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Abstrakt
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Seznam zkratek a symbol{

sUJvV

DGFRS-I

DGFRS-II

U-400 cyklotron

DC-280 cyklotron

DSSSD

Barn

pPps

HPGe

FWHM

Spojeny Ustav jadernych vyzkumU v Dubné Ruska federace.

Dubna Gas-Filled Recoil Separator. Dubnénsky plynem naplnény separator |.

Dubna Gas-Filled Recoil Separator. Dubnénsky plynem naplnény separator |l.

Urychlovac ¢astic nachazejici se ve Flerovové laboratofi jadernych reakci
v SUIV.

Urychlovac ¢astic nachazejici se ve Flerovové laboratofi jadernych reakci
v SUIV.

Oboustranny kifemikovy prouzkovy detektor z anglického DSSSD (Double sided
silicon strip detector).

Protonové cislo.

Jednd se o jednotku ucinného prirezu, kterd vyjadfuje pravdépodobnost
jaderné reakce. Znaci se pismenem b. Bézné se uvadi s predponami pro tvorbu
nasobkd a dil{.

Particles per second. Pocet ¢astic za sekundu.

High purity germanium detector. Polovodicovy detektor ionizujiciho zareni na
bazi vysoce Cistého krystalu germania.

Full Width at Half Maximum. Znaci b&Zné vyuZivanou charakteristiku rozliseni
spektrometrického retézce nebo detektoru zareni. Definovana je jako polositka
spektralniho fotopiku v poloviné jeho maxima vyjadiena v intervalu energie.



NI LabVIEW

NI DSC

VI

PID

Torr

QNX

TOF

FIFO

Vyvojové prostiedi. Jedna se o graficky software pro navrh aplikaci vyzadujici
testovani, méreni a fizeni. Jedna se o otevienou SW platformu umozniujici
jednoduchou integraci systém tretich stran (zdroje, multimetry, pfevodniky,
atd.). LabVIEW je celosvétovym standardem pro meéfici systémy.

Komeréni balik Datalogging and Supervisory Control Module pro distribuované
systémy. Umoznuje distribuci dat mezi rdznymi pocitaci, servery, klienty a
programovatelnymi logickymi automaty a technologiemi.

Interchangeable Virtual Instrument. Lze prelozit jako zaménny virtudlni pfistroj.
Nadace na sjednoceni prikazové sady na fizeni pfistroju.

PID reguldtor patfi mezi spojité reguladtory, slozeny z proporcionalni, integracni
a derivacni ¢asti.

Drive pouZivana jednotka tlaku. Pfesny pfevod hodnoty v torrech na hodnotu v
pascalech je dan definici fyzikdIni atmosféry (téz zvana standardni atmosféra),
ktera byla plvodné definovdna jako 760 mm rtutového sloupce a na
10. konferenci CGPM byla definovana jako 101 325 Pa, z toho vychazi
1 torr =101325/760 Pa = 133,322 368 Pa.

Jedna se o ndzev komercniho operacniho systému realného casu
unixového typu, pouzivajici mikrojadro.

Time of Flight. Méreni doby priletu.

First In First Out. Jednd se o zasobnik, obvykle vyrovnavaci pamét u
elektronickych pFistrojli a zafizeni, do které se priibézné zapisuje. Cteni probiha
v pofadi v jakém probihal zapis. To znamend od nejstarsich k nejnovéjsim
informacim ulozenym v daném zasobniku.



1. Uvod

Experimenty zaméfené na Uplné fuzni reakce s pomoci urychlenych iond “°Ar, *8Ca,
>0Ti dopadajicich na ter¢ z 92U az po 9sCf vyUstily v objev Sesti novych prvk( periodické tabulky
s protonovym Cislem Z=113 az Z=118, které patfi do predpovézené oblasti tzv. ostrova
stability s vyuZitim Dubnénského plynem naplnéného separdtoru, ddale jen DGFRS-I, a
urychlovace U-400 [1,2,3,5,6]. Dalsim krokem pfi objevovani novych supertézkych prvku
bylo vytvoreni experimentdlniho pracovisté nazvaného tovarna na supertézké prvky ,Super

