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1. A "Kr mag béta-bomlasa

Bevezetés és célkitiizések

Az irodalomban szdmos motivicié volt a "Kr mag 3-bomldsdnak vizsga-
latdra. El§szor is az izotépok ezen régiéjdban mind diszkosz alakid, mind
szivar alakd deformalt magok is megjelennek, igy a magalakok vizsgalata
a figyelem kozéppontjaba keriilt [1]. A "°Kr mag alakja kiilonosen érde-
kes, ugyanis Wimmer €s tdrsai azt valdszintsitették kozvetett bizonyitékok
alapjdn, hogy az jelentSsen kiilonbozik tiikormagjdnak ("Se) alakjatol. A
magalakok vizsgalatanak egyik kozvetett médja, hogy a S-bomlds dtme-
neti valoszintiségeinek kisérletileg meghatarozott értékeket a kiilonbozs
alakokra szamolt elméleti értékekkel dsszehasonlitjuk [2]. Masodszor is
a Z = N + 2 magok bomldsédnak vizsgdlata az atommag pszeudo-SU (4)
szimmetridjanak megfigyelésére is alkalmas [3], és az A = 70 a legne-
hezebb ilyen mag, melyet eddig vizsgiltak. Ezeken feliil a "Kr mag az
asztrofizikai rp-folyamat egyik feltételezett varakozdsi pontja [4].

Igy a kisérlet elsédleges célkitlizése a "Kr mag bomlasi sémajanak
részletes vizsgdlata, mig masodlagos célkitiizése a felezési idének a ko-
rabbiakndl pontosabb, a protonkibocsatasi valszintliségének pedig az elsé
meghatarozésa.

A Kisérlet ismertetése

A kisérletet a RIKEN Nishina Center kutatéintézet RIBF gyorsitdjaval vé-
geztiik el [5]. A "°Kr mag S-bomldsanak vizsgalatidhoz teljesen ionizalt
"8Kr elsddleges nyaldbot haszndltunk Inyua = 40 pnA dtlagos intenzi-
tdssal. Az elsédleges nyaldbot egy 5 mm széles ?Be céltargyra irdnyitot-
tuk Eyi, = 345 MeV/nukleon mozgdsi energidval, hogy igy a "®Kr mag
fragmentdcidja dltal protondis izotépokat hozzunk 1étre. A keletkezett izo-
tépokat a BigRIPS szeparatorral azonositottuk és a kisérletiink szdmara
érdekes magokat tartalmazoé nyaldbot elvdlasztottuk [6]. Az elvdlasztott



nyaldbot a hdrom réteg x és y irdnyban szegmentalt szilicium detektor-
bol 4116 WAS3ABi implantécids dllomdsban éllitottuk meg [7]. A kisérlet
sordn Osszesen Nimp("°Kr) = 1 603 610 mag bedgyazdddsat észleltiik.
A WAS3ABI detektort a beagyazddott ionok, a S-eseményekbdl szarma-
z6 pozitronok, és a B-késleltetett protonok észlelésére hasznaltuk, mely
eseményeket a leadott energidjuk nagysaga alapjan kiilonboztettiink meg
egymiéstol. A "OKr S-bomldsa sordn kibocsdtott y-dtmeneteket a 84 HPGe
detektorbdl all6 EURICA detektorrendszerrel mértiik [8].

A kisérleti adatok alapjan implantacié-/3, implantdcié-5--y, implan-tacio-
B-v-, implantacié-proton és implantacid-proton-+y idSkorrelacids esemé-
nyeket hoztunk létre a S-bomlés jellemzGinek meghatiarozasahoz. Els6
Iépésként a B-események idGkorrelaciés gorbéjének Bateman-illesztésével
meghatdroztam a "°Kr mag felezési idejét. Ezutdn a [-késleltetett pro-
tonkibocsatasi valészintiséget hatdroztam meg a detektorban protonként
azonositott események szamlaldsaval. A protonok idSkorrelacids gorbéjé-
nek hattérlevonds utdni exponencidlis illesztésével szintén meghatdroztam
a "OKr mag felezési idejét. A B-késleltetett y-atmenetek vizsgélatdval har-
madjara is megmértem a "°Kr mag felezési idejét, a Compton-levonds uténi
idSkorrelacios gorbéjiik exponencidlis illesztése altal.

