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han, Stina, Linus, Christian, Natasa, Vytenis, Johan, Pontus, Julius, Charlotta,
Joakim, Kristina, Hanno, Francesco, Mikael, Per, Jan, Géran, Kevin, Yulia and
Jane.

Christian och Jesper, tack for er trogna vénskap.

Catharina, Liselott och Per, er omtéanksamhet och tro pa mig ger mig energi
och jag ska se till att ni far de allra bésta platserna pa nobelmiddagen.

Adrian, det dr en trygghet att vinda sig till dig. Tack for din och Saras fina
aterkoppling pa Expedition Flerovium.

Mina kollegor pa hemmakontoret, Ulrica, Lovisa och snart lillebror, ni ger mig
mening, glidje och motivation. Utan er hade det inte blivit ndgot. Alskar er.

Mamma och Pappa, er kdrlek och stod har tagit mig sa langt. Denna avhandling
ar till er.
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Expedition Flerovium (SV)

En kort populirvetenskaplig beréittelse om experimentet

Till minne av Anders

Anders hade, sa linge han kunde minnas, dromt om att fa utforska den kirn-
fysikaliska vérlden, det vill sdga utkanterna av nuklidkartan. Han satt pa fiarjan
som just hade ldmnat hamnen vid Blybergets kust. Kursen var riktad mot Ak-
tinidon, utgangspunkt fér denna vérlds upptickare. Nu skulle drommen &ntligen
ga i uppfyllelse.

Bakom Blyberget skymtade Anders Stabilitetsbergen och dess langa miktiga
bergskedja. Anders hade vixt upp en bit sydvést lings med Stabilitetsber-
gen, vid breddgraderna kring Tenn. Har hade han tidigt fascinerats av den
karnfysikaliska naturen. Naturen stralade i huvudsak av tre olika partiklar. Des-
sa kallades for alfa-, beta-, och gammapartiklar. I var virld kan alfapartiklarna
liknas med stora delfiner, betapartiklarna med clownfiskar och gammapartik-
larna med sma plankton. Partiklarna trivdes bra néra havsnivan vid kusterna
men som allra bast i havets djup. Pa strinderna och i det grunda vattnet lings
kusterna var alfa-, beta- och gammapartiklarna som langsammast och réda. Ju
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lingre fran kusten man tog sig och havet blev djupare, desto snabbare blev
partiklarna. De blev gula, grona, blaa och de allra snabbaste var sillsynt lila.

Det var forsta gangen som Anders var sa langt nordost som Blyberget. Det Radi-
oaktiva sundet som han nu firdades 6ver hade han bara hort talas om. Naturen
var mycket annorlunda hér jimfort med den vid Stabilitetsbergen. Istéllet for
mestadels beta- och gammapartiklar, stralade det hir av alfapartiklar. Sundet
var vildigt djupt, och det fanns gott om turkosa och till och med lila alfapar-
tiklar. Det var ett spdnnande omrade, men redan val utforskat.

Till skillnad fran Stabilitetsbergen var Aktinidon ett instabilt 1dgland som sakta
foll sonder. Sa smaningom skulle den téckas av vatten. Ibland sags det ocksa
starkt blatt ljus fran marken, ett tecken pa att den foll samman. Aktinidén var
vird for flertalet hamnar. Det var héarifran manga av denna vérlds upptéackare
var baserade. Titt som tétt, gav sig olika besdttningar ut pa expeditioner i sina
skepp. Det fanns de som drog nytta av sydliga fissionsvindar, med vilka man
kunde na exotiska havsdelar sydost om Stabilitetsbergen. Andra specialisera-
de sig pa nordliga fusionsvindar som kunde fora expeditionen mot oupptickta
omraden i nordost.

Anders hade ett sérskilt intresse for dessa nordliga fusionsvindar. Det var darfor
han inte kunde lata bli att besoka virdshuset Supertung, som det férsta han gjor-
de nér han anlédnt till Aktinidén. Han sétter sig vid bardisken. S& smaningom
tar en dldre dam och herre platserna bredvid honom. De &r pratsamma och det
dr Anders tacksam for. Maria och Sven, som de heter, visar sig vara erfarna ut-
forskare. Nar Anders beréttar om sin nyfikenhet for nordliga expeditioner, blir
de exalterade och Sven siger “Antligen! Hér har vi nagon som liknar oss néir vi
var unga. Det finns sa mycket spdnnande att utforska. Har du hort ryktet om
Stabilitetson?”. Det hade Anders. Maria forklarar “Som du kdnner till sa har
vi framgangsrikt kunnat koppla de hogsta topparna liangs Stabilitetsbergen till
sdrskilda langd- och breddgrader. For linge sedan forutsags att det skulle finnas
ytterligare en 6 pa nuklidkartan. Denna ¢ skulle ligga norddst om Aktinidon,
pa langd- och breddgrader som dnnu ej utforskats. Eftersom vara beridkningar
visade pa att denna mytomspunna 6 kunde vara mer stabil &n Aktinidon, fick
den namnet Stabilitetson.” Anders inflikar: “Ar ni alltsd tva av de berémda
utforskarna?” Sven och Maria nickar. Wow, ténker Anders, hér far han en prat-
stund med tva av de legendarer som det hade berittats om da han var yngre.
Sven fortsdtter att beritta. “Enligt vara berdkningar sa borde 6n ligga lings
med 184:e langdgraden och 114:e breddgraden, kidnd som Fleroviumbreddgra-
den. Med utvecklingen av snabbare batar och mer kinslig mitutrustning, finns
det nutida upptéckare som hévdar att de skymtat Stabilitetson.” Anders &r
forbluffad, men far &nda ur sig “Jag skulle vilja vara med pa en sadan expe-
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dition”. Maria och Sven ler och Maria siger “Jag misstdnkte det. Med en san
framatanda som du har, sa ska vi hjilpa dig.”

Anders har lamnat vérdshuset och dr nu pa vig till 6stra Plutoniumhamnen.
Enligt Maria och Sven skulle kapten Didrik, som Sven kénde vél, och deras
bat Lundium var fortéjd dér. Upptéackarna pa Lundium hade tidigare utforskat
havet kring breddgrad 115 och varit de forsta som uppmétte gammapartiklar
sa néra Stabilitetson. Nu skulle de ge sig ivig pa en ny expedition med &nnu
kéansligare méatutrustning. I viantan pa den kraftiga nordanvinden som kravdes
for att na den avldgsna Fleroviumbreddgraden lag Lundium fért6jd i hamnen.