Heavy Elements Factory”. Toto pracovisté se skldda z nového cyklotronu DC-280 a nového

plynového separatoru DGFRS-II [3,4]. Projektovana luminozita svazku z cyklotronu DC-280 je
desetkrat vys$sit neZ doposud pouzivany cyklotron U-400 ve Flerovové laboratofi jadernych
reakci, dale jen FLNR, ktery se pouZival pro pfipravu urychlenych iond pro objevy prvki s
Z=113 az 118. Novy plynovy separator DGFRS-II ma taktéz vyssi separacni ucinnost a dale
lepsi transmisivitu pro syntetizovana supertézka jadra. Diky této unikdtni kombinaci je
mozZné pfristoupit k experimentdm s fuzni reakci a k pfipravé teoreticky pfedpovézenych
prvkd se Z=119 a Z=120. Toho bude dosazeno bombardovanim teréd z 24°Bk a 24%-2°1Cf
pomoci urychlenych iont *°Ti i pfes velmi nizky Gcinny prafez? (fb). [1,4]. Na obrazku 1 je
fotografie sestaveného separatoru DGFRS-II uvedeného do provozu 9/2019 a pfipojeného

k urychlovaci DC-280 ve FLNR.

Obrazek 1 Sestaveny separator DGFRS-II. MontdzZ a systémova integrace v letech 2018-2020.

1V pfipadé urychlovace €astic U-400 intenzita svazku urychlenych iont “8Ca dosahuje aZ 7-10*2 pps.
V pfipadé urychlovade ¢astic DC-280 intenzita svazku urychlenych iond *¥Ca dosahuje az 5-103 pps.
27 uvedenych zdrojl pro predstavu napfiklad syntéza Z=115 (2003) DGFRS-| 2,7f‘1*:2 pb.
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Princip fungovani plynového separdtoru DGFRS-I i DGFRS-II je zaloZeny na separaci
vyslednych produktl jaderné reakce v magnetickém poli a plynu. Syntéza supertézkych
prvkd probihd zjednodusené tak, Ze urychlené iony z urychlovace videdlnim pfripadé
penetruji Coulombovou bariérou jadra terce. Pokud by byla energie ion( vstupujicich do
reakce pfilis vysokd, sloZzené jadro by nevydrzelo. V idedlnim pripadé dojde k Uplné jaderné
fuzi a vyrazeni takovéhoto vysledného produktu z materidlu terce pfi ztraté nékolika
neutron(. Pfitomto jevu se protonova a neutronova Cisla s¢itaji a dostavame materské jadro
[1]. U&inné priiFezy takovychto reakci se pohybuji na Grovni pb a fb. Proto je pfi ozafovani
potfeba co nejvice vybrat pouze redlnd materska jadra vznikla za tercem vstupujici do
objemu separatoru a co nejvice potlacit Stépné produkty a vysledky jinych interakci.
Trajektorie nabitych c¢astic pohybujicich se od terce k detektoru je zavisla na sméru a
intenzité stacionarniho magnetického pole a v pfipadé, zZe prostor separacniho magnetu je
naplnén plynem, tak i na druhu pouzitého plynu a jeho tlaku. Dale hlavni separacni dipdl ma
vystupni trajektorii zalomenou pod Uhlem a tim padem nenabité ¢astice budou pohlceny
interakci s materialem nebo budou pokracovat skrze material dale, nicméné mimo vystupni
okénko a nevstoupi do detekéniho systému. To ve vysledku zajistuje nizsi radiaéni zatéz
detektorové komory i o nékolik radd a snizuje nezadouci pozadi zatézujici spektrometrické
systémy. Nastaveni intenzity magnetického pole zaostfovacich prvk( a vybér pracovniho
plynu a jeho tlaku® se vybird tak, aby dochdzelo k co nejvétsimu prichodu zadoucich prvkd
reakce, a magnetické Cocky se zaostruji tak, aby veskeré zadouci dopadajici ¢astice dopadly
do plochy detektoru. Zde je vyuzito spektrometrie na bazi kfemikovych prouzkovych
detektort, dale jen DSSSD*. U téchto detektor( kazdy prouzek predstavuje jeden
spektrometricky kandl. Prouzky jsou zepfedu i zezadu detektoru na sebe kolmé a po fyzické
implantaci jadra do povrchové vrstvy kiemiku se z vystupnich signald da urcit poloha
(souradnice), ¢as dopadu a energie emitovaného zareni. Kfremik je vhodny pro svoje rozliSeni
okolo 30 keV FWHM?> a velky rozsah méreni, zde 300 keV az 250 MeV bez nutnosti

kryogeniky, jako napfriklad u High Purity Germanium (HPGe) detektor(.