A lanymag ("“Br) nivésémdjanak felépitéséhez a y-kaszkddokat a 3-
késleltetett -y koincidencidk segitségével vizsgaltam. Az egyes nivok [3-
taplaldsdnak szamitdsat azzal a feltételezéssel végeztem, hogy a y-tdpldlasok
negativ mérlege a nivéra kozvetleniil érkez§ S-atmenetekbdl szarmazik. A
log ft értékeket és a redukalt dtmeneti valészintségeket — B(F') a Fermi
dtmenetekre, és B(GT') a Gamow-Teller dtmenetekre — a mért S-tdpldldsok
alapjan szdmoltam.

A redukdlt &tmeneti valészintiségeket elméleti szamitdsok eredménye-
ivel hasonlitottam 0ssze. Az elméleti szdmitdsok sordn az atommag 4lla-
potainak leirdsa a héjmodell keretein beliil tortént pszeudo-SU (4) szim-
metria feltételezésével [9, 10]. A sematikus Hamilton-operétor a pszeudo-
spintérben d pélyédkon (zérus energidn), és s palydkon (e; energidn) alapult,
a nukleon-nukleon kolcsonhatdst a delta k6lcsonhatds izoskalar és izovektor
csatorndival vette figyelembe, a deformdciébol szarmazé elektromagneses
tagot pedig egy kvadrupdlus tag képviselte. Hirom szamitast végeztiink,
ahol a Hamilton-operdtor paramétereit gy hangoltuk, hogy 1) gombszim-



metrikus, 2) szivar alakd, 3) diszkosz alaku dllapotot kapjunk a "°Kr mag
alapéllapotara, és hogy a "OBr mag elsé gerjesztett 17 és 2% 4llapotai min-
den esetben egyezzenek a kisérleti eredményekkel. A pszeudo-spintérben a

trans

zformdlt Gamow-Teller operatorral kiszdmoltuk a B(GT') redukalt

atmeneti valdszintiségeket a sematikus Hamilton-operator sajat dllapotaira,

mely

Tud

a "°Br mag egyes dllapotainak felelt meg.

omanyos eredmények

A "°Kr mag vizsgilata céljabol végzett kisérlet tudoményos eredményeit
két tézispontban foglalom ssze.

1.a Bomlasi paraméterek

Hirom médszerrel meghatdroztam a "°Kr mag felezési idejét. A 3-
részecskék alapjan meghatarozott felezési id6 (tlf;2 =45.19+0.14
ms) konzisztens a masik két médszerrel mért eredménnyel, és az

irodalmi értékekkel is, mig utébbiakhoz képest dtvenszer precizebb!.

Els6ként mértem meg a "OKr protonkibocsdtdsi valszintiségét (e, =
= 0.545 + 0.023 %)>.

Egy részleges bomldsi sémajat felépitettem 10 Gj nivéval (Ig > 0.5%
érzékenység mellett) és 15 dj y-4tmenettel?.

Meghatdroztam az egyes nivok log ft értékeit €s a redukalt atmeneti
valészintiségeket?.

1.b Magelméleti értelmezés

A kisérleti eredmények és az elméleti B(GT') szdmitdsok Gsszeha-
sonlitdsdval arra jutottunk, hogy a "°Kr mag alapallapota vélhetSen

1 A. Vitéz-Sveiczer és tsai., ,,Studying the exotic decay "OKr into “OBr”, Acta Phys. Pol.
B 51, 587 (2020).

2 A. Vitéz-Sveiczer és tsai., ,,The [3-decay of 70Kr into "9Br: Restoration of the pseudo-
SU(4) symmetry”, Physics Letters B 830, 137123 (2022).
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deformdlt, minthogy a gémbszimmetrikus esetben a B(GT') sokkal
alacsony energidju allapotok kozott oszlott el, mint azt a kisérleti
adatok alapjan lattuk. A kiilonbség a prolate és az oblate eset kozott
viszont tdl kicsi volt ahhoz, hogy a kisérleti eredményekkel dsszevetve
egyértelmien donthessiink a deformdaci6 iranyarsl?:3.

