-
GTEPO POPUIMOUS TEONYOUUEVRDY HoVTEAWY, To GSM hauBdvel un” 6div emmhéov pouvdpeva. ‘Eyel yenotponoundel
ue emituyla 670 TapeAddy yia umoloylopole oto M [11].

Yt mhadota Tou GSM, oL ToobTTEC TOL TEPLYPAPOLY TO Bleyepuévo Tuprva de Vewpolvton oTtodepés, aAAd PeTO-
Bdhhovtow ye tny evépyela diéyepone. H Be cuunepipopd tou cuotiuatog teptypdpetal and SLopopeTinés eELGMOOELS
oe 800 evepyelaxéc meployéc mou xodopllovtan and wla xplown’ evépyeia Ugp.
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5: Oewpntixol uoloyiopol xou mElpoPATIXG anoTeAéoUAT TNG EVERYOU Blatounc dnwovpylac tne deue-
MOdouC xon TEOTNG Loouepolc o1ddune tou Tuprve 19CAu (g+ml) petofld 8-25 MeV (a) xou 8.5-11 MeV (b)

Kodixeg mupnvixedy avTidpdoewy

O dewpnrixol unoroyiopol tpaypotonoidnxay e xphon tetdy xwdwxdy: to STAPRE-F [12], to EMPIRE 2.19
[13] xou To TALYS-1.2 [14]. Kot oTic TpelC TERITTHOOELS, 1) EMAOYT TWV CUVTEAEGTOV SEAEUONG, TNG CUVELGHPORAS
TEOICOPEOTIOC oL TNE TUXVOTATAS XATACTAOEWY EYVOY XaTd TeOTo WoTe Vo Yivel clyxpion tne vhomolnone Tou
GSM and touc Teelc xwdixeg. Aentouépeileg yio T doun xou Aettovpylo Twv xwdixwy divovtoal 6To %EP.

OcwpeNTiXd ATOTEAECUATA XAl OLEEEVLVYOT)

Arnotelécpata
To amoteréopoto TV VEMENTIXGY UTOAOYIOUOVY YLOL TIC EVEPYEC BIATOUES Tgiml XU O, Hall HE TO TELPAUUATIXG
dedouéva gaivovton otic ewdveg [B] xou [B] avtiotoyo.

‘Onwe gofvetar otny exdva Bl xon oL Teelg xWBIKES AVATUEEYOUY JEXETE XAUAL TNV EVERYO BLUTOUY Tgimi. TNV
neploy Y| 12-16 MeV ot peydiheg Siopopég avdueoa ot dlontéoilo TELpauaTind SedoUEVa DEV EMITEENOUY VoL OY NUATIOTEL
Eexdiopn exedva Yiol THY TOWOTNTA TV VEWENTIXWY UTOAOYIOUWY.

Eyetnd e Vv evepyd BLaTopt] 02, o amoteAéopota 1wy STAPRE-F xan EMPIRE gaiveton vor unoextigody tny
evepYo Slotour) oe evépyele uéypt 13 MeV eved v unepextiwolv xatd nepinov 100 mb ot udpniéc evépyeteg.
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7: Oewpnuixol LTOAOYIOUOL TNG T2 PE YEHON TV TEoTUTWY Tou acpiou Fermi xau Gilbert-Cameron, oe
oUYxplon Ue Ta anoTteAéopota Ue Yeron tou GSM.

To anoteréopata tou TALYS unoextigolv vy evepyd Slatopr oe 6hn Ty umd PeAETn evepyeloxr] Teploy, uio
CUUTIEPLPOPE TTOL oty pdpnxe xou oty epyooio [15]. Emnhéov, 1o péyioto tne evepyol dutoprc diveton o amd
Toug TeElg xwdeg mepinou ota 18 MeV, dnhadn nepinou 2 MeV udnidtepa and 6Tt @aiveton GTA TELQOUATIXG
oedoyéva. To anotéheopa autd diepeuvridnxe die&odixd.

3UVOALXd, xou OL TEELS XWBXES axoAoV IOV TN YEVIXT| CUUTEQLPOEE TWV TELRUUAUTIXDY BESOUEVKV.

ITepowtépw Biepelivnom

Bdoel twv mpornyolpevwy nopatnefoswy €yvay BLAQope BOXIES Yio TNY XUAVTERT XUTAVONOY) TWV ATOTEAECUSTWY.

H emppor| Twv enl pépoug Yewpntinmv mapopétpwy oto anotéieopa depeuvidnxay pe o STAPRE-F nou emitpénel
N UeTaBOAY| Toug ‘ue To yépl’. MetofdhhovTac Tic BLdPOopES TUROUETEOUC EVTOC TMV TELQUUATIXWY TOUS af3efotoTrtwy
ohAG xon axohovdovTag BlapopeTixée cuoTtnuatixéc. Emlong €ywav ahlayéc oTr CUVEIG(PORE TOU UNYOVIGHOU
TPOicopEOTIC Xl OTLC UTOYECELS YIoL TO OYTUO XAl T1 CUPUETEIO WV IGOTOTWY TOL YpUCooU, Ywelc woTéco oe xopuia
nepintwon 1 Sopopés va urepBaivouv to 10%, eved 1 ouuneplpopd Tne evepyol Slatourc tapéuctve 1 (Bio [16].

ITpoxewévou va dlamiotwdel xatd ndcov 1 mapatneoluevy cuuneplpopd ogeileton ot Wiotponia tou GSM, 0 x®Bxag
EMPIRE yenowonodnxe yia va enovaAngdolv ol utoloyiopol ot Thalolor SIapopeTiX@Y TEOTUTOV TUENVIXEDY
nuxvotitwy. H vhonolnon autdv twv Soxudy eivan toAd ebxokn oto EMPIRE. Xenowonowjdnxav to Back Shifted
Fermi Gas Model [17] xou o povtého Gilbert-Cameron [18]. To omoteréopara (ewx. [7)) delyvouv 6t 1 emhoyHh
TOU HOVTEAOU TUPMVIXGY TUXVOTAHTOV eV ETNEedlel T1) GUUTERLPORE TNS UTOAOYILOUEVNS EVERYOU SLUTOUNS Trma2.

Ye mohoubtepes pehéteg oty (Bl nepoyt [L1419-21] Biedvn n avdryxn uelwong tne pomfc adpavelas v Tuphvewy
Y1t TNV XAAOTERT) OVATORAY WYY TWV EVERYWY BUTORDY. DTNV TROXEWEVT TERITTWOT), Ol UTOAOYIOUOL ETovaA i ay
HE TWéC TN pomic adpaveiae uetwpévee xotd 25 xou 50% yenoworowdvtog toug xwdixec STAPRE-F xouw EMPIRE.
H yelwon tne ponric adpavelag npoxahel onpavtiny yelwon tne evepyod BITOUAS Oma dhAd O BeATiOVEL cuodnTd
™ ouUQLVia ue Tor TElpaaTXd dedouéva, dTwe paiveton oV exdva [§

Me Bdomn to mopandve anoteréopota, yekethinxe n uvndleon ehheldewy ota evepyeloxd Sorypduuata, edXd TwV
muphvev 99Au xou 199 Au. H Onopln otodpdy udniol omy néve and tn deltepn wwopepr otddun Yo odnyoloe
oTNV TROYodOGid NG HECW AMOBLEYEQOEWY-Y. XE TOPOUOLN TEPITTWOT), 1 UTTUEEN TEPLOTEOPUDY CTOTUOY TévVK
ané v wopepr| otddun 167 tou MBHS npotddnxe [22] yio v xohOTepn avamapaywyh Tne evepyol dlatoprg 17
Hf(n,2n) oto mhoiowo e Yewpiog Hauser-Feshbach. H Gmopdn twv otadudy autdy emPefouddnxe neipopatind
apyotepa [23).