3 Ustalené tlaky pracovniho plynu se obvykle pohybuji mezi 50 Pa a7 300 Pa. B&Zné okolo 100 Pa [1,2].
4 Oboustranny kfemikovy prouzkovy detektor z anglického DSSSD (Double sided silicon strip detector).
Detektor zhotovila firma Micron model BB17 obsahujici 48 prednich a 128 zadnich aktivnich prouzkd.
> FWHM z anglického Full Width at Half Maximum znaci bézné vyuZivanou charakteristiku rozlideni
spektrometrického rfetézce nebo detektoru zareni. Definovana je jako polositka spektralniho fotopiku
v poloviné jeho maxima vyjadrena v intervalu energie.
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Kolem tohoto detektoru se nachdzi doplfikové bokové detektory. Pro vyssi
geometrickou Uc¢innost detekce pravé implantovanych rozpadajicich se materskych jader,
které se mohou teoreticky rozpadat do 4m prostoru, a pro Casové korelace, které jsou
schopny rozlisit nové implantovand jadra od starych dlouhodobé Zijicich implantovanych
jader, je tésné pred detekéni komorou umisténa proporciondlni dratkova komora.

Bézici separator DGFRS-I i DGFRS-II vyZaduje v pracovnim rezimu regulace pritoku
plynu vodiku ¢i helia definovaného tlaku pomoci PID regulace®. Dale se musi separatné
zajistovat potrebny tlak vzduchu v systému pro ovladani elektro-pneumatickych aktuatord
oddélujicich pracovni sekce v pfipadé spousténi do provozu, havarie ¢i vyméné dild a pritok
vody v systému pro chlazeni magnetd, turbomolekuldrnich vyvév a systému napdjecich
zdroja.

Pro spravnou funkci proporcionalni dratkové komory zminéné vyse je zde zajistén
pratok pentanu definovaného tlaku pomoci PID regulace v detekéni komore. Objem komory
s pracovnim plynem pentanu i vodiku je oddélen okénkem z mylarové folie o plosné hustoté
0,2 mg-cm?2. Cerpani objem( je provedeno sekénimi suchymi vyvévami a sekénimi
turbomolekuldrnimi vyvévami pro dosaZzeni pocateéniho vakua pro vyliSténi separdtoru
pfed naplnénim plynem nebo jeho zaménnou. Tyto vyvévy dosdhnou vysokého vakua bézné
o stupni 107 Torr az 10® Torr. Posléze je objem separdtoru naplnén pracovnim plynem
obvykle se jednd o vodik nebo helium o tlaku okolo 1 Torr [1,2,4,6]. Jednotka Torr’ je déle
vyuzivana ve vSech operatorskych panelech a mechanickych vakuometrech z divodu zvyku
dané experimentalni skupiny. Detekéni spektrometrickd sestava C¢itd polovodicovy
prouzkovy detektor DSSSD doplnény o bokové detektory, jejichZ konstrukci si Ize predstavit
jako kvadr bez vrchni stény, kterd slouzi jako otvor pro pfilétajici produkty syntézy a zbyla
neodseparovana jadra. Na obrdzku 2 je oteviend detekéni komora separatoru DGFRS-II,

primarni detekéni ¢ast spektrometru.

6 PID reguldtor patfi mezi spojité regulatory, sloZeny z proporciondlni, integracni a derivaéni ¢asti.

7 Plati: 1 torr = 1 mm rtutového sloupce = 133,322 Pa

Pfesny prevod hodnoty v torrech na hodnotu v pascalech je dan definici fyzikalni atmosféry (téz zvané
standardni atmosféra), kterd byla plvodné definovana jako 760 mm rtutového sloupce a na 10. konferenci
CGPM byla definovana jako 101 325 Pa, z toho vychazi 1 torr = 101325/760 Pa = 133,322 368 Pa.
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Obrazek 2 Konstrukce detekéni komory DGFRS-II s detektorem DSSSD (vlevo) a kiemikovymi

bokovymi prouzkovymi detektory (vpravo).

Metodologie detekce je popsdna ve spoluautorském ¢&lanku® (pfiloha A). Specidlni
systém nastaveny na prah detekce podle ¢asu a energie vyhodnocuje v realném case
potencidlniho kandidata na supertézky prvek metodou aktivnich korelaci, popsanych
v uvedené publikaci z pfilohy A. Pokud jsou danad kritéria naplnéna, spektrometr posle pokyn
systému havarijniho vypnuti signalem k zablokovani svazku z urychlovace. Tim se zajisti
méreni bez pozadi zplsobeném dopadajicim svazkem z urychlovace a stépnymi produkty
vznikajicich pfi ozafovani. Interval je moZzno definovat podle pfedpokladané doby detekce
ocekdvané rozpadové fady (minimum 30s az 5 a vice minut). Navic vyvinuty algoritmus
prabéZné monitoruje déni na spektrometru a automaticky prodluzuje dany interval
preruseni svazku, dokud se nenabere dostatecna statistika (mnoZstvi detekci) anebo se
signaly z rozpadajicich jader neztrati v Sumu , pozadi” elektroniky. Posléze je automaticky
odblokovan svazek na elektrostatickém deflektoru v misté injekce ionl do cyklotronu a

experiment pokracuje dale, ¢ekajici na dals$i kandidaty. Tyto principy jsou dobfe popsany ve