— Mindhdrom szdmitds soran azt taldltuk, hogy a B(GT) eloszldsa az
elsG gerjesztett 1f (E, = 1120 keV) éllapotra koncentralddott, ami a
pseudo-SU (4) szimmetriét teljesitd GT operdtor kivélasztési szaba-
lyainak kozvetlen kovetkezménye. Az elméleti joslat a szimmetria to-
kéletes teljesiilése esetén B(GT; 0f — 117)™ = 242 ~ 0.37, amit
jol kozelit a kisérleti eredmény B(GT; 0 — 17)%P = 0.26(3).
Igy arra a kovetkezére jutottunk, hogy a pseudo-SU (4) szimmetria
latvanyos sériilése utin az A = 62 és A = 66 magok esetén, az
A = 70 magokra az tjra megjelenik?®3.

2. A ritkafoldfém-csucs kialakulasa

Bevezetés és célkitiizések

A ritkafoldfém-csics (REP) az asztrofizikai r-folyamat el6fordulasi gya-
korisdg gorbéjének egy kisebb csiicsa A ~ 160 tomegszamok kornyékén,
mely a két karakterisztikus cstics kozott (A ~ 130 és A = 195) helyez-
kedik el [13]. Mig a karakterisztikus csticsok keletkezését az N = 82 és
N = 126 neutronszdmokndl megfigyelhet§ héjlezarédasok magyardzzék, a
REP létrejottének trividlis magelméleti magyardzata nem ismert. Az egyik
legnépszeriibb magyarazat a 1étrejottére, hogy az asztrofizikai kornyezet
és a kifagydsi szakaszban érintett egyes magok magfizikai tulajdonsiga-
nak egyiittes hatdsa okozza a ritkafoldfém magok felhalmozd6dasat [14].
Egy maésik elmélet szerint a maghasadadsok jarulnak hozzd ezen magok
felhalmozd6dasahoz a neutroncsillagok dsszeolvaddsa esetén [15]. A REP

3P. Van Isacker, A. Algora, A. Vitéz-Sveiczer és tsai., ,Gamow—Teller Beta Decay and
Pseudo-SU(4) Symmetry”, Symmetry 15 (2023).
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1étrejottének elméleti megértésének nehézségeirdl, és a sziikséges informa-
cidkrdl egy Osszefoglal6 olvashaté a [16] kéziratban.

A kisérletiink sordn egy olyan mdsodlagos ionnyaldb létrehozdsat céloz-
tuk meg, mely a [17] munkdban megjelolt — a REP kialakuldsaért vélhetGen
felel§s — magtartomany magjait tartalmazza.

Az elsédleges célkitlizése a munkdmnak, hogy a 1étrehozott magoknak a
felezési idejét és egy-neutronkibocsétdsi valdszintségét (P ,,) meghatiroz-
zam, majd az 4j adatok hatdsét vizsgdljam a REP 1étrejottének matematikai
lefrasara. A masodlagos célkitiizés a széleskortien hasznélt magmodellek
joslatinak 6sszehasonlitdsa volt az dj kisérleti adatokkal, hogy javaslatokat
tehessiink azok pontositdsara.

A REP kisérlet a BRIKEN kampany részeként valésult meg [18], mely
célja, hogy a RIKEN Nishina Center kutatéintézet RIBF gyorsitékomp-
lexumadval elérhetd neutrondiis magok [3-késleltetett neutronkibocsatasat
szisztematikusan tanulméanyozzuk [5].