I hamnen #r det stor aktivitet och manga ménniskor vid en bat och darfor
hittar Anders enkelt Lundium. Han fragar en person med langt skigg som viker
segel pa forddck om han vet var kaptenen befinner sig. Han svarar “Jo, kapten
Didrik, det &r han som star dar borta i aktern och Gverser att allting lastas pa
ordentligt.” Anders tackar och gar mot aktern. Innan han hinner presentera sig,
siger kapten Didrik “Ar det du som #r Anders?”. Maria eller Sven hade tydligen
redan hunnit prata med Didrik. Han fortsétter “Vi kan behéva forstérkning till
var beséttning. Var trogne fordéicksgast Per brot benet och kan inte folja med.
Du kommer i grevens tid. Det borjar blasa upp och vi kastar strax loss”.

Bara inom en timme har Lundium tagit sig ut pa de nordostra delarna av det
Instabila havet. “Nu &r vi dntligen pa vig”, siger kapten Didrik. Anders intro-
duceras till Dan-Ake och Peter, de évriga i beséttningen. “Dan-Ake &r styrman.
Peter &r var navigator. Jag sjélv ar kapten och &ven ansvarig for storseglet.
Anders du far ta hand om forseglet”, sdger Didrik. Rollerna dr fordelade och
med vinden i ryggen seglar de ivéig. Till en borjan ar det mattliga vindar och
ganska lugnt. Anders passar pa att fraga “Hur kommer det sig att det var sa
manga involverade i lastningen?”. Peter svarar “Aven om det var lite stressigt
att komma ivég, sa har vi planerat och forberett for denna expedition i flera
ar. Vi ar sjilva duktiga seglare, det ar darfor vi sitter i baten. Skeppsvarvet har
utfort ovarderliga uppgraderingar av batens kol. Segelmakare har skriddarsytt
de snabbaste seglen. Experter har tagit fram den kénsligaste métutrustningen.
Allt detta mojliggor, tillsammans med oss hir pa Lundium, att vi kan segla till
Fleroviumbreddgraden och gora exklusiva métningar.” Anders sdger ddmjukt,
“Vilken &ra att fa segla med er”.

Efter nagra lugna dagar blaser det upp ordentligt och alla &r pa helspann.
Plstsligt hors en dunk och baten stannar upp. Dan-Ake utbrister “Det dr nagot
som fastnat i rodret, jag kan inte styra”. Oro utbryter pa dédck men Anders
agerar snabbt och tar initiativet att dyka ner for att ta en titt. En stor samling
tang hade fastnat pa rodret och Anders jobbar snabbt for att avldgsna den.
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All tid &ar vérdefull. Kapten Didrik berommer “Bra jobbat Anders! Nu kan vi
fortsétta utnyttja den starka vinden och ta oss sa langt nordost som mojligt.”

Efter nagra tuffa dagar i kulingvindar férsvinner vinden helt och det blir stiltje.
Lundium har anlént till Fleroviumbreddgraden. “Alle man, till métinstrumenten!”,
ropar Kapten Didrik. “Innan vinden vénder maste vi samla in s& mycket data vi
kan.” Matningarna gar bra, de far se manga blaa alfapartiklar som bekréftar vad
tidigare expeditioner identifierat. P& langdgrad 174, ser de plotsligt en ny typ av
alfapartikel, med en sérskild nyans av turkos. De trodde knappt att det var sant.
Med ett stort leende pa lipparna, siger Dan-Ake “Wow, det hiir var ingenting
vi forvantade oss”. Kapten Didrik beréttar att genom att placera ut den unikt
turkosa alfapartikeln pa kartan kan man se att Stabilitetson faktiskt inte borde
ligga ldngs med Fleroviumbreddgraden. Anders forstar och lagger till: “Den finns
alltsa snarare pa nordligare breddgrader”. Vilken genombrytande upptéckt!

Peter tittar noggrannare pa den insam-
lade datan och sdger efter en stund “Jag
har fler goda nyheter, det &r ganska
grunt héir och det finns sten pa botten”.
Dan-Ake stimmer in “Underbart, vara
kénsliga métinstrument kommer verk-
- ligen till god anvandning”. I rask takt
- staplar de stenar fran botten pa varand-
~ ra och formar en grund. Med ytterliga-
B re material bygger de en fyr. Niir den
star klar tar Didrik, Peter och Dan-Ake
sig ivrigt upp i fyren. Anders ar lang
- och stannar kvar pa marken. Han tror
~ sig kanske skymta Stabilitetsén bakom
dimman i horisonten. Kapten Didrik
- rundar av den framgangsrika “Expedi-
tion Flerovium” och séger stolt “Nu har
' vi skapat ett tydligt riktmérke for al-
la seglare efter oss. Kanske kan fyren
~ hjilpa framtida expeditioner att na den
~ mytomspunna 6n.”
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Nuklidkartan

Koordinaterna

En nuklid dr en atomkérna uppbyggd av en unik kombination av neutroner
och protoner. Varje par av heltalskoordinater pa nuklidkartan representerar en
atomkérna. Breddgraden representerar antal protoner i kirnan (betecknas Z7),
vilket &ven definierar grundémnet, medan lingdgraden representerar antal neu-
troner (betecknas N). Liangs med en breddgrad finns det alltsa olika varianter,
isotoper, av ett grunddmne.

Stabilitetsbergen och Instabila havet

Hojdnivan over havet representerar de olika nuklidernas stabilitet. De flesta
kédrnor som &r lokaliserade ldngs med Stabilitetsbergen ar stabila, det vill siga,
de sonderfaller inte. Nuklider lokaliserade néra havsnivan och pa det stora In-
stabila havet &r instabila och sonderfaller (se nésta punkt).

Alfa-, beta- och gammapartiklar samt det Radioaktiva sundet
Nukliderna som placerar sig nira samt under havsnivan ar instabila. Det innebér
att de &r radioaktiva. Nar de sonderfaller sénder de ut olika typer av joniseran-
de stralning som exempelvis alfa-, beta- och gammapartiklar. Ju lagre altitud,
desto kortare livstider har kidrnorna, med andra ord, desto mer instabila &r de.
Atomkérnor i det Radioaktiva sundet &r sérskilt kortlivade och kan ha livstider
pa endast mikrosekunder. Ofta har den utsidnda stralningen fran mer instabila
kédrnor hogre energi. Genom att méta alfa-, beta- och gammapartiklarnas energi
erhalls en inblick i hur atomkérnan fungerar och dess stabilitet. I beréttelsen
symboliserar partiklarnas firger deras energier, fran regnbagens spektrum med
ldgst energi som rod och hogst energi som lila.