To evepyetomd dudrypoppa Tou 195 Au enlong avopéveror vo tallet onuavtind pdho oe evépyeies dve v 16 MeV 6rmou
ovolYEL TO XovdAL (1,311) Xat TUEATNEOVVTOL O LEYUAITEPES AMOXMGELS TwV VEWENTIXMY UTOAOYIOHAOY. JUyXplvovtac
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9: Oewpmntixol UTOhOYLOPOL TNS T2 UE YEHOY TEOTOTONUEVOL EVERYELIXOU BLOYPAUUATOS YLl TOUS 196 Ay
xou 195 Au elodyovtag utodetinée otdiduec udhnhol omy.

ME TOl EVEPYELUXA Loty pAaTal YELTOVIXADY TupHvewY [24H26] ewdleton mdovy anovoia TeploTpo@xtv oTodumy oTic
xoroyeypoppévee otdduec tou 5Au. H ewoaywyh tétowwy otadudy Yo odnyoloe otn pelwon e Yewpnrtinic
evepYol Blatopnc oma dvew twv 16 MeV.

ITap’ 611 oL uTo¥ETEL AUTES PAtvOVTAL PUOLXE PEXNGTIXES, BEV UTERYEL BUGTUYMS 1) BUVATOTNTA ELTAYWY NS DLOUXELTWOV
oTdUWY OTO CUVEYEC PE YENHOM TwV Sldéotuwy xmdixwy wote va diepeuvnidel autn 1 unddeon.

H povaduer) doxuh mou ftay duvatév var mparypotononiel Aoy 1 etcoywyy) LEPIXWY Sloxpltdy oToduody uPnAold
omwv (12%,13%,14%) 070 Blapitéd Téve and v wwoueph otédun 127 pe yeron tou xHdxa STAPRE-F. Kotd tov
Te0TO0 aUTH, EVIGYVETOL 1) TPOPOBOGIA TNG LWGOPEPOUE OTAVUNG ol XAUTE GUVETELD XOU 1) EVERYOC DLUTOUN Oma, X0piC
OUWS VYl ETNEEALETAL CNUOVTINE 1) Tgimi. L'evindc ol unoloyloueveg evepyéc dlatopés eTodAlovTon Teog T
owoth xatebduvon (ew. [9).

Yuunepdopata

H mewpapatied avalhtnon neplotpogixdy otoducy vdnhod omv mou galvetar vor anouctdlouy amd o Slardéaiyo
evepyelomd dorypdppate Tov Tuphvey 96 Au o 195 Au xeddc xon 1 merpopated xou YewpenTind uehéTn Loouepv
ooy LPnhol omy oe auTAV TV Teptoy) palody Yo napovaialay yeydho eviiapépov. And Theupds Aoylopxoo,
N duvatdTNTa eloaywyNg dlaxplitdy otadumy oTo ouveyéc Yo wgehoboe onuavtixd Ty oxplBelo xou To €lpog
EQAUPUOYTC TWV LTOEYOVTIWY XWOLXWY.
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Introduction

The study of nuclear reaction cross sections is a fundamental tool of nuclear physics. To this day, numerous
theoretical models have been developed for the description of nuclear reaction mechanisms. The improvement of
theoretical predictions based on these models relies on the existence of accurate experimental data to estimate
the (semi-)empirical parameters involved in the theoretical calculations.

The presence of a high spin isomeric state in the residual nucleus of a neutron threshold reaction provides a
sensitive test for existing nuclear models. The study of such reactions is a powerful tool for getting information
on the structure of nuclei. In particular, the nuclei of the transitional region from well deformed to spherical
nuclei near the Z=82 shell closure (Os-Pb region) present a very complex structure (y-softening, triaxiality,
shape coexistence) and for most of them an isomer with a high spin value with respect to the spin of the
corresponding ground state has been reported. For the same element the energy of this isomer increases with
increasing mass number A. Its existence is attributed to the coupling of high spin intruder states, and the
systematic study of the excitation function of the formation of both the ground and the high spin isomeric
state on the basis of a statistical model provides information on the energy and spin distribution of the level
density of the nuclei involved [27] and on the changes in the structure of the low-lying excited states of the
corresponding nuclei.

In this context the 96 Au isotope presents an interesting isomeric pair: ground and isomeric states with spin
values of 27 and 127 respectively (Fig. [1.1). This 127 isomer has been reported for other even A Au isotopes
(198 Au, 209Au) [28]. However, a survey of the literature revealed only a limited number of experimental data for
the cross section of the 197 Au(n,2n)'?6 Au™? reaction, especially near its threshold, where only one unpublished
dataset was found.

Thus, the purpose of this work [1] was to experimentally determine the '°7Au(n,2n)!Au™2 and the
197 Au(n,2n) 1?6 Audt™! reaction cross sections in the incident neutron energy range between 9 and 10.5 MeV,
i.e. close to the threshold, by means of the activation technique. Additionally, theoretical statistical model
calculations were performed and compared to all available experimental data over an extended energy range to
study the contribution of the spin distribution and the details of the level scheme of the residual nucleus to the
formation of the isomeric state.

In chapter one, the essential information on the Au(n,2n) reaction is laid out, along with an overview of previous
measurements and a description of the activation technique. The experimental aspects of the measurement, the
data analysis and relevant corrections applied are described in chapter two.

A presentation of the underlying theory of nuclear reaction mechanisms and nuclear level densities, as well
as details of the nuclear reaction codes used for the theoretical calculations are presented in chapter three.
Chapter four includes the results provided by these codes, their comparison and detailed investigation. Finally,
experimental and theoretical results and conclusions are presented in chapter five.
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Part 1

Experimental study of the Au(n,2n)
reaction
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Chapter 1

The Au(n,2n) reaction and the
activation method

1.1 The Au(n,2n) reaction

The study of neutron threshold reactions can provide information on the spin distribution and level density of
the compound nucleus since these properties, along with the discrete level spins and energies of the daughter
nuclei, will define the cross sections for each exit channel. Conversely, the experimental measurement of these
cross sections can assist in the evaluation and fine-tuning of theoretical nuclear models used to describe the
nuclear continuum.

Only one stable gold isotope exists in nature, namely 97 Au. Other isotopes, ranging from 6% Au to 2°° Au have
been artificially produced and only '®®Au has a relatively long half-life of 186 days. Natural gold, therefore,
consists only of 7Au. Furthermore, it is the most ductile metal and, with few exceptions, chemically inert.
These properties make the creation of pure gold samples of the desired size and thickness relatively easy. The
handling and storage of the samples also present no particular difficulties. Concerning the present measurement,
the physical properties of gold pose only one experimental difficulty: the high mass attenuation coefficient,
leading to a significant loss of the decay v-rays, as will be described in section [2.4.2]

The Au(n,2n) reaction is a threshold reaction, with Ey,= 8.11 MeV. The reaction proceeds through the formation
of the compound nucleus *®Au. For these incident neutron energies, the '8 Au nucleus is formed in an excited
state of about 15.5 - 17 MeV. It then decays to '?®Au with the emission of two neutrons.

The daughter nucleus 1%°Au is unstable and decays by 8T (93%) and 3~ decay (7%) to the stable isotopes
196pt and '"°Hg correspondingly. The half-life for the ground state of '%6Au is 6.17 d. Characteristic y-rays
from this decay are emitted are 333, 356 and 426 keV.