& Tsyganov, Y. S., Polyakov, A. N., Kazacha, V. I, Schlattauer, L., & Zhang, Z. (2018). Development of the Active
Correlation Method: Theoretical-Methodological Aspect. Z. Zhang, 49(6), 1036—-1045.
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spoluautorskych publikacich viz pfiloha B, pfiloha C, pfiloha D. Vyvoj systému havarijniho

vypnuti autorem a jeho nasazeni do provozu je uveden v kapitole 6.

Cilem této prace je prezentovat publikaci z UspéSného experimentu syntézy nového
detekovaného izotopu ?8°F| a jeho pfislusné rozpadové fady, na kterém se autor prace
spolupodilel, viz kapitola 1.1, a kterd poskytne i vysvétleni technické realizace daného
experimentdlniho pracovisté. Soucasné je cilem prace prezentovat nové pfistupy v navrhu a
realizaci nékterych podsystém fizeni a sbéru dat u obou separdtord DGFRS-I a DGFRS-II.
Konkrétneé se jedna o autorem této prace navrzené nebo spolu navrzené podsystémy, které
splnily kritéria pro nasazeni do dlouhodobého provozu. Pro snadnou dohledatelnost a
navaznost na projektové dokumentace a publikované védecké zdroje jsou Casti prace
ponechany v odpovidajicich si jazycich. Toto je zvoleno také z ddvodu snadné orientace mezi

dokumenty a naslednou lehci dohledatelnost informaci navazujicich na prezentované celky.
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1.1)  Vysledky z provedeného experimentu “8Ca+°Pu v letech 2016-2017

Do této studie autor prekladané prace pfispél zejména nasazenim nového, vyvinutého
systému automatického méreni energie svazku urychlenych ion0 z urychlovace U-400.
Méreni probihalo kontinualné plvodnimi elektrodami vzdalenymi od sebe 3680mm na
stanovisti separatoru DGFRS-I, kde byl experiment provadén. Systém byl pfidan jako
redundantni, a vysledky méreni a automaticky generovany elektronicky denik byly nakonec
pouzity pro vyhodnoceni dat z experimentu, jelikoz se ukdzaly jako relevantni. Autor prace
se aktivné Ucastnil dale uvedeného experimentu a béhem pripravy na néj mimo jiné provadél
odladéni daného systému. Na nasledujici strané je uvedena spoluautorska publikace
vysledk( daného experimentu publikovana v ¢asopise Physical Review C. Plny text publikace
je uveden zde, jelikoz ¢asti I. Introduction a Il. Experiment dobre poslouzi pro zorientovani se
v problematice, kterou se zabyva tato prace. Zaroven kapitola //l. Results popisuje objev
nového izotopu flerovia a jeho rozpadové fady a tudiZz se jednd o zajimavé vysledky
experimentdlni prace. Uvedeny text poslouZzi jako prehledovy ¢lanek k problematice syntézy

supertézkych prvkd a jejich charakterizaci.

Predstaveni daného systému automatického méreni energie urychlenych ionl z urychlovace

U-400 a DC-280 zmifiovaného vyse je v kapitole 3.
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We present new results from investigations of the ***Pu + **Ca reaction at a projectile energy of 250 MeV.
Three new decay chains of 25Fl were detected with decay properties mostly consistent with those measured in

carlier studies. An additional chain was observed where the nuclei may decay through energy levels different

from those of the other six chains registered so far. The cross section of the ***Pu(**Ca,3n)*FI reaction was

0.60

measured to be 0.587% pb, which is a factor of about 4-5 lower than that measured in the previous experiment
at 245 MeV beam energy [ V. K. Utyonkov et al., Phys. Rev. C 92, 034609 (2015).], consistent with expectations.
The origin of an additional chain consisting of a recoil, & particle, and fission event is analyzed. The assignment
of 25 short-lived SF events observed in this experiment is also discussed.