Aktinidén och 244Pu

Aktinidon &r vérd for de tyngst naturligt forekommande nukliderna, i huvudsak
isotoper av grundédmnena uran och torium. Eftersom de har livstider pa flera
miljarder ar aterfinns de fortfarande i relativt stor méngd pa jorden. Nuklider pa
Aktinidon kan sonderfalla med nagot som kallas spontan fission. D& delar kéirnan
upp sig i tva lattare kdrnor och mycket energi frigors. De sydliga fissionsvindarna
i beréttelsen symboliserar skapandet av lattare kiarnor. Tvértemot, s& represen-
terar de nordliga fusionsvindarna fusionsprocessen, det vill sdga nér tva kdrnor
sméilter samman och skapar en tyngre kérna. I experimentet dr det fusion mel-
lan kiirnor av 24*Pu och *8Ca som skapar det supertunga grundimnet flerovium.
244Py betecknas den isotop av grunddmne 94, plutonium, med 150 neutroner.
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Markerade bredd- och lingdgrader

Atomkéarnor med ett sa kallat magiskt antal protoner och/eller neutroner upp-
visar extra stabilitet, det vill sdga de &r mer resistenta mot att radioaktivt
sonderfalla samt &r i stérre utstréckning stabila. Det var Maria Géppert Mayer
som forst lyckades forklara bakgrunden till dessa magiska tal med den mycket
framgangsrika skalstrukturmodellen fér atomkérnan.

Tenn &r ett exempel pa ett grunddmne som har ett magiskt antal protoner
(50) 1 kérnan. Darfor finns det ett stort antal stabila isotoper ldngs med Tenn-
breddgraden och de gestaltas med hoga bergstoppar pa nuklidkartan. De storsta
magiska talen som hittills bestamts &r 82 och 126 for protoner respektive ne-
utroner. Atomkérnor med just sa manga protoner och/eller neutroner finns pa
Blyberget, som darfor ar extra hogt.

Nasta magiska tal har &nnu inte kunnat faststéllas, men det har vanligen forut-
spatts att atomkdrnor av grunddmne flerovium (alltsa lings med Flerovium-
breddgraden) med 114 protoner och sirskilt isotopen med 184 neutroner kan
vara nésta kédrna som har bade magiskt antal protoner och neutroner. Just i
néirheten av dessa magiska tal, dr det maojligt att valdigt langlivade, till och med
stabila, sa kallade supertunga kérnor existerar. S6kandet efter denna Stabili-
tetsd har fascinerat kérnfysiker &nda sedan den forst forutsags av teoretiker pa
slutet av 1960-talet av bland andra lundafysikern Sven-Gosta Nilsson.

Visualisering

Visualiseringen av Nuklidkartan baseras pa tabulerade halveringstider!. Fin-
justeringar har gjorts med 6verlagring av Gaussiska toppar samt skalstrukturkor-
rigering®. Inspiration har tagits fran tidigare liknande verk.

Fleroviumfyren har malats av Sverker Holmberg.

'Nuclear Wallet Cards Search: https://www.nndc.bnl.gov/nudat2/indx_sigma.jsp
2P. Méller et al., At. Data. Nucl. Data Tables 109-110, 1 (2016).
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Expedition Flerovium (EN)

A short popular science story about the experiment

In memory of Anders

Anders had, for as long as he could remember, dreamed of exploring the world
of nuclear physics, that is, the edges of the Chart of Nuclides. He was sitting on
the ferry that had just left the harbor on the shores of Lead Peak. The course
was aimed for Actinide Island, the starting point for this world’s discoverers.
His dream was finally about to come true.

Behind Lead Peak, the Stability Mountains and its long mighty mountain range
loomed. Anders had grown up a bit southwest along the Stability Mountains,
at the latitudes around Tin. Here he had from early years been fascinated by
nuclear physics’ nature. Nature radiated mainly from three different particles.
These were called alpha, beta, and gamma particles. In our world, the alpha
particles can be likened to large dolphins, the beta particles to clownfish, and
the gamma particles to small plankton. The particles thrived well near sea level
on the coasts but at their best in the depths of the sea. On the beaches and in
the shallow water along the coasts, the alpha, beta and gamma particles were
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the slowest and red. The further from the coast you went and the sea became
deeper, the faster the particles became. They turned yellow, green, blue and the
fastest were purple.

It was the first time that Anders was as far northeast as Lead Peak. He had only
heard of the Radioactive Strait over which he now traveled. Nature was very
different here compared to that at the Stability Mountains. Instead of mostly
beta and gamma particles, nature here radiated from alpha particles. The strait
was very deep, and there was plenty of turquoise and even purple alpha particles.
It was an exciting area, but already well explored.

Unlike the Stability Mountains, the Actinide Island, is an unstable lowland
that is slowly falling apart. Far in the future, it would be covered by water.
Sometimes strong blue light was also seen from the ground, a sign that it was
collapsing. The Actinide Island was the host for many ports. It was from here
that many of the discoverers of this world were based. All the time, different
crews set out on expeditions in their ships. There were those who took advantage
of southern fission winds, with which one could reach exotic seas southeast of
the Stability Mountains. Others specialized in northern fusion winds that could
lead the expedition to undiscovered areas in the northeast.

Anders had a special interest in these northern fusion winds. That was why he
could not help but visit the Superheavy inn when he arrived to the Actinide
Island. He takes a seat at the bar. Soon an elderly lady and gentleman take the
seats next to him. They are talkative and Anders is grateful for that. Maria and
Sven, as they are named, turn out to be experienced explorers. When Anders
talks about his curiosity for northern expeditions, they get excited and Sven says
“Finally! Here we have someone similar to us when we were young. There is so
much exciting to explore. Have you heard the rumor of the Island of Stability?”.
Anders had and Maria explains “As you know, we have been able to successfully
connect the highest peaks along the Stability Mountains to special longitudes
and latitudes. It was long ago predicted that there would be another island on
the Chart of Nuclides. This island would be located northeast of the Actinide
Island, at longitudes and latitudes not yet explored. Because our calculations
showed that this mythical island could be more stable than the Actinide Island,
it was named the Island of Stability.” Anders interjects: “So are you two of the
famous explorers?” Sven and Maria nod. Wow, Anders thinks, here he gets a
chat with two of the legends that had been told about when he was younger. Sven
continues “According to our calculations, the island should lie along the 184th
longitude and the 114th latitude, known as the Flerovium Latitude. With the
development of faster boats and more sensitive measuring equipment, there are
now discoverers who claim to have glimpsed the Island of Stability.” Anders is
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amagzed, but still manages to say ”I would like to be part of such an expedition”.
Maria and Sven smile and Maria says “I suspected that. With such a forward-
thinking spirit as you have, we will help you.”

Anders has left the inn and is now on his way to the eastern Plutonium harbor.
According to Maria and Sven, Captain Didrik, whom Sven knew well, and their
boat Lundium were moored there. The discoverers at Lundium had previously
explored the sea around latitude 115 and were the first to measure gamma
particles so close to the Island of Stability. Now they would set off on a new
expedition with even more sensitive measuring equipment. While waiting for the
strong north wind that was required to reach the distant Flerovium Latitude,
Lundium was moored in the harbor.