It is possible, however, for '6Au to be found in an excited state after the reaction. Indeed, 'Au has two
isomeric states. Isomeric states are nuclear states whose decay half-life is much longer than what is typical for
~v-decays. This is governed by the energy and spin difference of the initial and final states with typical values of a
few hundred keV for the energy difference and AJ=3/4,... mediated by electrical multipoles. Isomeric half-lives
can therefore range from ms to years, compared to typical decay times between 10717 and 10710 s.

The first isomeric state of 1%°Au (m1) at 85 keV has a half-life of 8.1 s with AJ=3 (E3) relative to the 2~
ground state. The second isomeric state (m2) at 596 keV has a half-life of 9.7 h and decays through the 421keV
state (AJ=4, M4) to the ground state emitting 148 and 188 keV ~-rays.

The purpose of the measurement was to study the reaction cross section for the formation of the ground and
second isomeric states of 196 Au at incident neutron energies between 9.0 and 10.5 MeV, very close to the reaction
threshold. It was not possible to study the first isomeric state independently due to the short half-life.
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Figure 1.1: Simplified decay scheme of the isomeric and ground states of the residual nucleus *® Au. All energies
are given in keV.

1.2 Literature survey

Several measurements of the ground state cross section are present in existing literature, particularly at energies
around 14MeV. These datasets are generally in agreement within 20% up to 12MeV, with the most notable
discrepancies occurring in the 12-17MeV region (fig. |1.2)).

Literature on the second isomeric state is much more sparse. Only one previous dataset exists in the energy
region from threshold to 13 MeV, contained in an unpublished report [29]. It has been impossible to obtain
relevant information on the particular experiment, such as beam parameters, flux, irradiation intervals and the
detector(s) used for the off-line measurements. A dataset of evaluated data in this region can additionally be
found in [30], also an unpublished report (fig. [L.3).

1.3 The activation method

The activation method consists of the off-line study of the daughter nucleus of a reaction, rather than the
on-line detection of the outgoing particle(s). The application of this technique requires the daughter nucleus
to be unstable or in an excited state. By studying its decay after the end of the irradiation, the number of
reactions taking place in the sample and, consequently, the reaction cross section, can be estimated.

The main experimental limitations and advantages of the activation method can be summarised as follows.

The half-life of the daughter nucleus should not be much shorter than the time that elapses between the end
of the irradiation and completion of the measurement. This is the reason why the 8.1 s isomer of 6 Au cannot
be studied independently with the available setup. This difficulty could be overcome by means of a pneumatic
rabbit system, but again not for half-lives of less than a few seconds. Furthermore, the half-life should not be
so long that it is not possible to induce sufficiently high activity in the sample to obtain adequate statistics
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Figure 1.2: Previous experimental data for the population of the ground and first isomeric state of 196 Au (g+m1)
between 8-25 MeV (a) and 8.5-11 MeV (b). Several datasets around 14 MeV have been omitted for clarity.
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8-25 MeV (a) and 8.5-11 MeV (b).
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following an irradiation of reasonable duration.

The occurrence of 8 decays in the sample can lead to an increased Compton background below 511 keV in the
acquired spectrum. This can pose a problem when the -rays of interest lie in this region, as is the case with
this measurement.

The activation method cannot be applied when more than one isotope present in the sample can lead to the
same daughter nucleus, since it would not be possible to isolate each contribution. Furthermore, the daughter
nucleus should remain within the sample (e.g. it should not be a gas under normal laboratory conditions).
Neither of these aspects is relevant to the case of 17 Au.

An activation measurement cannot be reliable if secondary reactions take place in the sample at considerable
rates. We refer by this term to reactions caused by products of the main reactions or by reaction of the beam
particles with the main reaction products. The magnitude of this contribution is governed mainly by the cross
section ratio of the main and the secondary reactions. For high energy neutron reactions it is generally negligible,
since the relevant cross sections are quite small and the number of secondary particles produced is very limited
compared to the number of beam particles and target nuclei.

Finally, it is obvious that no information on the differential reaction cross section can be obtained with an
activation measurement, since the daughter nucleus retains no memory of the incoming particle direction.

Among the main advantages presented by the activation method we can highlight the following. Off-line mea-
surements generally require simpler detection systems. Furthermore, detectors used on-line are more susceptible
to radiation damage due to the high flux of beam and secondary particles. The presence of these particles will
also induce a significant background in the measurement which is not present in an off-line measurement and
can increase the sensitivity of the activation method to detect even trace elements in the sample. To the extent
that the presence of more samples does not significantly alter the beam characteristics, several samples can be
irradiated at once for subsequent study. Finally, the energy of the detected radiation in an activation experiment
is quite low since it mostly corresponds to decays between nuclear states which generally range between tens of
keV to few MeV.

Concerning the ideal beam characteristics for an activation measurement, the energy should be known as
accurately as possible. The beam intensity should be high enough to induce the highest activity in the sample
in the shortest possible time to satisfy requirements for sufficient statistics and reasonable beam usage time. A
steady beam intensity is also desirable, and at the very least, it must be possible to monitor beam fluctuations
to make the appropriate corrections in the data analysis. Finally, a good alignment of the beam and sample is
necessary in order to maximise the flux and reduce the uncertainty in the beam energy.

Finally, the sample characteristics are subject to various limitations. The sample size must be compatible with
the beam-spot size which is generally of the order of a few to several millimetres in order to maximise the
flux and minimise the energy uncertainty. At the same time, a larger number of target nuclei will increase
counting statistics. The availability, cost, physical and chemical properties will also significantly affect the
sample preparation and therefore its size and form. Radio-protection issues may arise if the induced and/or
activity is too high. The target must not significantly alter the characteristics of the beam and if the macroscopic
cross section of the sample for the detected particles is too high, leading to increased self-absorption, it is vital
to minimise the thickness of the sample.
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Chapter 2
Experimental

Irradiations of high-purity gold samples with quasi-monoenergetic neutron beams at energies between 9.0 and
10.5 MeV were carried out at the 5.5 MV Tandem Van de Graaff accelerator at the NCSR “Demokritos”.
Following the irradiations, the induced activity on the samples was measured with a 56% relative efficiency
HPGe detector at the nuclear physics lab of the Department of Physics of the National Technical University of
Athens.

2.1 The neutron beam

A quasi-monoenergetic neutron beam was produced via the 2H(d,n)*He reaction by bombarding a deuterium
gas target with a deuteron beam at currents of around 1-2 pA. The gas target is fitted with a 5 um molybdenum
entrance foil and a 1 mm Pt beam stop and is constantly cooled with a cold air jet during irradiation to diminish
the risk of damage to the Mo foil. The deuterium pressure was set to 1500 mbar. Using this setup, the achieved
flux varied between 3x105-4x10° n/(cm?-s) in the four runs performed.

Particular attention was given to estimating the neutron energy distribution in the samples. The linearity of
the selection magnet has been verified at low energies through the Al(p,y) strong resonance at 991.91 keV and
the °0(d,n) threshold reaction (E;,=1828.83 keV) leading to an estimate of the beam energy offset of 1.6 keV
and a beam energy uncertainty of 0.1%. Assuming possible non-linearity at high energies, an overestimated
beam energy uncertainty of 0.15% has been accepted to include possible second order effects.