DOI: 10.1103/PhysRevC.97.014320

I. INTRODUCTION

In this paper, we present the results of experiments aimed
at the study of neutron-deficient Fl isotopes produced in the
240py 4+ *8Ca reaction and of their descendants. Synthesis of
neutron-deficient nuclei and the study of the properties of su-
perheavy nuclei (SHN) in a wider range of number of neutrons
could help to clarify the stabilizing effect of the experimentally
established neutron shell closure at N = 162 and the one
predicted at N = 184. During sequential « decays of Fl nuclei,
having neutron numbers N = 170—175, descendant nuclei are
formed, which are located closer to the N = 162 shell and even
cross it in some decay sequences; thus, the stability of such
nuclei is governed largely by the influence of this shell. The
decay path involving nuclei with different neutron numbers
may cause changes in structure that can manifest itself in
the «-particle energy spectra and decay times. In addition,
a-decay chains of the odd-N nucleus ***FI, the product of the
Sn-evaporation channel of the studied reaction, could reach the
domain of the known nuclei at N & 162, connecting the region
of SHN to the nuclear mainland.

Of particular interest is the study of even-even nuclei
whose decay properties, especially the probability of spon-
taneous fission (SF). are not distorted by the effect of the
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odd nucleon. The results of the first experiment involving
the 2*°Pu 4 *8Ca reaction were published recently [1]. In
Ref. [1], two events consisting of recoil (R) followed by
spontaneous fission with relatively high energy release and
with a half-life 77, = 2.8 ms were observed at the 250-MeV
#8Ca bombarding energy and tentatively assigned to 2*FI. Two
additional R-SF events registered with lower SF energy values
might also originate from 2*Fl, however, their assignment
to 240.242.24mf Ay fission isomers cannot be excluded. With
the observed lifetimes of these events and the partial ¢-decay
half-life estimated from extrapolation of @-decay energy (Qy)
systematics for Fl isotopes (e.g.. Fig. 6 in Ref. [1]), and
the relationship between 7, and Q,. we could expect an
a-decay branch of about 20% for ***FI. Observation of this
decay mode would be important for final identification of
the even-even isotope ***FI through its characteristic a-decay
energy. In addition, the registration of its descendant, 2%°Cn,
that presumably undergoes spontancous fission, would be im-
portant for tracing the properties of SHN in the N ~ 168-170
region of nuclei that exhibit the lowest stability against spon-
taneous fission. For 2°Cn (N = 168) a further decrease of
Tsk is predicted as observed for neighboring Cn isotopes with
decreasing N, but not as much as in neighboring isotopes
282284y (see Ref. [2] and Fig. 5 in Ref. [1]). Experimental
verification of this prediction could shed light on stability of
neutron-deficient isotopes of Fl, Cn, and other nuclei in this
region.

©2018 American Physical Society
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Therefore, the main goal of this study was the synthesis of
even-even $Fl with *Ca energy of 250 MeV and potential
observation of its  decay, followed by decay of 2*°Cn. In
addition, one might expect production of 285F] at this projectile
energy: this could give additional evidence of observation of
the 3n-evaporation channel by measuring the corresponding
excitation function. Production of a new lighter Fl isotope,
283F], at this beam energy seems to be less probable but cannot
be completely excluded as well.

II. EXPERIMENT

The experiments were performed employing the Dubna
Gas-Filled Recoil Separator (DGFRS) and using **Ca beams
accelerated at the U400 cyclotron of the Flerov Laboratory
of Nuclear Reactions, JINR. The maximum beam intensity of
*Cajons was 1.1 particle /tA. The beam energy was measured
with a systematic uncertainty of 1 MeV by a time-of-flight
system. In this experiment, we used the same 2*°Pu target as
in Ref. [1]. The target material was provided by Oak Ridge
National Laboratory (ORNL) (enrichment 98.97%. impurities
of other Pu isotopes: 0.77% 2*Pu, 0.09% **'Pu, and 0.17%
242py) and JINR (enrichment 88.9%, impurities of other Pu
isotopes: 7.7% *Pu, 1.4% **'Pu, and 2.0% >*?Pu. according
to later measurements). The average thickness of the target for
240py was 0.39 & 0.04 mg/cm? for the mixed ORNL/JINR
target material combined in the ratio 1/5. The material was
electrodeposited as PuO; oxide onto 0.72 mg/cm? Ti foils. The
laboratory-frame beam energy in the middle of the target layer
was about 250 MeV. Taking into account the energy spread of
the incident cyclotron beam, the small variation of the beam
energy during irradiation, and the energy losses in the target,
we calculated the resulting *** FI compound nuclei (CN) to have
an excitation energy range of 40.4-45.2 MeV (with use of mass
tables [3.4]). close to that used in the second experiment with
20py at Ep = 250 MeV in Ref. [1]. The total beam dose of
#8Ca particles was about 1.4 x 101°.