A Kisérlet ismertetése

A REP kisérlet sordn elsddleges nyaldbnak 23U ionokat hasznaltunk Iz =
= 60 pnA 4tlagos intenzitdssal. Az ionnyaldbot 5 mm vastag *Be céltargyra

irdnyitottuk Ey;, = 345 MeV/nukleon mozgési energidval, igy indukalt

maghasaddssal neutrondds magok keletkeztek. A keletkezett magokat a

BigRIPS segitségével elvalasztottuk és azonositottuk [6]. A célunk egy

olyan magokbdl 4116 koktélnyaldb l1étrehozdsa volt, melyek nagy valészini-
séggel a ritkafoldfém-csics keletkezésében kulcsszerephez jutnak [17]. A

szepardlt nyaldbot az ot réteg x €s y irdnyban szegmentalt szilicium detek-
torbdl 4ll6 AIDA implanticids dllomdsra irdnyitottuk [19, 20]. Az AIDA

detektor segitségével észleltiik az ionok bedgyazodasit, €s a B-bomldsokbdl

szarmaz0 elektronokat, és azokat a leadott energidjuk nagysaga alapjan

vélasztottuk egymdstdl. Az implantciés dllomdst a BRIKEN neutronszdm-
14l6val vettiik korbe, mely 140 db 3He gézzal t5lt6tt proporcindlis szamlalét

tartalmazott egy polietilén matrixba bedgyazva [18, 21]. Két nagy tisztasdgu

germanium detektort is elhelyeztiink a 3-késleltetett y-fotonok észlelésére,

tovabba a nyaldb altal indukalt hattér vét6zdsa céljabdl szilicium és plasztik

detektorokat hasznaltunk.



A kisérleti adatok alapjan implantécio-/3, implantacié- 8-+ és implantacio-
(B-neutron idGkorrelaciés eseményeket hoztam 1étre a bomlési paraméterek
meghatarozasdhoz. ElsGként a koktélnyaldb ionjainak azonositasat és szét-
vélasztasat végeztem el, ionok sebességének, mint extra dimenziénak a
felhasznéldsdval a grafikus vdgdsok sordn. Majd a S-események idGkorre-
laciés gorbéjének Bateman-illesztésével hatdroztam meg a felezési id6t
minden egyes izotépra. A [3-késleltetett neutronkibocsatasi valdszintiséget
az implantécié-S-neutron korreldcidk integralasaval és hattérlevondsaval
hatdroztam meg [21]. Végiil a S-késleltetett y-dtmenetek vizsgalatdval is
meghatdroztam a felezési id6t néhany mag esetén, az id6korreldcids gorbék
exponencidlis illesztésével.

Az uj kisérleti értékeket 0sszehasonlitottam néhdny széleskortien hasz-
nalt magmodell joslataival [22-25]. Ezut4n az dj mag paramétereket fel-
hasznélva r-folyamat hal6zatszamitasokat végeztiink a PRISM program
segitségével [26, 27]. Két asztrofizikai kornyezetet vizsgaltunk, egy hideg
dinamikus kilovellést [28], mely a neutroncsillagok dsszeolvaddsanak felel
meg, és egy forré neutrind hajtotta szelet [16], mely egy szuperndvanak
feleltethetd meg. Az dj bomldsi paraméterek hatdsat a ritkafoldfém-csucs
(REP) kialakuldsara egy varidcidalapu érzékenységszamitdssal vizsgaltuk
[29].

Tudomanyos eredmények
A REP Iétrejottének vizsgdlata céljabol végzett kisérlet tudomanyos ered-
ményeit két tézispontban foglalom Ossze.

2.a Bomlasi paraméterek

— A mérés eredményeként kilenc izotop esetén (164-166pm,
167,1689m, 169.170Ey g5 171:172Gd) elséként hatdroztam meg a fe-
lezési id6t, mig 19 mag esetén az irodalmi értékekhez viszonyitva
pontosabb értékeket adtam meg*.

4G. G. Kiss, A. Vitéz-Sveiczer és tsai., ,Measuring the 8 -decay Properties of Neutron-
rich Exotic Pm, Sm, Eu, and Gd Isotopes to Constrain the Nucleosynthesis Yields in
the Rare-earth Region”, The Astrophysical Journal 936, 107 (2022).
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— A [-késleltetett egy-neutronkibocsatasi valészintiséget (P, érték)
elszor vizsgaltam a régidban. Tizenegy magra (161~ 165Pm, 165,166 5
and 196—169Ey) tj értéket, mig a maradék 17 mag esetén pedig felss-
hatdrt tudtam meghatdrozni®.