A considerably more significant effect on the energy uncertainty of the produced neutrons is straggling from
energy loss in the entrance foil and the deuterium target. Furthermore, as it was not possible to control the
flow of deuterium in the gas cell remotely, the pressure was at times lower than the desired value by up to
200-300 mbar. These effects were estimated with the SRIM software [31] and the energy uncertainty value
from straggling was less than 30keV. Finally, the angular acceptance of the target foils introduces additional
uncertainty due to the ?H(d,n)*He reaction kinematics.

Taking the above into account, the appropriate adjustments were made, where possible, to ensure that the
width of the neutron energy distribution in the samples did not exceed 50 keV.

The contribution of background “parasitic” neutrons was also studied in detail [2]. These neutrons originate
from the interaction of the deuteron beam with the beam line structural materials, beam collimators and gas cell
components. The multiple foil activation technique was implemented to determine the neutron beam profile.
The appropriate foils were chosen in which neutron threshold reactions take place at different threshold energies
and they were placed immediately after the Au and two Al foils for irradiation. Information from the Au and
Al foils was also included in this analysis. The relevant reactions with their threshold energies are presented in

Table 2211

The results of these irradiations were processed with the SULSA unfolding code [32]. A key feature of the code
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Table 2.1: Reactions used for neutron beam profiling

En
(MeV)

8Ni(n,p)°®Co 0.0
% Co(n,a)*Mn 0.0
47Ti(n,p)*7Sc 0.0
UsIn(n,n ) 15 In™  0.34
64Zn(n,p)%4Cu 1.0
46Ty (1, p)20Sc9 ™ 1.76
56Fe(n,p)°*Mn 2.97
487 (n,p)*¥Sc 3.28
2TAl(n,0)**Na 3.25

197 Au(n,2n) 196 Au 8.11
93Nb(n,2n)?2Nb™ 8.93

is that it does not require an input spectrum. By providing the activation rates measured for each foil, the
code extrapolates the energy distribution of the beam using cross section values and covariance matrices from
an incorporated library. Modifications were made to include additional reactions in the analysis.

The results of this analysis showed that, although a considerable population of background neutrons is produced
during the irradiations, these lie mainly in the low-energy region, well below the threshold for the 197 Au(n,2n)
(Eyp= 8.11 MeV) reaction. As far as the 27 Al(n,«)?*Na reference reaction is concerned, while Ey,= 3.25 MeV,
the cross section only grows sufficiently to produce measurable activation rates at incident neutron energies
above 6.8 MeV.

2.2 Irradiations

Four irradiations have been carried out, evenly spaced in the energy range between 9.0 to 10.5 MeV. Given that
the cross section for the formation of the second isomeric state is significantly lower than that for the population
of the ground state, the irradiations typically lasted approximately 24 hours, which corresponds to roughly 84%
of the saturated activity of the second isomeric state. The saturated activity is the maximum attainable activity
in the sample given the reaction rate which is defined by the cross section, the beam intensity and number of
target nuclei and is therefore approximately constant. Once the decay rate becomes equal with the reaction
rate, further irradiation of the sample is useless. While it takes theoretically infinite time to reach saturation,
usually a good result is achieved after an irradiation of approximately 3 half-lives, if the corresponding beam
time is practical.

High purity natural gold foils (99.99% 197Au) with a diameter of 14 mm and thickness of 0.5 mm were used.
Two Al foils of the same diameter and thickness were placed immediately before and after the gold foil and were
used to determine the neutron flux. The Al foils were chosen to take advantage of the well known 27 Al(n,a)?*Na
reaction cross section. The residual ?*Na nucleus decays by f_ decay to 2*Mg with a half-life of 15 h emitting
a 1369 keV ~-ray.

The samples were placed at 0° with respect to the neutron beam and at a distance of 8 cm from the centre of
the gas cell, thus limiting the angular acceptance of the target foils to +5° minimising the energy uncertainty.

Beam fluctuations were monitored with a BF3 counter placed at a distance of 3 m from the deuterium gas
target. Following Monte Carlo simulations of the experimental area, the BF3 unit was placed at an angle of
30° with respect to the beam line to avoid an increased presence of “parasitic” background neutrons near the
target foils due to backscattering on the BF3 setup. Data from the BF3 counter were stored at regular time
intervals (60 s) by means of a multi-channel scaler and were used to correct for the decay of 16 Au nuclei during
irradiation and to account for fluctuations in the beam flux in the subsequent off-line analysis.
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Table 2.2: Summary of the irradiation and off-line measurement parameters

9.0 MeV 9.5 MeV 10.0 MeV 10.5 MeV
Irradiation time (h) 23.22 14.03 25.12 25.08
Integrated flux (x10'1) (em=2)  3.45£0.19  0.27£0.02  4.624£0.18  0.33+0.02
Measurement time’! (h) 10.96%/10.96 3.89/1.00 21.97/5.98 51.15/19.95
Decay correction f? 0.948/0.490  0.964/0.599  0.944/0.462  0.943/0.458
Decay correction DY 0.050/0.515  0.012/0.061  0.057/0.325  0.125/0.706

1 Two values are given for these parameters: A/B. The A corresponds to the og+m1 and the B value to the
Om2 Mmeasurement.

2 In this case, the contribution of the decay of the second isomeric state to the activity of the ground state
was negligible due to the very low cross section, and the measurements were carried out simultaneously.
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Figure 2.1: Experimental spectra from the decay of the second isomeric state (top panel) and ground state
(bottom panel) of %6Au, after irradiation at 10.5 MeV incident neutron energy. The acquisition time is 20 h
and 51 h respectively.

The main quantities concerning the irradiations of the samples are summarised in Table

2.3 Activity Measurements

Following the irradiations, the induced activity on the samples was measured with a 56% relative efficiency
HPGe detector. The detector was calibrated with »>Eu and 2°"Bi sources, the latter being used to obtain a
more accurate efficiency curve in the low-energy region. The samples were placed at a distance of 10 cm from
the detector window. With this counting setup, corrections for coincidence summing become negligible. Figure
shows typical spectra acquired from the gold samples during the measurement for the second isomeric state
(top panel) and the ground state (bottom panel), where the y-rays of interest have been marked. The ~-ray
intensities and half lives used in the analysis are summarised in Table

The population of the second isomeric state was measured through the 148 keV line. This was preferred over
the 188 keV line due to its higher intensity (45% over 30%) and the existence of a nearby natural background
line (Fig. . These measurements began approximately 1 h after the end of the irradiation and lasted up to
20 h (two half-lives), depending on the evolution of the peak-to-background ratio. Following this, the activity
of the Al foils was measured with the same experimental setup through the 1369 keV transition. For these
measurements, a duration between 1 and 3 h was sufficient to achieve a statistical error lower than 2%.

Since the first isomeric state decays relatively very quickly (77, = 8.1 s), the measurements on the decay of
the ground state result in the determination of the sum of the cross sections for the population of the ground

27



Table 2.3: Decay properties of the daughter nuclei

Daughter Half-life y-ray Intensity
nucleus energy  per decay (%)
196 A9t 6.1669+0.0006d  333.0 22.940.9

355.7 87+1
426.1 6.6+0.1
196 Aym21 9.7+0.1h 147.8 43.5+0.1
188.3 30.0£1.5
24Na? 14.95904+0.0012h  1368.6 100.040.0
L)
‘4

state and the first isomeric state. Moreover, these measurements were carried out at least two days after the
irradiation to ensure that the second isomeric state (7}, = 9.7 h) had fully decayed to the ground state, since
the correction for the contribution of the second isomeric state to the measured activity of the ground state
was found to be negligible when the latter measurement was carried out after several half-lives of the second
isomeric state.