Other experimental conditions, including the separator set-
tings, detection system, electronics, and method of calibration
of the detectors, were the same as in Ref. [1]. The transmission
efficiency of DGFRS for Z = 114 evaporation residues (ER)
was estimated to be 35 £ 5%. The volume of the separator was
filled by hydrogen at a pressure of about 130 Pa. This volume
is separated from the detection system by a 0.2 mg/cm? Mylar
foil. After separation from **Ca beam ions, scattered particles,
and transfer-reaction products, the recoils passed through a
time-of-flight (TOF) system, that consisted of two multiwire
proportional counters (MWPCs) placed in pentane at a pressure
of about 200 Pa and generated signals proportional to the
energy losses (A E) of recoils in the counters and TOF signals,
and were finally implanted in the detector. Facing the incom-
ing recoils is a 48-mm-high by 128-mm-wide 0.3-mm-thick
double-sided silicon strip detector (DSSD) manufactured by
Micron Semiconductor, Ltd. (model BB-17) with I-mm-wide
strips, 48 on the front side and 128 on the back side, providing
high position resolution for recoil-correlated decay sequences
and thus reducing potential random events. The detection
efficiency of the implantation DSSD. for « particles with E, ~
10 MeV emitted from the implanted nuclei, was estimated

to be about 52%. This detector was surrounded by an array
of six single Si detectors (MICRON model MSX-7200) each
0.5-mm-thick with an active area of 65 mm (along the DSSD
edge) by 120 mm (perpendicular to the DSSD surface). The
inclusion of the side detectors, as measured for 2! Th « activity
produced in a calibration reaction "™'Yb 4+ *8Ca, increases
the position-averaged detection efficiency for full-energy «
particles from the decays of implanted nuclei to 85%. The
DSSD was backed by a single Si-veto detector (MICRON
MSX-62), of 0.5 mm thickness and 48 mm by 128 mm active
size matching the respective DSSD area. It was used for
the detection and rejection of signals from, e.g., high-energy
charged particles («, protons, etc.), which are produced in
the reactions of projectiles with the DGFRS media and can
pass through the separator without being detected by the AE
and TOF system but can be recorded simultancously in the
DSSD and veto counters. The signals from all the detectors
were processed by using linear MESYTEC preamplifiers. This
Si-detector array was designed, assembled, commissioned off-
line, and provided by ORNL.

The output signals from the preamplifiers were split into two
branches. One of these branches was processed with analog
electronics and used to facilitate a low-background detection
scheme for the nuclei to be investigated, similar to that used
in Ref. [1]. This detection scheme allows the beam to be
switched off after the detection of an ER-like signal followed
by an a-like signal: provided the latter one is registered by the
focal-plane detector with full energy. Both signals should occur
in the same front and back strips of the focal plane detector
within preset energy intervals expected for implantation and
decay of the parent and daughter nuclei 228 F|—2""Ds. Such
a detection scheme provides registration of sequential decays
of descendant nuclides with very low background. The second
branch of split preamplifier signals was processed using a
digital electronics system based on XIA Pixie-16 modules
provided by ORNL (see Ref. [1] for more details).

Digital processing of DSSD signals allowed setting rela-
tively low energy thresholds, of about 170 keV for the 48-
mm-long front strips and about 430 keV for the 128-mm-long
back strips. The full width at half maximum (FWHM) energy
resolution of the implantation detector was 25-53 keV for
back strips (54-87 keV for front strips), while the summed
signals recorded by the side and implantation detectors had
an energy resolution of 175-417 keV: the resolution pro-
aressively degraded after experiments with >*°Pu [1] and
249=51¢F 5] performed with the same side detectors. In the
206pp(*8Ca,2n)*>No calibration experiments, 61% of the SF
events of *No were detected as two coincident fragments
in the focal and side detectors, with an average measured total
energy release Egg = 167 MeV (5 MeV lower than in Ref. [1])
and a FWHM of SF energy distribution w = 35 MeV. In ad-
dition, a long-lived SF activity remained in the same detectors
after the experiment with a target containing >**~22Cf isotopes
[5]. These nuclei can be assigned to recoiled target isotopes
of P022Cf with Esp = 152 MeV and w =31 MeV. The
average counting rates of SF events with Esg > 80 MeV and
Esg > 130 MeV were about 32 and 21 per day. respectively.
For the nuclides in the decay chains of Fl isotopes we expect
minimum energies of fission fragments of 130 and 160 MeV
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for the fragments registered by the focal-plane detector only or
simultaneously by the focal and side detectors, respectively.