In the harbor there is a lot of activity and many people in the vicinity of one
specific boat and therefore Anders easily finds Lundium. He asks a person with
a long beard who folds sails on the foredeck if he knows where the captain
is. He replies “Yes, Captain Didrik, he is the one standing there in the stern
and overlooking that everything is loaded properly.” Anders thanks and walks
towards the stern. Before he has time to introduce himself, Captain Didrik says
“Are you Anders?”. Maria or Sven had apparently already talked to Didrik. He
continues “We may need reinforcements for our crew. Our faithful front deck
crew member Per broke his leg and can not join. You're in the nick of time. It
is starting to blow up and we take off soon”.

In just one hour, Lundium has set out on the northeastern parts of the Sea
of Instability. “Now we are finally on our way,” says Captain Didrik. Anders
is introduced to Dan-Ake and Peter, the others in the crew. “Dan-Ake is the
helmsman. Peter is our navigator. I myself am the captain and also responsible
for the mainsail. Anders, you get to take care of things at the bow”, says Didrik.
The roles are distributed and with the wind in the back they sail away. At first
it is moderate winds and quite calm. Anders takes the opportunity to ask “How
come there were so many involved in the loading?”. Peter answers “Although
it was a bit stressful to get away, we have been planning and preparing for
this expedition for several years. We are good sailors ourselves, that is why
we are in the boat. The shipyard has performed invaluable upgrades to the
boat’s keel. Sailmakers have tailored the fastest sails. Experts have developed
the most sensitive measuring equipment. All this enables, together with us here
at Lundium, that we can sail to the Flerovium Latitude and make exclusive
measurements.” Anders says humbly, “What an honor to sail with you”.

After a few quiet days, it blows up properly and everyone is on full swing.
Suddenly a thump is heard and the boat stops. Dan-Ake exclaims “There is
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something stuck in the rudder, I can not steer.” Anxiety erupts on deck but
Anders acts quickly and takes the initiative to dive down to take a look. A large
collection of seaweed had got stuck on the rudder and Anders is working fast
to remove it. Time is of the essence. Captain Didrik praises “Good job Anders!’
Now we can continue to take advantage of the strong wind and take us as far
northeast as possible.”

After a few tough days in gale force winds, the wind disappears completely and
there is silence. Lundium has arrived at the Flerovium Latitude. “All men, to
the measuring instruments!”, shouts Captain Didrik. “Before the wind returns,
we need to collect as much data as we can.” The measurements are going well,
they get to see many blue alpha particles that confirm what previous expeditions
have observed. At longitude 174, they suddenly see a new type of alpha particle,
with a special hue of turquoise. They could hardly believe it was true. With a
big smile on his face, Dan-Ake says “Wow, this was not something we expected”.
Captain Didrik says that by placing the unique turquoise alpha particle on the
map, you can see that the Island of Stability should not actually be along the
Flerovium Latitude. Anders understands and adds: “It is thus rather found in
more northern latitudes”. What a breakthrough discovery!

Peter looks more closely at the data col-
lected and says after a while “I have mo-
re good news, it is quite shallow here
and there is rock at the bottom”. Dan-
Ake joins in “Wonderful, our sensitive
~ measuring instruments really comes to
- use”. At a rapid pace, they stack sto-
~ nes from the bottom on top of each ot-
~ her and form a foundation. With ad-
&= ditional materials, they build a light-
* house. When it is complete, Didrik, Pe-
ter and Dan-Ake eagerly head up the
= lighthouse. Anders is tall and stays on
= the ground. He believes he may glimp-
se the Island of Stability behind the fog
~ on the horizon. Captain Didrik rounds
off the successful Expedition Flerovium
' and proudly says “Now we have created
a clear benchmark for all sailors after
& us. Maybe the lighthouse can help fu-
_ ture expeditions to reach the mythical
island.”
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Chart of Nuclides

Coordinates

A nuclide is an atomic nucleus made up of a unique combination of neutrons and
protons. Each pair of integer coordinates on the Chart of Nuclides represents an
atomic nucleus. Latitude represents the number of protons in the nucleus (de-
noted Z), which also defines the element, while longitude represents the number
of neutrons (denoted N). Along a latitude, there are different variants, isotopes,
of an element.

The Stability Mountains and the Sea of Instability

The altitude above sea level represents the stability of the various nuclides. Most
nuclides located along the the Stability Mountains are stable. This means that
these nuclides do not decay. Nuclides located near sea level and on the Sea of
Instability are unstable and decay (see next point).

Alpha, beta and gamma particles and the Radioactive Strait

The nuclides that are located close to and below sea level are unstable. This
means that they are radioactive. When they decay, they emit different types
of ionizing radiation such as alpha, beta and gamma particles. The lower the
altitude, the shorter the lifetimes of the nuclei, in other words, the more unstable
they are. Atomic nuclei in the Radioactive Strait are particularly short-lived and
can have lifetimes of only microseconds. Often the radiation emitted from more
unstable nuclei has higher energy. By measuring the energy of the alpha, beta
and gamma particles, an insight is gained into how the atomic nucleus works
and its stability. In the story, the colors of the particles symbolize their energies,
from the spectrum of the rainbow with the lowest energy as red and the highest
energy as purple.

Actinide Island and 244Pu

The Actinide Island hosts the heaviest naturally occurring nuclides, mainly iso-
topes of the elements uranium and thorium. Because they have lifetimes of
billions of years, they are still found in relatively large amounts on Earth. Nucli-
des on the Actinide Island can decay with something called spontaneous fission.
Then the nucleus splits into two lighter nuclei and a lot of energy is released.
The southern fission winds in the story symbolize this creation of lighter nuclei.
On the contrary, the northern fusion winds represent the fusion process, that is,
when two nuclei fuse together and create a heavier nucleus. In the experiment,
it is the fusion between nuclei of ?**Pu and ®Ca that creates the superhea-
vy element flerovium. 2*4Pu is the isotope of element 94, plutonium, with 150
neutrons.
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Marked latitudes and longitudes

Atomic nuclei with a so-called magic number of protons and/or neutrons show
extra stability, i.e., they are more resistant to radioactive decay and are more
stable. It was Maria Goppert Mayer who first managed to explain the back-
ground to these magic numbers with the very successful shell structure model
for the atomic nucleus.

Tin is an example of an element that has a magic number of protons (50) in
the nucleus. Therefore, there are a large number of stable isotopes along the
Tin Latitude and they are represented with high mountain peaks on the Chart
of Nuclides. The largest magic numbers determined so far are 82 and 126 for
protons and neutrons respectively. Atomic nuclei with this many protons and/or
neutrons are found on Lead Peak, which is therefore extra high.

The next magic numbers have not yet been determined, but it has generally been
predicted that atomic nuclei of the element flerovium (i.e., along the Flerovium
Latitude) with 114 protons and especially the isotope with 184 neutrons may be
the next nucleus with both magic numbers of protons and neutrons. Just near
these magic numbers, it is possible that very long-lived, even stable, so-called
superheavy nuclei exist. The search for this Island of Stability has fascinated
nuclear physicists ever since it was first predicted by theorists in the late 1960s
by, among others, the Lund physicist Sven-Gosta Nilsson.