The activity of the ground state was deduced through the 356 keV line, preferred over the 333- and 426 keV
lines due to the much higher counting statistics (Fig. . Furthermore, the 333 keV line is contaminated by
the 334 keV line of 1% Au arising from the 97 Au(n,v)'®®Au reaction. This is confirmed by the 411 keV line
which is clearly visible in the acquired spectrum and also belongs to the (n,y) channel.

2.4 Data Analysis

2.4.1 Cross section calculations
In each case, the experimental values of the cross sections were determined through the following formula:

N
o= —T (2.1)
eINT®SfD
where IV, is the number of counts in the relevant y-ray peak. The factor € is the detector efficiency, I is the
~-ray intensity, Np is the number of target nuclei and S is the self-absorption correction factor. Decays during
irradiation and time fluctuations in the beam flux are accounted for with the correction factor f, given by:

[ e MEP(t) dt{A

FrRma 22

f=

where t;, is the irradiation time and F'(t) is the beam flux in arbitrary units as given by the BF3 counter, while
D corrects for the interval between the end of the irradiation and the end of the measurement and is given by:

D= (1—e Mm)e Mo (2.3)

where t,, and t,, are the waiting time between irradiation and measurement and the measurement time respec-
tively. The integrated neutron flux ® was determined through the same formula (Eq. by using the cross
section values for the 27 Al(n,«)?*Na reaction found in literature [5] and by averaging over the deduced values
in the front and back Al foils. It is thus possible to correct for target geometry and self-shielding.
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Table 2.4: Experimental uncertainties

Uncertainty (%)

Neutron energy <1
Neutron flux? 4-6.5
Correction factors 2

Time factors <0.5
Counting statistics® 0.2-1.2/4.2-15.1%
~-ray intensity per decay? 1.1/0.2
Detector efficiency )

Total uncertainty of cross section 7.3-8.7/8.3-17.7%

! Tncluding 2% uncertainty in the 27 Al(n,a)?4Na cross section

2 Two values are given for these parameters: A/B. The A
corresponds to the o44m1 and the B value to the o2
measurement.

9 The value of the counting statistics uncertainty is 41.5% for
the 9.5 MeV run, due to the low beam current and shorter
than desired irradiation, leading to a total cross section
uncertainty of 42.4%.

The experimental uncertainties of all the factors used in equation were summed quadratically in order to
obtain the total cross section errors and are summarised in Table 2.4

2.4.2 Self-absorption corrections

Given the relatively low energy of the y-rays of interest and the high mass attenuation coefficient of gold,
it was essential to take self-absorption effects into consideration. A Monte Carlo simulation of the counting
geometry using the MCNP code [6] was performed to estimate this correction. The simulated geometry can
be seen in fig. Photons of the desired energy are generated homogeneously inside the sample and the
number of photons crossing a circular area corresponding to the front face of the Ge crystal is recorded. The
simulation is performed twice, the second time having removed the material from the target, in order to isolate
the contribution of self-absorption from the solid angle, which is already accounted for in the determination of
the detector efficiency. Finally, the self-absorption coefficient is calculated as:

Smat
Svoid

S = (2.4)

Approximately 55% of the 148 keV and 12% of the 356 keV line are lost due to self-absorption in a 0.5 mm
-thick gold foil. Self-absorption of the 1369 keV line in Al was found to be less than 0.5%.

2.5 Results

The new experimental data produced can be seen in figures along with previous data found in literature.
These results are discussed in chapter
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Figure 2.2: The Au sample and the front face of the HPGe detector as implemented in the MCNP simulation
for the estimation of the self-absorption correction (dimensions not to scale).
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Figure 2.3: Experimental results of present work and previous experimental data for the population of the

ground and first isomeric state of %Au (g+m1) between 8-25 MeV (a) and 8.5-11 MeV (b). Several datasets
around 14 MeV have been omitted for clarity.
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31



32



Part 11

Theoretical Calculations
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Chapter 3

Nuclear reaction and nuclear level
density models

3.1 Nuclear reaction mechanisms

Depending on the manner in which the projectile and target interact, nuclear reactions can be broadly sorted
into three categories: direct, pre-equilibrium and compound nucleus reactions. In a direct reaction, the projectile
interacts with only a few of the target nucleons and the reaction products are emitted very quickly. In compound
nucleus reactions, the projectile and target form a compound nucleus that reaches thermodynamic equilibrium
before decaying into the reaction products. Pre-equilibrium reactions are an intermediate case, where reaction
products are emitted before thermodynamic equilibrium of the projectile-target system has been fully reached.

It should be noted that all reactions mechanisms contribute to a specific reaction, to a different extent. This
is dependent on several factors, such as the projectile energy and charge, the mass of the projectile and target
and the structure of the projectile-target system (energy levels, excitation, spin distributions etc.). Theoretical
models for the description of each of these mechanisms have been developed over the years.

3.1.1 Direct reactions and pre-equilibrium emission

For a direct reaction to take place, the projectile must have a wave-length A ~1fm in order to interact with
single nucleons. Obviously, therefore, the probability of a direct reaction increases with the projectile energy.
Furthermore, the angular distribution of reaction products is strongly forward-peaked relative to the incident
particle direction. Typically, direct reactions last approximately 10~22s, which roughly corresponds to the time
necessary for the projectile to traverse the target nucleus. Knock-out reactions, (in)elastic scattering, (d,p) and
(p,d) reactions are typical examples of direct reactions.

The so-called optical model is commonly used to describe direct reactions. The optical model describes the
nuclear reaction as the interaction of the incoming particle with a complex potential V(r) = =V — iW, where
the real part corresponds to scattering and the imaginary part to absorption. The model bears a direct analogy
to light being scattered and/or absorbed by a dark sphere.

Should the incident particle have the time to interact with a few of the target nucleons, then a composite system
begins to form and the energy of the projectile is (partially) shared with neighbouring nucleons through nucleon-
nucleon interactions. It is possible, however, that, as the system passes through a series of states of increasing
complexity, one or more of these nucleons might acquire enough energy to be emitted from the nucleus before
full equilibrium has been reached. This is called a pre-equilibrium reaction.
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3.1.2 The compound nucleus reaction mechanism

The compound nucleus reaction mechanism is based on the assumption that the reaction takes place in two
distinct steps. First, the projectile enters and is captured by the target nucleus forming a compound system.
Through a large number of nucleon-nucleon interactions, the energy of the incident particle is shared among all
nucleons until equilibrium is reached. Statistical fluctuations may lead one or more nucleons or light nuclei to
acquire energy higher than the average energy increase and sufficient to overcome the nuclear potential if they
are found near the surface of the nucleus, much like the evaporation of molecules from the surface of a drop of
liquid. It is obvious that neutrons will be emitted with greater ease, being insensitive to the Coulomb potential
of the nucleus. In the second step, the compound nucleus decays into the reaction products, either by emitting
further particles, if there is sufficient available energy, or through ~-decay.

The manner of de-excitation of a compound system is independent of the way in which it was formed (the
entrance channel), but only depends on the energy, spin and parity it has acquired. In other words, the process
of reaching equilibrium through a large number of energy transfers between nucleons is considered to “erase the
memory” of the system. This is often referred to as the Bohr hypothesis. Some obvious consequences of this
are that the angular distribution of the reaction products is isotropic, since “memory” of the original direction
of the projectile has been lost. Furthermore, the same compound nucleus can be formed via different entrance
channels, but still decay through the same exit channel.