III. RESULTS

In this experiment, performed at a **Ca beam energy of
250 MeV. we observed three decay chains of 2*°Fl (Fig. 1). In
the first experiment [ 1], carried out at the same **Ca energy but
at a lower beam dose (4.7 x 10'®), only an upper cross section
limit was determined for the 3n channel of the **°Pu 4+ *¥Ca
reaction (<1.3 pb).

The first decay chain of 2%3Fl was observed when the
low-background detection scheme was not switched on. In the
third chain, the first two & decays were registered by the focal
and side detectors with low energy release in the focal detector.
The decay of 27"Ds was registered by digital electronics in the
neighboring back strips 63 and 64 with low energy release in
strip 63 (0.69 MeV). In the analog electronics branch, this
energy lies below threshold (1.57 MeV for back strip 63).
This resulted in measuring a lower total a-particle energy on
the back side and the beam was not switched off. The same
occurred for the « particle of B5F] (back strips 68 and 69)
in the second chain. Here only the « decay of Blcp stopped
the beam and decays of 2’"Ds, 23Hs, and 2*Sg were detected
during a 5-min beam-off period set in this experiment (the
pause was not prolonged manually).

In this second chain, the full-energy « particle of 2TDs was
not found. Only three events were observed crossing the front
strip 8 and back strips 68 and 69 while the beam was stopped
by an ER-a; sequence: all of them are shown in Fig. 1. The

probability of a random origin of an event with any energy in
these strips within A7 = 10 ms is about 10™* [6]. Thus., we
assign the event registered by only the focal-plane detector,
with energy of 0.6 MeV, to ?"Ds assuming that its & particle
escaped the Si-box detectors. In the third chain, the SF event in
front strip 21 and back strips 63 or 64 was observed about 1.8 h
after the decay of **Hs (Fig. 1). Note, during the total 925-hour
long experiment, only 39 SF events with Esg > 130 MeV were
found in front strip 21 and only one of them was detected in
back strips 63 or 64 or simultancously in both these strips
(Fig. 1). Thus, we assign this event to 2Rf because the
probability of detection of a random SF event in these strips
within A7 = 2 h was less than 3 x 1073, Between the decays
of 23Hs and 2°Rf, only one « particle with E, > 7.8 MeV
was observed in the front strip 21 and back strips 63 or 64.
In several parts of this experiment performed at the highest
beam intensity during a total of about 40 h, we found 13
a-like events in the same strips and with £, = 7.8-8.8 MeV.
The probability to detect one or more random «-like events
within two hours from the decay time of 7*Hs is thus rather
large, 0.48. However, the probability that a random event with
E, =83+ 0.5 MeV precedes the SF of 2°Rf (Ar = 1 min)
is about 5 x 103 allowing us to assign this event to 2°Sg.
For calculation of the expected number of random 2$3Fl-like
decay chains, we first estimated probable energy range A Egg
for ERs of 2°FI. We used the measured ER energies in the three
chains shown in Fig. 1 and those from Ref. [1] for which the
average Egr value plus/minus three standard deviations result
in AEgg = 4.6-15.1 MeV. This value is also in agreement
with systematics of previously measured ER energies for nuclei
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(1)51? gg ° 0.03895 s Fl285 8.08 MeV
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FIG. 1. Decay properties of **Fl and descendant nuclei observed in the 2*°Pu + *$Ca reaction. The decay chains listed in the text as events
1. 2, and 3 are shown from left to right. The top right rows for each chain show ER (in pink) energies and strip numbers (front and back). The
left rows provide energies, time intervals between events and their strip numbers for @ decay (in yellow) and SF (in green). Energies of summed
signals are given in parentheses. Three events marked with a shadow were registered during the beam-off period. The FWHM «-particle energy
errors are shown by smaller italic numbers. For events detected with full energy in one or two back strips the resolution corresponds to back or
front strips, respectively.
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synthesized in the U-Cf+*¥Ca reactions as well as in various
experiments with other projectiles carried out at DGFRS.
During the 925-h *°Pu + *8Ca experiment when the beam was
on the target, the total number of sequences consisting of ER-
like events with Egr = 4.6—15.1 MeV and «-like events with
Ey, = 10.4 £ 0.5 MeV detected within 0.5 s in the same front
and back strips of the focal-plane detector was 543. The number
of expected random *3Fl-like decay chains was calculated by
multiplying the 543 ER-«; chains (namely, numbers of chains
in each of the back strips) by the corresponding probabilities
of detection of different events (« and SF) in the same strips
assuming their random distribution over the front strips. The
total number of random chains was calculated as a summed
value for all of the back strips. The probabilities of detection
of events were calculated as numbers of events («-like events
with one energy interval E, = 8.2-10.7 MeV and SF events
with Esp > 130 MeV) in each of the back strips divided by
the duration of experiment (925 h) and the number of the front
strips (48) and multiplied by the time interval Ar. The last
value was chosen as 10's for decays of !Cn—2"*Hs and 1000 s
for 2°Sg and 2°>Rf. Detection of events in chain 2 within the
beam-off period was taken into account. For the first chain, the
total number of random 233FI-like decay chains Ny, was about
2 x 107", For the second chain, an escape event of 2 Ds was
not taken into account, Nyan < 2 % 107'7. In the last case, the
decays of 2°Sg and 2R with lifetime of about 2 h were not
taken into account as well, Ny, < 4 x 1078, Thus, it is very
unlikely that any of the three above decay chains of 2%3FI are
due to random correlation of unrelated events.