Visualization

The visualization of the Chart of Nuclides is based on tabulated half-lives?.
Fine adjustments have been made with an overlay of Gaussian peaks and shell
structure correction?. Inspiration has been taken from previous similar illust-
rations.

The Flerovium lighthouse has been painted by Sverker Holmberg.

3Nuclear Wallet Cards Search: https://www.nndc.bnl.gov/nudat2/indx_sigma. jsp
“P. Méller et al., At. Data. Nucl. Data Tables 109-110, 1 (2016).
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Chapter 1

Introduction

Since the dawn of the field of nuclear physics in the 1930s, the understanding
of the atomic nucleus has grown fast. Today, the primary focus of both ex-
perimentalists and theorists is nuclear matter at its extreme. At the heaviest
outskirts of the nuclear chart, two exciting research questions drive the research
on superheavy nuclei:

e Does a region of long-lived superheavy nuclei exist and if so, where is this
Island of Stability located?

e What is the heaviest element that can exist in nature?

The focus of the present work lies on increasing our understanding of the struc-
ture of superheavy nuclei and contribute to finding answers to the first question.
The current status of the research field of superheavy nuclei is outlined in Chap-
ter 2.

The prestiguous quest for new elements has captivated scientists for a long
time [1]. As recent as in 2016, the latest line of new superheavy elements with
atomic numbers Z = 113,115,117 & 118 received the names nihonium (Nh),
moscovium (Mec), tennessine (Ts) and oganesson (Og), respectively. The nu-
clear structure group at Lund University was leading a confirmation experiment
on element 115, moscovium, back in 2012. The experiment was conducted
at the GSI Helmholtzzentrum fiir Schwerionenforschung, Darmstadt, Germany.
Using a highly-efficient a-photon coincidence decay spectroscopy set-up named
TASISpec, v and X rays, stemming from the radioactive decay of nuclei of these
superheavy elements, were measured for the first time. The measured X rays



comprised first candidates for direct determination of the superheavy atomic
numbers while the ~ rays provided first glimpses of the intrinsic structure of the
rare nuclear species.

In 2016, I had the privelege to join the Lund nuclear structure group as a PhD
student and carry on the exciting work of my predecessor, Ulrika Forsberg [2].
The use of modern digitising electronics in the 2012 experiments opened up
access to decay characteristics of a-decaying nuclei with half-lives on the order
of microseconds. These nuclei were produced as background reaction products
in the experiment. I had the opportunity to dive deep into this novel data set
and develop algorithms to explore the nuclear structure of some of these short-
lived nuclei located North-East of Pb on the nuclear chart. With this work, I
was brought up to speed, got acquainted with the research field and my first
peer-reviewed article, Paper I, was published.

Following the very successful element-115 experiment, the Lund research group
was able to secure a grant from Knut & Alice Wallenbergs Stiftelse (KAW) in
2015'. The grant provided money for a substantial detector upgrade as well
as possibilities for further superheavy-experiment explorations. It also laid the
foundation for my PhD position and thesis.

The successor to the TASISpec experimental setup, Lundium, is in development
at the time of writing. A main ingredient in the Lundium upgrade is the new
Compez germanium detectors. In the present work, the properties of the Com-
pex detector were scrutinised in measurements which formed Paper II. With the
Compex detector, a significant step has been taken towards Lundium and these
detector developments are covered in Chapter 3.

The main focus of the PhD thesis revolved around conducting new experiments
on superheavy nuclei and moving the research field closer to the coveted Island
of Stability. In 2017, we submitted an experiment proposal to perform a-photon
coincidence spectroscopy along decay chains of element 114, flerovium, to the
GSI Physics Advisory Committee. We were granted 25 days of beam time and
the first twelve days were scheduled for late summer of 2018. However, due to a
fire incident at GSI, it was not until March 2019 the first experimental run was
initiated.

Using four new Compex detectors, an updated TASISpec decay spectroscopy
setup was installed at the focal plane of the TASCA gas-filled recoil separator.
During four days of so-called parasitic beam time, tools were tested and settings

"Mttp://kaw.wallenberg.org/forskning/de-utforskar-de-tyngsta-amnena-i-
varlden
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were tuned such that the best possible data would be produced for the main
“flerovium run”. These measurements formed Paper III which along with the
tools and settings of the experimental setup are described in Chapter 4. We
continued into the main part of the experiment, and everything worked smoothly
from our end. However, due to a low beam intensity, we had to quit early with
nine flerovium decay chains measured.

In February of 2020, we returned to GSI for the remaining thirteen days of
beam time. Now the accelerator delivered a superb beam intensity, and an-
other twenty decay chains were measured. The experiment was followed by a
comprehensive data analysis. This involved, for instance, efforts to enhance
and extract the data on the flerovium-decay chains as well as a close inspection
of the twenty-nine flerovium decay chains. Finally, statistical assessments ac-
companied with simulations were performed to facilitate interpretations. This
analysis is introduced in Chapter 5, and presented in Paper V.

The measurement of two new types of even-even flerovium decay chains, starting
from 2%6F1 and 28%F1, respectively, marked the discoveries of (i) an excited state
in 22Cn and (ii) the isotope 2%'Ds. These significant discoveries, presented
in Paper IV and as a press release in Paper VII, received a lot of attention?,
especially since they give new insights into the location of the Island of Stability.
With fifteen new decay chains starting from 2®9F1, the global data set had almost
been doubled for this isotope. The results on these chains, which are presented
in Paper VI, provide new evidence of a-decay fine structure of superheavy nuclei.
Chapter 6 summarizes the results of the thesis with an emphasis on the outcome
of Paper IV and Paper VI. The results overall demonstrate the richness of nuclear
structure that still remains to be explored in the regime of superheavy nuclei.
Such concluding remarks, as well as other outlook perspectives end the thesis
in Chapter 7.

2 Altmetric attention score of 183 (2021-03-04), see https://aps.altmetric.com/details/
98607563
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Chapter 2

Background

Superheavy Nuclei

At the distant shore of the nuclear landscape, the possible existence of an Island
of Stability consisting of long-lived superheavy nuclei has been tantalizing nu-
clear physicists ever since the first predictions in the 1960s [3—5]. The increased
stability of the island relates to shell effects based on the presence of magic num-
bers of protons and neutrons, which many models have commonly placed at the
coordinates Z = 114,120, or 126, and N = 184 [6]. The large quantum systems
formed by the superheavy nuclei are challenging to model precisely with today’s
theoretical approaches. At the same time, understanding their nuclear structure
is particularly rewarding since their pure existence is essentially governed by the
subtleties of the nuclear force [7].