— Néhany mag [3-késleltetett y-atmeneteinek vizsgdlatdval a felezési
id6k vizsgdlatéra és izomér dllapotok keresésére is lehetdség adédott®.

2.b Magelméleti és asztrofizikai kovetkezmények

— Az elméleti joslatok kozott jelentGsek a kiilonbségek mind a felezési
id6k, mind a P, értékek esetén a vizsgalt magtartomanyon, melyek
érzékenyen befolydsoljak az r-folyamat asztrofizikai szdmitdsait. To-
vabbd egyik elmélet se irja le konzisztensen a kisérleti eredményeket.
A Py, értékek eltérése az elméleti joslatoktdl vélhetGen abbdl szar-
mazik, hogy a S-bomlds Gamow-Teller komponensének dtmeneti
val6szintiségeit (B(GT')) pontatlanul becslik az alkalmazott model-
lek. Eppen ezért javaslatot tettiink ezen magtartomanyon a B(GT)
értékek kozvetlen mérésére irdnyulo kisérletek elvégzésére a Total
Absorption Spectroscopy (TAS) technikdval®.

— Az el6fordulédsok érzékenysége nagyrészt a felezési idSk esetén 14t-
vanyos, mig ezen a tartomdnyon ugy tlinik a Py, értékek kozel el-
hanyagolhat6 hatdssal vannak a kialakult el6fordulasokra. Ez azon
magok -bomlds dltali keletkezésének iddbeli eltoldsaval magyaraz-
hat6, melyek fogékonyabbak a neutronok befogasara. Igy ezen magok
a kifagyds késébbi szakaszaban keletkeznek, ahol mdr alacsonyabb a
neutronsirdség, ezzel csokkentve a neutronbefogdsok szamdt, ezaltal
eltolva a megfigyelhetd el6forduldsokat az alacsonyabb tomegszamok

felé!.

— Néhany mag felezési idejének kiilondsen nagy a hatdsa mindkét kor-
nyezet esetén, tobb tomegszdmra is az érzékenységek bd tobbségéért

5 A. Vitéz-Sveiczer és tsai., ,,Half-life Measurement Using Implant-(8--y) Time Corre-
lations in the Region of Neutron-rich Lanthanides”, Acta Phys. Pol. B Proc. Suppl. 16,
4-A8 (2023).
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felelnek. Igy arra a kovetkeztetésre jutottunk, hogy ezen magok bom-
14si paramétereinek precizebb mérése elengedhetetlennek tiinik a
REP létrejottének megértéséhez!.
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1 Beta-decay of ""Kr

Introduction and objectives

There have historically been many motivations behind studying this spe-
cific B-decay. First, this region of nuclei is dominated by highly deformed
ground states with both prolate and oblate shapes [1]. The shape of "°Kr is
particularly interesting, as a shape change compared to its mirror nucleus
("°Se) was suggested by Wimmer et al [2]. An indirect study via 3-decay
offers an opportunity to learn about the shape of nuclei by comparing ex-
perimental transition probabilities with theoretical calculations for different
shapes [3]. Second, the Z = N + 2 — Z = N [3-decays are of interest
for studying the pseudo-SU (4) symmetry of nuclear Hamiltonians ([4] and
references therein), with A = 70 being the heaviest such nucleus studied to
date. Furthermore, “’Kr was also hypothesized to be a waiting-point in the
astrophysical rp-process [5].

Thus, the primary objective of the experiment was to study the 5-delayed
~-rays of "YKr, and the secondary objective was to measure the half-life
and proton emission probability.

Experimental approach

The "Kr experiment was conducted at the RIKEN-Nishina Center using the
RIBF accelerator complex [6]. A primary beam of fully stripped "®Kr ions
was used, with an average intensity of Jyeam = 40 pnA. The primary beam
was impinged on a 5-mm-thick ?Be target at a kinetic energy of Ey;, = 345
A-MeV to create proton-rich isotopes through the fragmentation of "*Kr
nuclei. The fragments were separated and identified using the in-flight
technique with the BigRIPS separator [7]. The separated secondary beam
was implanted in the WAS3ABi decay station [8], consisting of three layers
of DSSDs. There were Nim, ("°Kr) = 1,603, 610 identified implantations of
7OKr nuclei in the decay station. WAS3ABi was used to detect implantations,



positrons originating from 3-decays, and 3-delayed protons. Implantation,
(3, and proton events were distinguished by the amount of deposited energy in
the DSSDs. The decay station was surrounded by the EURICA spectrometer,
which consisted of 84 HPGe detectors for capturing ~y-rays following the
B-decay of "°Kr [9].