The limits of validity of the Bohr hypothesis can be outlined as follows. In order to reach equilibrium, the
projectile will need to transfer its energy to the target nucleons it encounters relatively quickly, before it can
escape the nucleus. This depends on the projectile energy and the size of the target nucleus. This requirement
can be expressed with two conditions. First, the mean free path L of the projectile in the target (i.e. the
distance it will travel before it loses its excess energy and acquires the average nucleon energy) should be much
smaller than the size of the target nucleus or its radius R. Second, a large number of interactions should be
necessary before the emission of a nucleon.

Assuming that the excitation energy E.; = Ekin.q + Sq is equally distributed among nucleons, who will each
receive energy E../A, we can require this energy to be lower than the separation energy S of a nucleon. In the
common case where the projectile is a nucleon or light nucleus, when S ~ S,, we can then require that L < R
and Ee, /A < S & Eping < (A—1)8S.

From the above, and given that typically S =~ 8 MeV it becomes clear that the compound nucleus mechanism
becomes important when the target nucleus is relatively heavy (A > 10) and the projectile energy is in the MeV
region.

The theoretical cross section calculations on the 7Au(n,2n) reaction were performed in the energy region
between 8 and 25 MeV, taking into account the compound mechanism and pre-compound contributions in the
framework of the Hauser-Feshbach theory [7] and the exciton model [§] respectively.

3.2 Nuclear level density

In the previous sections, the energy states of the compound nucleus were tacitly assumed to form a continuum
where the average energy difference D between two neighbouring states is much smaller than the width T of
these states. This is true at high excitation energies. Since individual states cannot be distinguished, the nuclear
continuum is described not by discrete states, but by a level density p(U, J, 7). On the contrary, discrete levels
found at lower excitation energies can be studied experimentally and their energy, spin and parity determined.

Several level density models have been proposed, each attempting to describe the continuum through a number
of parameters whose values are generally determined through comparison with experimental data. Such are the
Fermi Gas Model (FGM), the Constant Temperature Model (CTM), the Gilbert-Cameron model (GCM) and
the Generalised Superfluid Model (GSM). In all cases it is assumed that the dependence of the level density
from energy, spin and parity can be studied separately so that p(U,J,7) = p(U)f(J)p(x), where p(w) = 1/2,
since both parity values (£1) are considered to be equally distributed in the continuum.
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The level densities of the nuclei involved in the calculations for the °7Au(n,2n) reaction were treated within
the GSM in its phenomenological version developed by Ignatyuk et al. [9,/10]. Expanding upon the relatively
simpler formalism of previous models, the GSM takes into account additional effects such as superconductive
pairing correlations, shell effects and collective enhancement of the level density of the nucleus. It has already
been successfully used in the past for theoretical cross section calculations in 19'Ir |11], which also lies in the
transitional Os-Pb region.

3.2.1 The Generalised Superfluid Model (GSM)

Within the GSM, the key quantities used to describe the excited nucleus are not considered as constant, but
rather as functions of nuclear temperature. Furthermore, the function itself changes between the low- and high-
energy range (the superfluid and normal phase respectively) which are defined by a critical excitation energy
U.-. The critical nuclear temperature value t.,. is given by t.. = 0.567Ag, where Ag = 12/ VA is the pairing
correlation function.

The level density p(U, J) is treated separately in these two energy regions depending on the nuclear temperature
t. The dependence of the level densitzy on the excitation energy and spin can be separated as o(U, J) x p(U) f(J),
where f(J) = R(2J 4 1)e~7/+1/295; is the spin distribution function.

For t < t., (or U’ < U,,) the nucleus is in the superfluid phase, where p(U’) is the level density of quasiparticle
excitations in the Bardeen-Cooper-Schrieffer (BCS) theory [33], expressed in terms of the effective excitation
energy U’ = U + nl\y, where U is the true excitation energy of the compound nucleus and n = 0, 1, 2 for
even-even, even-odd and odd-odd nuclei. The level density parameter is considered constant in the superfluid
phase of the nucleus (o = ).

For t > t.. (or U’ > U,,) the nucleus is in the normal phase, where the pairing correlations vanish and the level
density follows the simple parametrisation of the Fermi Gas Model [34] with a shift in the excitation energy by
Eeond = (3/27%) A3, which is the condensation energy characterising the decrease of the ground state of the
Fermi gas because of the correlation interaction. The level density parameter « varies with energy according to
the equation:
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a=all
where & is the asymptotic value of « at high excitation energy and deg is the shell correction of the nuclear binding
energy. The dimensionless function f(U’) determines the energy behaviour of « for the normal phase [10].

3.3 Nuclear reaction codes

The theoretical calculations were carried out using three nuclear reaction codes, STAPRE-F [12], EMPIRE
2.19 [13] and TALYS-1.2 |14]. Some important details on each are given below.

The choices for the transmission coefficients, the pre-equilibrium and the level densities used for the calculations
of the three codes were made in order to compare how the three codes implement the generalised superfluid
model. The STAPRE-F code provides a local approach in which a consistent calculation is made using local
model parameters established on the basis of various independent data, while EMPIRE and TALYS provide
global approaches of the nuclear models included [15}35].

3.3.1 STAPRE-F

The STAPRE-F code is designed to estimate energy averaged cross sections for particle-induced reactions with
several possible emitted particles (n, p, «, d) and 5-rays, under the assumption of sequential evaporation.
For each evaporation step the statistical model is used with respect to energy, angular momentum and parity
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Table 3.1: Statistical model calculation parameters for STAPRE-F

Parameter 98Ay  7Au Y6Auw 199Aqy Ref.
& (MeV™1) 16.827 16.736 16.645 16.554 [38]
nAg 1706 0.855 1714 0859  [12]
Jeo 4392 -3580 -2.931 -2.202 [38], [39]
¢,quadrupole deformation parameter -0.131  -0.131 -0.139 -0.139 [40]
Neutron separation energy (MeV) 6.45 8.07 6.64 8.38 [41]
Average experimental total radiation width (meV) 128 120* 93! 70! 138]

1 These values were not included to the average parameters of s- and p- wave neutron resonances provided by A. V.
Ignatyuk, and were deduced according to the values for neighbouring nuclei.

conservation. In the present work, only the contribution of neutrons and -rays was taken into account for the
Hauser-Feshbach denominator because the charged particle emission is inhibited by the Coulomb barrier.

The neutron transmission coefficients were calculated using the ECIS03 code [36] with the global optical model
parameters by Koning and Delaroche [37], as the gold isotopes in question are slightly deformed (as indicated
by the quadrupole deformation parameter € in Table .

For the first evaporation step pre-equilibrium decay is taken into consideration within the context of the exciton
model. The pre-equilibrium emission factor is determined by the square matrix element |M|> = KA™3E~1,
where A is the mass number of the target nucleus, F is the energy of the incident particle and K is the free
parameter of the model, which can be estimated by the hard component of the inelastically scattered neutrons
or from the shape of the excitation function of (n,2n) or (n,3n) reactions. In the present work, the value of 200
was used for K.

The v-ray strength functions for M1, E2, M2 and E3 were calculated according to the Weisskopf model, based
on the single particle estimation and normalised to the E1 strength function which was calculated according to
the Brink-Axel hypothesis [42,|43]. The E1 strength function was normalised to reproduce the experimentally
observed average radiation width < I'y > at the neutron binding energy [38].

The GSM parameters used in the calculations were taken from literature and are summarised in Table [3.1] For
the perpendicular moment of inertia of the ground state of the nuclei involved the empirical estimate ©,.;,/3
was used in consistency with the ground state rotational bands of 6Pt and '*Hg.