The region of the nuclear chart hosting the superheavy nuclei, frequently de-
fined as those with Z > 104, is illustrated in Fig. 2.1. Great experimental efforts
have been undertaken to reach the long-sought island and tremendous advances,
also from theoretical perspectives, have been accomplished throughout the last
decades. Comprehensive overviews of the field, summarizing state-of-art ex-
perimental methods and theoretical approaches, can be found in, for instance,
Refs. [8, 9]. Fundamental to the experimental success has been the use of fusion-
evaporation reactions. First, an era of cold-fusion reactions led to the discoveries
of elements 107-112 at GSI, Germany, in the 80s and 90s [10] as well as element
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Figure 2.1: Upper end of the chart of atomic nuclei. Superheavy elements 107-112
discovered at GSI, Germany, as well as element 113, Nh, at RIKEN, Japan, and 113-
118 at JINR, Russia, in cold and hot fusion-evaporation reactions, respectively, are
indicated. Red background lines denote possible spherical (Z = 114,120 and N = 184)
and deformed (Z = 100,108 and N = 152,162) magic numbers. The combination of
Z =114 and N = 184 is one of the prominent long-standing predictions for the centre of
the Island of Stability. The darker the blue background, the more stable the isotopes are
predicted to be due to shell-correction effects. Nuclei produced in the fusion-evaporation
reactions with 48Ca form the detached encircled region, as their decay chains all end in
spontaneous fission. Their low production cross sections, imply that about one nucleus
per day is detected in present-day experiments. In contrast, below the “spectroscopic
limit”, yields of hundred nuclei per experiments have been achieved already. Figure in
part courtesy of Ch.E. Diillmann.

113 at RIKEN, Japan, in the 2000s [11]. In the creation of element 110, darm-
stadtium, for instance, an intense beam of 4Ni was accelerated and let to fuse
together with a target foil made of 2°®Pb, forming a compound nucleus at rather
low excitation energies, therefore denoted cold. Around the turn of the mille-
nium, experiments performed at JINR, Dubna, Russia, successfully synthesised
elements 113-118 [12]. A beam of doubly-magic **Ca and actinide targets were
employed. As the excitation energy of the compound nuclei produced in these
reactions were considerably higher, they were denoted hot.



To date, the heaviest isotopes produced are 23Ts,,- and 2{4O0g;-s. Thus, the
Island of Stability should be close, but arguably the isotopes created this far are
still too neutron deficient. The nuclei produced in the hot fusion-evaporation
reactions have been observed to exclusively terminate by spontaneous fission
at the end of their respective decay chain. Efforts have been made to create
isotopes which would establish links to lighter, known isotopes. However, they
have so far been unsuccesful, therefore the observed isotopes form a part of the
nuclear chart detached from the rest, as indicated in Fig. 2.1. Combined with
low production cross sections on the order of picobarn, this makes for challenging
experimental grounds.

Keys to the successful experiments include: (i) High intensity heavy-ion-beam
accelerators, which together with the (ii) manufacturing of thick actinide targets
have boosted production rates of the superheavy nuclei. With the employment
of (iii) state-of-the-art separator devices, either vacuum or gas-filled types, the
produced superheavy-element ions could be efficiently pre-selected, while simul-
taneously unwanted reaction products were strongly suppressed. Finally, by
transmitting the created ions to (iv) spectroscopy setups, position sensitive sili-
con detectors could provide the means to identify the superheavy nuclei based on
their localised characteristic a-decay chains terminating with spontaneous fis-
sion. For reviews and a thorough introduction of the experimental techniques,
the reader is referred to, for instance, Refs. [2, 13, 14].

Accessible spectroscopic observables for the produced nuclei with the silicon
detectors have typically been limited to decay energies and lifetimes. The energy
released in the « decays, )y, provides one probe for the shell stability of the
nuclei involved in the decay. This may be seen in Fig. 2.2(a) where @, values
are plotted as a function of neutron number for nuclei around the magic number
N = 126. Characteristic for the increased shell stability is a steady decrease
followed by a sharp increase in (), as the magic number N = 126 is crossed.
Figure 2.2(b) presents experimental values of @, for even-Z superheavy nuclei.
With increasing neutron number, @, is seen to gradually decrease. This is a
strong hint of the anticipated shell closure at N = 184, while the less pronounced
“kink” at N = 162 indicate the existence of a deformed magic subshell [6]. The
possible proton magic number Z = 114 has already been reached experimentally.
Measured @, values indicate it is a rather weak shell gap, but more precise data
points are desired [16, 17].

Below the “spectroscopic limit”, indicated in Fig. 2.1, relatively high produc-
tion cross sections open up for detailed experimental investigations. Only in
the last few years, precise mass measurements with penning traps were per-
formed of 2°°Lr [18] as well as of neighbouring nuclei utilising a Multireflection
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Figure 2.2: Experimental @, values [15] around the N = 126, indicated with the
dashed vertical line, neutron magic number (a) and for the heaviest nuclei in (b). Only
even-Z nuclei, as indicated with the element (Z), have been included. For the heaviest
elements, many points are subject to tentative assignments or associated with uncer-
tainties which have not been included here. See also Fig. 2.3 and text below.

Time-of-Flight Mass Spectrograph [19]. In-beam spectroscopy experiments have
elucidated single-particle shell structure and rotational properties of the super-
heavy nucleus 2°°Rf [20] as well as, for instance, configuration assignments to
isomeric states [21]. Isotopes up to and around 26'Sg may be produced at such
large rates that yields of about hundreds of nuclei per experiment can with ease
be investigated in detail with decay spectroscopy setups [22].

The region below the “spectroscopic limit”, frequently referred to as the no-
belium region due to the large microbarn cross section to synthesise 24No, plays
a special role in the study of the superheavy nuclei. The rich amount of nuclear
structure information here provides an excellent basis for theoretical models.
Nevertheless, all models still need to extrapolate towards the next spherical
magic numbers. Furthermore, the present models are not sufficiently accurate
to pin down the position of the energy gaps and provide reliable predictions
of the Island of Stability. Thus, experimental anchor points of the superheavy
nuclei produced in the hot fusion-evaporation reactions, are of special value for
nuclear theory.



The production cross sections in the *Ca hot-fusion reactions are the highest for
isotopes of elements 114, flerovium, and 115, moscovium, ranging from 5-10 pb
[23-25] (see also Fig. 2.4 in Ref. [2]). Recent a-photon coincidence spectroscopy
experiments have been able to, for the first time, shed light on the internal
structure of nuclei along 2®*Mc-decay chains [26, 27]. The observation of K X-
ray candidates following internal conversion in 272Bh (Z = 107) demonstrated
the potential for direct determination of the atomic number of these superheavy
nuclei. Furthermore, a subsequent experiment provided the first direct measure-
ment of mass numbers along ®8Mc-decay chains, thereby confirming previously
assigned mass numbers in this region [28].