The experimental data were used to build implantation-3, implantation-
(8-, implantation-3-y-7, implantation-proton, and implantation-proton--y
time correlations. First, a half-life measurement was conducted via Bateman-
fitting of the decay curve of implantation-3 events. Then, the 5-delayed
proton emission probability was measured by integrating the deposited
energy distribution of the protons, following the subtraction of background
events. A second half-life value was also measured by the exponential
fitting of the background-subtracted decay curve of implantation-proton
events. The v-transitions were identified using the energy spectrum of
B-delayed ~y-rays, following the subtraction of background and daughter
nucleus contributions. A third half-life was also derived by the exponential
fitting of the background-subtracted decay curve of identified S-tagged
~y-transitions.

The v-ray cascades of the daughter nucleus ("°Br) were studied using the
~-7 coincidences of implantation-3--y-y correlations to establish the level
scheme using the identified «-ray cascades. Absolute y-ray intensities were
measured using the peak areas of y-transitions from both the 3-tagged and -
gated energy spectra. The S-feedings to each level of the level scheme were
calculated under the assumption that any negative balance of y-feedings
comes from S-feeding (while positive balances are forbidden). Finally,
logft values for each level and reduced transition probabilities (B(F') for
Fermi and B(GT) for Gamow-Teller transitions) were calculated using the
[-feedings.

The deduced experimental results (particularly the reduced transition
probabilities) were compared with theoretical calculations within the frame-
work of a shell model with pseudo-SU (4) symmetry [10, 11]. The schematic
Hamiltonian used in this model was based on a subshell (d) as a zero-energy
level and a subshell (5) with €5 in pseudo-spin space, including the iso-scalar
and iso-vector terms of the delta interaction summed over the nucleons and
a quadrupole term for the nucleus’s deformation. Three calculations were



performed, tuning the parameters of this nuclear Hamiltonian to achieve a)
spherical, b) prolate, and c) oblate deformations for the ground state of 7K,
while matching the energies of the yrast 17 and yrast 27 excited states of
"0Br. The transformed Gamow-Teller operator was then used in pseudo-
spin space to calculate the reduced transition probabilities (B(GT)) to the
eigenstates in the daughter nucleus, according to the same Hamiltonian.
The calculated B(GT') values were compared with the experimental values
to study our theoretical description of the A = 70 nuclear system.

Scientific results

The outcome of this work can be presented as two individual scientific
results.

1.a Decay properties

e The half-life value of "°Kr was derived from the decay curves of
B-particles, 3-delayed ~y-rays, and 3-delayed protons. The new half-
life value of t’l’H o = 45.19 & 0.14 ms showed great consistency with
values from other methods and with the earlier value in the literature
(ti/2 = 40(6) ms) [12], showing a 50-fold increase in accuracy
compared to the latter result'.

e The first measurement of the 5-delayed proton emission probability
(gp) of "°Kr was conducted, resulting in £, = 0.545 £ 0.023 %?.

e A partial decay-scheme of "°Kr was constructed, including 10 new
levels with a sensitivity of Iz > 0.5%, and 15 new y—transitions?

e The logft values and the reduced transition probabilities (B(F') and
B(GT) values) for each level were calculated?.

TA. Vitéz-Sveiczer et al., ‘Studying the exotic decay 70kr into 70br’, Acta Phys. Pol. B 51,
587 (2020).