The energies, spins, parities and branching ratios of the discrete levels for each nucleus involved were taken
from Nuclear Data Sheets [3], and the first 90 levels of 196 Au were included (up to ~ 0.730 MeV). For the levels
with unknown spin and parity, estimates from neighbouring levels were made, while for levels with more than
one spin assignment, a choice was made in order to include a variety of spin values.

3.3.2 EMPIRE

EMPIRE-II is a modular system of nuclear reaction codes, implementing the major reaction mechanisms, such
as compound nucleus (in the Hauser-Feshbach model with width fluctuation correction [44]), pre-equilibrium
emission (by means of the exciton model or the Hybrid Monte-Carlo Simulation approach) and direct interaction
(using various optical model parameters automatically retrieved from the RIPL-2 library [38] or chosen by the
user). In the present work, version 2.19 was used with the default parameters concerning nuclear masses, ground
state deformations, discrete levels, decay schemes and strength functions.

The emission of neutrons, protons, and a-particles is automatically taken into account in competition with
full ~v-cascade in the residual nuclei. The particle transmission coefficients were calculated using the ECIS03
code [36], using the optical model parameters by Koning and Delaroche [37] for neutrons and protons and the
default parameters of [45] for a-particles. The pre-equilibrium contribution was taken into account via the
exciton model as implemented in the EMPIRE-II code (DEGAS) [13].
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For the description of the level density in the continuum, the so-called dynamic approach of EMPIRE-II was
used. This includes the superfluid model formalism [9] adjusted to experimental values of the level density
parameter a and to discrete levels for U’ < U,,., and the Fermi gas model above Ul,..

3.3.3 TALYS

The TALYS-1.2 code is also a modular system of a variety of nuclear models for direct, compound, pre-
equilibrium and fission reactions, phenomenological and microscopic level density models and automatic refer-
ence to libraries (RIPL-2 |38]) for the nuclear structure parameters needed in the calculations. All the reaction
chains are followed until all possible exit channels are closed, leading to their ground or an isomeric state.

The default values were used for parameters concerning nuclear masses, ground state deformations, discrete levels
(except for the number of discrete levels included in the Hauser-Feshbach calculations which was increased to
accommodate the second isomeric state of 19°Au), decay schemes and strength functions [42}43}/46].

The particle transmission coefficients were calculated via the ECIS-06 code [|36] using the default optical model
parameters by Koning and Delaroche [37]. The pre-equilibrium contribution in the first step of the nuclear
reaction was calculated via the default exciton model incorporated in TALYS [47]. The GSM level densities
were selected with all the default parameters of the code. The explicit collective enhancement of the level density
was enabled, and the level density parameters were taken from the systematics for reasons of consistency with
the other codes.

39



40



Chapter 4

Initial results and investigation

4.1 Initial results

The theoretical calculations obtained from the three codes for o441 and op2, along with the data from this
work and the previous measurements are presented in figures [5.1] and

As seen in Fig. the results from all three codes fairly reproduce the trend of the experimental data for
0g+m1. The theoretical curves appear to span the whole range of the experimental values in the 12-16 MeV
region where large discrepancies in the data exist. This precludes a conclusion on the accuracy of the results in
this region.

Concerning the cross section of the second isomeric state (Fig. the STAPRE-F and EMPIRE theoretical
calculations seem to underestimate the near-threshold data up to about 13 MeV, while in the high-energy region
they overestimate the cross sections by about 100 mb, despite the large discrepancies among the experimental
data. The TALYS calculation underestimates the data in the whole energy range, a behaviour also encountered
in [15]. Furthermore, in all cases the cross section attains its maximum value at around 18 MeV, about 2 MeV
higher than the experimental data suggests. This result will be discussed later. Nevertheless, all three codes
reproduce the general trend of the experimental data.

4.2 Further tests

Based on the observations described earlier, several tests were made, using the available codes.

STAPRE-F provides the user with wide liberty in changing the various parameters, as opposed to EMPIRE and
TALYS where most values are retrieved from existing libraries. For this reason, the sensitivity of the results to
several theoretical parameter values was studied using the STAPRE code.

The implementation of level density models alternative to the GSM is not possible in STAPRE-F, but it is very
straightforward in EMPIRE. Tests concerning the addition of discrete levels were handled with STAPRE-F,
while results from manipulation of the nuclear moment of inertia can be obtained with both codes. Details of
the tests performed with STAPRE-F can be found in [16].

4.2.1 Theoretical input parameters

The tests made with STAPRE-F in order to better reproduce the isomeric cross section results consisted in
changing the input parameters of the theoretical calculations and accounting for the (n,3n) reaction which
becomes important above 16 MeV [48-50]. Particular attention was given to the value of & (Table which is
the level density parameter at high excitation energies (Eq. and plays an important role in the calculations.
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Figure 4.1: Theoretical calculations for o,,2 using the Fermi gas and Gilbert-Cameron level density models,
compared to the result using the GSM.

Initially, these values were changed in a consistent way within their experimental uncertainties (i.e. + 6 %) for
195=198 Ay isotopes. Subsequently, the & values for these isotopes were changed in order to follow the systematics
proposed in [38, p.103], where « at the neutron separation energy is up to 20% lower than those given by Eq.
and decreases with increasing A.

Nevertheless, none of these attempts seemed to simultaneously improve the fit to the experimental data of o2,
0g+m1 and the cross section values of the (n,3n) reaction. Furthermore, the average experimental total radiation
width and the moment of inertia of the ground state were changed within their experimental uncertainties, as
was the percentage of pre-equilibrium emission and the assumptions on the shape and symmetry of the Au
isotopes, but the effect on 0,2 was within 10%, and the theoretical curve remained shifted to higher energies.

4.2.2 Model dependence

In order to understand and correct the shift of the o,,5 theoretical curve, which is shifted to higher energies
compared to the experimental data as mentioned before, this discrepancy was investigated to check whether
this behaviour is dependent on the level density model being used (the GSM).

Since EMPIRE offers the possibility of easily switching between level density models, the calculations were
repeated using the Back Shifted Fermi Gas [17] and the Gilbert-Cameron level density models [18] using EM-
PIRE, and leaving the rest of the input parameters as mentioned above. The results (Fig. show that the
shift of the isomeric cross section curve is independent on the model of the level density of the nuclei involved.
In addition, it can be seen in Fig. that it is also independent on the implementation of the GSM in the
three codes used.

4.2.3 Moment of inertia

Generally, the population of the high spin isomers is highly dependent on the spin distribution of the continuum.
The effect of this factor on the feeding of the 127 isomer was examined in order to improve the theoretical
predictions.

In previous cross section measurements of high spin isomers in nuclei belonging to the transitional region from
the well deformed Os to the spherical Pb isotopes [11L[19H21] the need of the reduction of the effective moment
of inertia was pointed out, in order to better reproduce the data of ¢,,2 and the isomeric ratio. Furthermore, in
the framework of the Back-Shifted Fermi Gas Model (BSFGM), systematics have been evaluated for the mass
dependence of the reduction of the effective moment of inertia with respect to the rigid body value [51] which
have been proved quite satisfactory in an extended mass region, even in the heavy Hg and Au isotopes [19].
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Figure 4.2: Theoretical calculations for o,,2 using values of the effective moment of inertia reduced by 25 and
50%.