Perhaps most intriguing for nuclear structure theory, the cutting-edge spec-
troscopy experiments allowed for the derivation of level schemes and first in-
sights into the low-lying structure of the nuclei in this detached part of the
nuclear landscape [26]. The highlight was the identification of an E1 transition
in 2°Mt (Z = 109). The observation provided a stringent constraint on nuclear
structure theory [29] and consequently prospects for more refined theoretical
models. Furthermore, emphasis on high-resolution spectroscopic performance
combined with GEANT4 simulations [30], enabled the precise derivation of Q)
values along the 2®*Mc-decay chain [17].

For even-even nuclei, i.e. those with even numbers of both protons and neutrons,
« decays most often proceed from ground state to ground state. In contrast,
for odd-A and odd-odd nuclei, the o decays most likely enter excited states in
the daughter nuclei instead, as unpaired nucleons typically remain in the same
orbital as in the parent nuclei [13, 14]. This is a process usually referred to as
the fine structure of the o decay [31]. By measuring the intensity of different o
decay branches, hints on structural changes between the parent and daughter
states can be deduced by calculating hindrance factors [14]. The detection of
electromagnetic transitions following the decay of excited states, i.e. ~ rays or
electrons and X rays following decay by internal conversion, provides not just
excitation energies, but also information on their multipole character which in
turn gives clues on spins and parities of the involved nuclear states. Being sen-
sitive to the electromagnetic decays also means that the total energy released in
the decay, ()., may be determined more precisely. This underlines the exper-
imental reach of a-photon(electron) coincidence spectroscopy and provides the
main motivation behind the previously successfully conducted experiments.

The present work aims to build upon the successful spectroscopic studies along
Mec-decay chains. Using the nuclear reactions **Ca + 242:244Py, high-resolution
a-photon coincidence spectroscopy is performed along decay chains of flerovium.
A special emphasis lies on the structure of the odd-A 227:289Fl-decay chains.
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Figure 2.3: Theoretically calculated single-particle energy spectra [32] for the decay
chain starting at ?89Fl. a-decay sequences of least hindrance and possibly coincident
~-ray emission along with involved states are marked. Figure adapted from Ref. [16].

Furthermore, the hitherto unknown isotope 2°°F1 is in experimental reach, and
measuring its decay characteristics is another objective of the experiment. Its
discovery will probe shell-stabilising effects as N = 184 is approached.

Figure 2.3 shows theoretically calculated single-particle energy spectra for the
decay chain starting at 29F1 [16]. Following the electromagnetic decay of ex-
cited states in 29F], as populated in the fusion-evaporation reaction, either the
1/2" (marked pink) or the 15/27 (marked brown) single-particle state would be
reached. Due to the large spin difference, it is likely that the 1/27 is isomeric
and both states predominately « decay. Let us follow the decay sequence of the
high-spin state: The first a; decay would proceed unhindered into an excited
state in the 28°Cn daughter, which cannot proceed to lower lying states by elec-
tromagnetic decay modes, as the spin differences are way too large. In turn, the
excited 15/27 state in 28°Cn is likely to proceed via as decay into an excited
13/2 level in the granddaughter 28! Ds - which can readily decay by an allowed
strong E1 «-ray decay into the 11/27 state, followed by a (converted) E2/M1
decay into the predicted 9/2% ground state of 28! Ds. By the same arguments,
the low-spin state (1/27) would take on a distinctively different, independent
decay path.
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This is one set of theoretical predictions and it gives only one example of what
can be expected experimentally. However, most contemporary models predict
a competition between high-spin and low-spin states for all odd-A decay chains
with Z = 114-117 [25]. Thus, experimental data should reveal at least two
independent decay paths for many, if not all, of the decay chains of these odd-
A superheavy nuclei. This far, decays from isomeric states have merely been
hypothesized, see for instance Ref. [16, 25]. The experiment aims to discriminate
electromagnetic transitions as well as providing precise @), values along the FI-
decay chains. Ultimately, further insights into the above-mentioned matters will
be gained, and the work will provide anchor points for nuclear structure theory
of the heaviest elements created on Earth.
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Chapter 3

Detector Development

Towards Lundium with Compex

The ideal experimental physicist in fundamental nuclear structure passionately
wants to acquire data from which it is possible to best aid our theoretical under-
standing of the atomic nucleus. Central for the experimental physicist is sen-
sitivity: With the minimal amount of experimental observations, the physicist
seeks to confidently probe phenomena linked to the structural properties of the
nucleus. Sensitivity, in the frame of detector development, involves mainly three
properties: detection efficiency, detector energy resolution, and background sup-
pression.

Experiments on the structure of superheavy nuclei typically revolve around de-
cay spectroscopy. Here properties of the superheavy nuclei, pre-selected by a
separator by means of electromagnetic deflection of ions, are investigated by
measuring energy spectra as a result of their radioactive decays. This is best
achieved in setups where emitted charged particles are detected in an array of
silicon detectors and photons in surrounding germanium detectors. In the cur-
rent chapter, the background to the upgrade from the TASISpec setup to the
Lundium decay station is described. This upgrade initiates the chapter, and will
enable a boost in sensitivity for decay spectroscopy experiments of superheavy
nuclei.

A main ingredient in the upgrade to Lundium are the new Compex germanium
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detectors of which development have been a focus of the current thesis. By
employing these detectors, improvements on photon detection efficiency as well
as energy resolution are foreseen. In order to confidently claim new structural
properties of superheavy nuclei, it is of utmost importance to characterise the
engaged detectors in detail — in particular since the Compex modules form a new
type of detector. For an introduction and description of the Compex detector,
the reader is referred to Paper II. This publication covers a characterisation
of the Compex detector with source measurements probing detection efficiency
and energy resolution. Further measurements were performed with the Lund
scanning system, wherein pulse shape response of the detector as function of
interaction position were investigated.

In the current chapter, background information on the design and construction
of the Lund scanning system is given. A summary of the results from the
energy resolution and efficiency measurements of the Compex detectors follows.
The chapter is concluded with prospects to further improve sensitivity in decay
spectroscopy with Lundium through various efforts on background suppression.

3.1 Lundium decay station

The decay spectroscopy setup TASISpec [33] is rendered in Fig. 3.1(a). Here
charged particles are measured in a compact box of five double-sided silicon strip
detectors placed inside a vacuum chamber with thin (0.5-1.0mm) aluminium
housing. Photons are measured in EUROGAM-type Clover [34, 35] and EU-
ROBALL Cluster [36] composite germanium detectors, accessible through Eu-
ropean collaborations. The detectors are positioned as close as possible outside
the vacuum chamber.