2A. Vitéz-Sveiczer et al., “The S-decay of 70kr into 70br: restoration of the pseudo-su(4)
symmetry’, Physics Letters B 830, 137123 (2022).
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1.b Theoretical interpretation

e The ground state of "OKr was found to have a deformed shape, as the
spherical shape would result in a B(GT') function distributed over
significantly lower energies in the daughter nucleus, contradicting the
experimental results. However, the differences between the prolate

and oblate cases were too small to distinguish them unambiguously
2,3

e In all three scenarios, a concentrated B(GT) is predicted for the
yrast 11" (B, = 1120 keV) level, a direct consequence of selection
rules due to pseudo-SU(4) symmetry. The theoretical prediction
of B(GT; 0 — 17)™ = 2¢® ~ 0.37 closely matches the ex-
perimental B(GT; 07 — 17)P = 0.26(3) result, leading to the
conclusion that there is an approximate restoration of pseudo-SU (4)
symmetry in the A = 70 nuclear system, following the breaking of
this symmetry at A = 62 and A = 66 23,

2 Formation of the rare-earth peak

Introduction and objectives

The rare-earth peak (REP) is a smaller peak in the abundance pattern of the
astrophysical r-process at A ~ 160, between the two characteristic peaks
located at A ~ 130 and A ~ 195, the latter ones originating from neutron
shell closures N = 82 and N = 126 [15].

However, understanding the formation of the REP is not straightforward,
as there are no shell closures that could explain these increased abundances.
One of the most common theories is that an interplay of the astrophysical
conditions and the decay properties of abundant nuclei during the freeze-out
process is responsible for its formation [16]. Another theory suggests that
the fission of heavy nuclei forms the REP in the astrophysical scenario

3P. Van Isacker, A. Algora, A. Vitéz-Sveiczer et al., ‘Gamow-teller beta decay and pseudo-
su(4) symmetry’, Symmetry 15 (2023).
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of neutron star mergers [17]. For a review of the challenges posed by the
explanation of the REP, see [18].

Our experiment was conducted to produce a secondary beam of various
neutron-rich nuclei in the region highlighted by the work of Mumpower et
al. as most likely responsible for the formation of the REP [19].

The main goal of this work thus became the measurement of half-
life values and S-delayed neutron emission probabilities of the produced
isotopes, to study their effect on the formation of the REP. As a secondary
goal, the derived decay properties were compared with the predictions of
state-of-the-art nuclear models.

The REP experiment was part of a series of experiments (called the
BRIKEN campaign [20]) carried out at the RIKEN Nishina Center to
systematically study the 3-delayed neutron emission of nuclei accessible at
the RIBF accelerator complex [6].

Experimental approach

During the experiment, a primary beam of 233U was used with an aver-
age intensity of Ipe,m = 60 pnA. The primary beam was impinged on a
5-mm-thick ?Be target at a kinetic energy of Ey;, = 345A-MeV to create
neutron-rich isotopes through in-flight fission of the 233U nuclei. The fission
products were separated and identified using the BigRIPS separator [7].
The goal was to create a cocktail beam of isotopes in the region of interest
of our experiment, outlined in the work of Mumpower et al. as the region
responsible for the formation of the rare-earth peak during the astrophysical
r-process [19]. The separated secondary beam was implanted in the AIDA
decay station [21, 22], consisting of five layers of DSSDs (Double-sided
Silicon Strip Detectors). AIDA was used to detect implantations and elec-
trons originating from S-decays. The implantation and the /3-events were
distinguished by the magnitude of the deposited energy in the DSSDs. The
decay station was surrounded by the BRIKEN neutron detector system,
which consisted of 140 *He-filled proportional counters for the detection of
neutrons, thermalised by the high-density polyethylene matrix in which the
counters were planted [20, 23]. There were also two HPGe detectors placed
in the matrix for the capture of 3-delayed ~y-rays, while silicon and plastic



veto detectors were used to veto beam-induced background.

The experimental data were used to build implantation-3, implantation-
B-7v, and implantation-/3-neutron time correlations. The first step was the
identification and separation of the isotopes of interest using an advanced
technique where the identification is done with the extraneous dimension
of velocity of the ions to separate charge states from fully ionised im-
plants. Then, a half-life measurement was conducted for each nucleus via
Bateman-fitting of the decay curve of implantation-/3 events. The S-delayed
one-neutron emission probabilities were measured via the integration of
the background-subtracted implantation-/3-neutron time correlations, us-
ing a modified version of the method introduced in [23]. Beta-delayed
~-transitions were identified using the energy spectrum of 3-delayed ~y-rays
following the subtraction of background and daughter nucleus contribu-
tions. A second half-life measurement was also conducted via exponential
fitting of the background-subtracted decay curve of identified S-tagged
~-transitions, where the statistics were sufficient.