The same result has occurred in the framework of the GSM for the Ir isotopes as reported in |11], where the
effective moment of inertia had to be reduced to 75% of the rigid body value in order to better reproduce
the trend of the data. The BSFGM and GSM have the same spin distribution shape and from the previous
discussion one would also expect a similar systematic behaviour of the spin cutoff parameter within the GSM,
i.e. the need for a similar reduction of the effective moment of inertia for the reproduction of the data for
Au. In order to test this idea, theoretical calculations were carried out using ©.f¢ values lowered by 25 and
50% using the STAPRE-F and EMPIRE codes, and the results are presented in Fig. The reduction of
the effective moment of inertia causes a significant decrease of the isomeric cross section but does not seem to
improve the theoretical results with reference to the experimental data, as in the neutron energy region below
14 MeV the theoretical calculations are already lower than the experimental data, and as a result the lowering
of O.r¢ causes a further deviation from the data. In the high energy region the theoretical predictions move
closer to the experimental data but retain the maximum cross section value around 18 MeV in contrast with
the data.

This result indicates that the reduced value of O cannot improve the theoretical results and, given also the
existing shift of the curve to higher energies, the hypothesis of possible discrepancies in the level scheme was
examined. In particular, the level schemes of 19Au and '®®Au are expected to play a crucial role in the cross
section value of the 127 isomer and are discussed below.

4.2.4 Level schemes

The level scheme of 96 Au, especially the spins of levels lying above the 12~ isomer are very important for the
feeding of this level [22,/52] in the whole neutron energy range. The existence of the 127 isomer among the
low-lying excited states results from the high spin intruder configurations 7h11/2®vi13/2 [27] and inhibits its
communication with neighbouring states. The possible existence of a rotational band built on this intrinsic
structure for doubly odd nuclei in this region is proposed in [53] and [54], and rotational bands based on
high-j unique parity quasi-particle states (mh9/2, wh11/2, vi13/2) have been reported for Tl isotopes in [53]
and other isotopes in the transitional region Os-Pb (references in [54]), as well as dipole bands in Pb and Hg
isotopes [55H58]. The possible existence of a rotational band built on the 127 isomer and feeding it through
gamma cascade would increase the calculated cross section, and lead to a better reproduction of o,,2 at incident
neutron energies below 16 MeV. In a similar case, the existence of a rotational band built on the configuration of
the 16T isomer of 17 Hf has been proposed in [22] in order to successfully reproduce, within the Hauser Feshbach
theory, the cross section values of the 17 Hf(n,2n) reaction that leads to its formation and was experimentally
observed some years later via the incomplete fusion 176Yb(°Be,a 3n) "8Hf reaction [23].

The level scheme of '®Au is also expected to play an important role in the neutron energy region above 16
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Figure 4.3: Theoretical calculations for o,,2 using a modified level scheme for ?®Au and '%°Au including
hypothetical high-spin levels.

MeV, where the (n,3n) channel becomes important and where the largest deviation from the experimental data
occurs. An examination of the level scheme of %> Au in comparison with the level schemes of neighbouring odd
Au isotopes ( [24126]) indicates a possible absence of high spin rotational band members from the documented
levels. More precisely, in the level schemes of both ¥?Au and '°'Au, AJ = 2 rotational band members have

been observed, with spins from 1~ to 33, energies up to approximately 6 MeV and a band-crossing around

2 2
32—17, following a systematic trend. The same trend is followed by reported levels of '®>Au up to the energy of

4 MeV, while for *Au only the first three states are reported (with spins up to 22~ and energies up to 1.5
MeV). The introduction of such high spin states in the level scheme of 1% Au would lead to an increase of the
de-excitation of the continuum of 199 Au towards these states, and thus a reduction of the theoretical o,,2 values

above an incident neutron energy of 16 MeV.

Although the above assumptions on the level schemes of '%6Au and ' Au seem physically likely, there is no
possibility of embedding discrete levels in the continuum of the nuclei of interest via any of the three codes in
order to further investigate this hypothesis and extract safe results.

The only test that could be performed was the addition of a few high spin levels in the discrete via the STAPRE-
F code implementation and the results seemed encouraging. More specifically as far as the level scheme of 1?6 Au
is concerned, several levels with spins 12%,13% 14 have been added above the 12~ isomer and up to about
0.730 MeV where the continuum starts, feeding the isomer through gamma cascade. The result was a 10 %
enhancement of 0,2 without altering the g+m1 and (n,3n) cross section values. In addition, in order to improve
the 0,2 values in the high energy region, a further addition of levels with high spins between %7 and %7 in
the discrete of 1%°Au was tried, which simultaneously reduced the o,,2 by 10 % in the energy region above 16
MeV, as expected, and moved the maximum of the curve towards lower energies. The results of these two tests
are shown in Fig. Higher spins than those used in the tests, attributed to rotational bands, are expected
to lie in the higher energy part of the continuum, which has a high spin distribution and part of it de-excites
by feeding them. However, within the implementation of a code, the introduction of such high spin levels in
the discrete is not expected to significantly affect the results, since their feeding from the high spin distribution

part of the continuum would be negligible due to the large energy difference.
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Chapter 5

Final results and conclusions

5.1 Experimental results

The cross section of the (n,2n) reaction on %7 Au, was measured independently for the population of the second
isomeric state (o,,2), and for the sum of the reaction cross section for the population of the ground and the first
isomeric state (0g4m1). The cross section values were determined by means of the activation technique in the
incident neutron energy range 9.0-10.5 MeV. The experimental results of this work are presented in Table
along with their uncertainties. As seen in figure the data for the 197 Au(n,2n)%6Audt™! cross section are
in good agreement with previous measurements.

The new data for the second isomeric state presented in this work (fig. report significantly lower uncertain-
ties (10-11% for the 10.0 and 10.5 MeV measurements compared to 20% in the other data within this range),
barring the non-optimal 9.5 MeV measurement. Moreover, the measurement at 9.0 MeV is the only one carried
out at this energy, so close to the threshold. The uncertainty in the incident neutron energy has also been
reduced compared to the previous data, as described in subsection

5.2 Theoretical calculations

Theoretical calculations in the energy range 8-25 MeV were performed with the use of three different codes
(STAPRE-F, EMPIRE 2.19 and TALYS-1.2) taking into account all available experimental data. The exciton
model and Hauser-Feshbach theory were employed for the pre-compound and compound processes respectively.
The Generalised Superfluid Model was chosen for the description of the level density of the nuclei involved. The
Og+m1 Cross section was easily reproduced by the calculations, while for 0,2, the theoretical results could only
reproduce the general trend of the experimental data, with the distribution being shifted to higher energies.
Several tests were performed to improve the theoretical predictions.

Table 5.1: Experimental values for the 197 Au(n,2n)%6 Aud™™! and 197 Au(n,2n)'%6 Au™? reaction cross sections
and the isomeric cross section ratio

Energy (MeV) og4m1 (mb) oo (mb) Om2/0g+mi

9.0 328426 0.8+0.1 0.0024+0.0003
9.5 695160 8.94+3.8 0.013£0.006
10.0 1052473 16.2+1.6 0.01540.002
10.5 1404+102 32.8+2.7 0.023+0.003
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5.3 Conclusions

The results of these tests reveal the importance of the level scheme of the residual nuclei and indicate the
possibility of incomplete documentation of high-spin levels in the level schemes of 1?6 Au and '°® Au. Furthermore,
they highlight certain limitations of the nuclear codes used, particularly regarding the embedding of discrete
states in the continuum, which is not currently possible and affects the reproduction of high-spin isomeric cross
sections.

The experimental search of the high-spin states in '?6Au and ' Au that are apparently missing from available
libraries as well as future experimental and theoretical work on other high-spin isomeric pairs in the same mass
region would be of great interest. Finally, from a software point of view, the ability to treat discrete states inside
the continuum would significantly benefit the precision and range of applicability of existing nuclear reaction
codes.
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