The foundation of TASISpec is built upon the proficiency to detect low-energy
photons. This is mainly because electromagnetic transitions in the region of
superheavy nuclei often undergo internal conversion due to their high proton
numbers and anticipated small transition energies < 500keV. Internal conver-
sion is a process where the deexcitation of the nucleus results in the ejection of
electrons orbiting the nucleus. Following the atomic deexcitation, X-ray pho-
tons are emitted. For superheavy elements the X rays also assume low energies.
For instance, K and L X rays have energies of ~ 170keV and ~ 30keV for
flerovium, Z = 114, respectively [37]. Just as with « rays, the X rays provide
information on the properties of the electromagnetic transition, which in turn
gives important clues on the underlying nuclear structure. Furthermore, they
provide the attractive possibility to fingerprint the proton number, Z, of the
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Figure 3.1: Side view of the TASISpec (a) and the Lundium (b) decay stations.
The germanium detectors and the side plate of the Lundium chamber, closest to the
screen, have been removed. The TASISpec vacuum chamber has been made transparent
such that the silicon detectors mounted on green boards are visible. The Compex
detectors are without end-caps. Relevant components are indicated. Lundium render
with courtesy of D.M. Cox.

decaying nucleus [26, 38].

With an efficiency for detecting charged particles in the silicon detectors at
~ 80% [33], and coincident photons in the germanium detectors of ~ 40% at
150keV [30], TASISpec is one of the most efficient multicoincidence decay spec-
troscopy setups. However, despite the close proximity of the germanium de-
tectors to TASISpec’s compact silicon box (illustrated in Fig. 3.1(a)), there are
still a few centimetres between silicon detectors and germanium crystals. For
some Clover type detectors, the end-cap to germanium crystal distances are
also significant at > 10mm. In addition, since the Clover and Cluster detec-
tors were initially designed for use at in-beam ~-ray spectroscopy experiments,
which employ spherical vacuum chambers, their crystals therefore have coaxial
cylindrical or hexagonal-tapered shapes. Combined, these aspects result in an
impaired solid angle coverage in the box-shaped geometry, imposed by the op-
timal particle detection in the silicon detector cube. Furthermore, sources of
unwanted material, from e.g. the vacuum chamber, cause significant losses of
photon detection efficiency, in particular at low energies, which is crucial for the
detection superheavy-element L X rays (see also Fig. 3.2).

TASISpec’s succcessor Lundium confronts the above-mentioned possibilities for
improvement. Fundamental to the transformation, which is animated in Ref. [39],
is the use of new Compex germanium detectors sitting in direct proximity to
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Figure 3.2: GEANT4 simulation of the photon detection efficiency of two candi-
date germanium detector configurations for Lundium relative to TASISpec. Regions
of superheavy-element L and K X rays are indicated with the vertical dashed lines (up-
per and lower limits deduced from Z = 108-118 [37, 40]). Based on these regions, X-ray
gain factors, defined as the product of the gain in detection efficiency for a coincidence
between K and L X-rays, which would provide the decisive measure for Z-fingerprinting
of superheavy elements, was calculated. These values are provided to the right of the
different configurations in the legend. Data with courtesy of L.G. Sarmiento.

an evolved silicon-detector box inside the Lundium chamber. This chamber is
depicted in Fig. 3.1(b). Compex, being a portmanteau of compact and exotic,
is the first ~v-ray detector tailored for use with the box-shaped silicon detec-
tor configuration in decay spectroscopy setups. With its coaxial, cubic-shaped,
germanium crystals in compact capsules, solid-angle coverage of the germa-
nium detectors in Lundium is significantly improved [Paper II]. Furthermore,
since the four germanium crystals of the composite Compex detector are single-
encapsulated, they may be operated without their end-caps in vacuum, which
combined with the fact that they sit in the same chamber as the silicon box,
further optimises the Lundium photon detection efficiency, especially at low
energies.

GEANT4 simulations, building from Ref. [30], of different germanium detector
configurations laid the foundation for the Lundium design. Figure 3.2 shows
the gain in photon detection efficiency of two candidate Lundium configurations
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relative to TASISpec from these simulations. The first configuration comprises
only Compex detectors, while in the second a Cluster detector sits slightly closer
behind the implantation silicon detector compared to the original TASISpec
setup. It is clear that both configurations present significant improvements
of the detection efficiency of low-energy photons. As a mean to quantify the
improvement and choose a final configuration for Lundium, the X-ray gain factor
was introduced, see caption and Fig. 3.2. Persuaded by the best X-ray gain, the
5x Compex configuration was finally chosen for Lundium. Apparent from the
simulations is that decay spectroscopy with Lundium paves the way for increased
charged particle-photon coincidence detection efficiency.

3.2 Scanning a Compex germanium detector

The new Compex detectors and the unique geometry of their germanium crystals
motivate a characterisation of their pulse-shape response. A distorted and weak
electric field near the front corners of the cubic crystals could imply long charge
collection times which could make them prone to trapping and lead to peak-
height deficiency (for more background, see Refs. [41, 42]). In turn, this could
have the implication of an unsatisfactory spectroscopic performance.

The identification of any regions with incomplete charge collection was the main
motivation for the construction of the Lund scanning system. However, other
motivations included the exploration and the possibility to perform correction
procedures to optimise a potentially mediocre energy resolution. The scanning
system is introduced in Paper II. Here, some additional background informa-
tion is given while component and operation details of the scanning system are
provided for interested readers in Appendix A.

Triggered by the building of the v-ray tracking spectrometer AGATA [43], scan-
ning systems, being able to characterise the response of its electrically segmented
germanium crystals in detail, emerged around Europe. The principle of the stan-
dard scanning system investigates the detector response as a function of inter-
action position (x,y, z) through coincidence techniques, such as that presented
in Ref. [44]. Albeit the great spatial resolution possible in these coincidence
scans, other methods were explored much due to the very long time it takes to
perform a scan. Consecutive scannning systems utilise pulse shape comparison
techniques for faster characterisations [45, 46].

Due to absence of time constraints and its simplicity, the coincidence scan tech-
nique was selected for the Lund scanning system. Its working principle is illus-
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Figure 3.3: (a) The Lund scanning system and the working principle of the coincidence
scan method used to determine the z-coordinate. Key measurements and components
are indicated. (b) BGO detector configuration on its 3D-printed plastic holding frame
outside the horizontal tungsten collimators. (¢) BGO detector alignment with the slits
and the complementary lead shielding underneath the tungsten.

trated in Fig. 3.3(a). Mounted in a tungsten collimator, a strong '37Cs source
creates a pencil beam of « rays directed precisely onto the Compex germanium
detector. Weighing about 25kg, building a system that was able to sustain
and move the tungsten collimator over a surface which determines the (z,y)
coordinates of the interaction, in an automated and precise manner, posed a
challenge. Details on this (z,y)-positioning system, e.g. how the movement of
the collimator is controlled and its interplay with the data acquisition system,
is described in Appendix A.

Two 2mm slits in between horizontal tungsten collimators surround the ger-
manium detector and restrict coincidence measurements between the germa-
nium detector and ancillary Bismuth-Germanate, BGO, scintillator detectors
to Compton scattering angles of ~ 90°. The BGO detectors, on loan from
Gammapool and originally from the EUROBALL inner ball BGO detectors,