The new experimental data were compared to the calculations of a
selection of state-of-the-art nuclear models [24-27].

The new experimental results were also included in 7-process network
calculations using the PRISM code [28, 29]. Two astrophysical scenarios
were studied: a cold dynamical ejecta trajectory [30] corresponding to
neutron star mergers, and a neutrino-driven hot wind [18] corresponding to
supernovae. The impact of the new decay properties on the formation of
the rare-earth peak (REP) was studied through a variance-based sensitivity
analysis [31]. The analysis focused on the uncertainties of the abundance
pattern on the right shoulder of the REP and its sensitivity to the uncertainty
of the experimental data, while all other parameters were kept fixed during
the analysis. A thousand Monte Carlo parameter sets were generated based
on the newly measured mean values and uncertainties. In the case of upper
limits, a continuous distribution was assumed between zero and the upper
limit. The abundances were calculated using the PRISM code for every
parameter set, the overall uncertainties of the abundances were estimated
by the variance of the results, and the first-order sensitivity indices were
calculated for each decay property, to study their individual impact. The
calculations were repeated using the experimental data earlier available



in the literature [32], to study the overall impact of the new data on our
understanding of the formation of the REP.

Scientific results

The outcome of this work can be presented as two individual scientific
results.

2.a Decay properties

e In the case of 9 isotopes (164~166pm, 167:168gm 169.170Ey and
I7TL172Gq) the half-life was measured for the first time, while in
the case of 19 isotopes improved half-lives were deduced compared
to literature values®*.

e The [3-delayed one-neutron emission probabilities were studied in
this range of nuclei for the first time. For 11 nuclei (*61~16°Pm,
165,166gm, and 166—-169Ey) new values were obtained, while for the
remaining nuclei only upper limits could be established based on our
experimental data®.

e The (-delayed v-rays of a few nuclei were studied to measure the
half-life via independent methods and to look for isomeric states”.

2.b Astrophysical interpretation

e None of the nuclear models consistently describes the half-lives for
the studied nuclei. The 3-delayed one-neutron emission probabilities
(P1,,) are also significantly underestimated in all nuclear models for
even-Z nuclei, while they are generally better described for odd-Z
nuclei by all the studied models, with the exception of a kink at '67Eu
in the work of Méller et al., unseen in experimental results?.

4G. G. Kiss, A. Vitéz-Sveiczer et al., ‘Measuring the 3 -decay Properties of Neutron-rich
Exotic Pm, Sm, Eu, and Gd Isotopes to Constrain the Nucleosynthesis Yields in the Rare-earth
Region’, The Astrophysical Journal 936, 107 (2022).

SA. Vitéz-Sveiczer et al., ‘Half-life measurement using implant-(3-y) time correlations in
the region of neutron-rich lanthanides’, Acta Phys. Pol. B Proc. Suppl. 16, 4-A8 (2023).
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e The uncertainty of the abundance pattern was significantly reduced

by the new experimental data in the case of the dynamical ejecta in
the A = 162 — 176 range. The impact was generally less significant
in the case of the hot wind scenario, however, for the A = 165 — 167
and A = 169 — 170 regions, there is also an observable sensitivity
to the new experimental data®.

The sensitivity of the abundance pattern is mostly observable con-
cerning the uncertainty of half-life values, while the P,,, values in
this region seem to induce a nearly negligible impact on the abund-
ance pattern. This can be explained by the shifting of the S-flow,
leading to nuclei more likely to capture neutrons to later times of the
freeze-out stage, where the neutron density is lower, thus decreasing
the integrated neutron-flow of abundances, shifting the abundance
pattern to lower mass numbers’.

We found that the impact of the half-life of a few nuclei is exception-
ally great for both trajectories, being responsible for more than 50% of
the uncertainties at numerous mass numbers. Thus the more precise
measurement of these particular decay properties seems essential for
our understanding of the REP!.
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