In addition to the three decay chains of **Fl, one more
chain was observed in this experiment. The ER-like signal
with £ = 9.39 MeV was followed in 12.21 s by an « particle
with energies of 0.709 MeV and 8.804 MeV registered in
the focal-plane and side detectors, respectively (Eyy = 9.51 £+
0.21 MeV). In the next 0.0922 s, a fission event with £ =
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FIG. 2. Distribution of time intervals between SF events and all
the preceding recoils (histogram, right scale). Short-dashed lines show
exponential fits for decays with half-lives of about 10 ps and I ms and
linear fit for random ER-like events. Energies of SF events following
ER-like signals, which fit the interval expected for ERs of 2**FI, are
shown by solid and open squares for SF events registered by the focal
and side detectors or solely by the focal detector, respectively (left
scale, their expected lower energy limits are shown by long-dashed
and dash-dotted lines, respectively).

195 MeV was detected by the focal (188 MeV) and side
(7 MeV) detectors in the same front (38) and back (85) strips.
No signals were observed between the ER-like event and the
« particle in both these strips simultaneously. However, 17
low-energy signals (E < 0.8 MeV) were detected in the back
strip 85 solely within this time interval: such signals could
arise from an « particle escaping the focal detector. This chain
is unlikely to originate from 2*3Fl. Despite the fact that the
energy of the « particle is comparable with that of >"*Hs, the
ER-« time interval exceeds its lifetime by factor of 17, the
probability of missing four « particles of 23FI to 2’Ds and
29S¢ in one chain is very low, and the decay time of 0.09
s is much lower compared to lifetimes of 2*’Sg and 26°Rf.
The decay properties of nuclei in this chain also contradict
those expected for 2%*Fl because the a-particle energies of
the first three chain members **FI—2"®Ds should exceed the
observed value of 9.5 MeV by about 1 MeV. The total number
of such random chains was calculated similarly to that for 253FI.
But because of the unknown origin of this chain, we applied
extended energy intervals for the recoil (2.5-18 MeV) and «
event (8—11 MeV); the time intervals were chosen to be 20 s
and 1 s for « and SF events, respectively. Nevertheless, the
total number of random recoil-a-SF chains is about 4 x 1073,
The possible origin of this chain will be discussed in Sec. IV.

TABLE I. Decay properties of short-lived SF nuclei observed in
the 2*°Pu + *8Ca reaction. The ER energy, decay time, and SF energy
are shown for each chain. The ER and/or SF energies, which fall within
intervals expected for implantation and fission of **Fl are given in
bold.

Event Egr (MeV) - Eggr (MeV) - Egr (MeV) -
No decay time (ps)-  decay time (us)-  decay time (js)-
Esr (MeV)? Esr (MeV)° Esr (MeV)*
~-ms activity ~1-ms activity ~10-s activity
1 6.29-1376-159 5.43-3571-146¢ 1.25-23-131¢
2 8.55-703-165 39.40-2370-184 11.06-13-180¢
3 12.02-468-167¢ 3.41-1026-1364 2.05-28-129
4 4.11-813-140 12.64-36-135¢
5 17.50-363-181 7.03-14-1054
6 3.81-1359-169¢ 2.62-12-169¢
7 1.66-1933-113 2.89-12-1394
8 3.31-337-133 8.90-0.32-127
9 16.84-4.87-141
10 14.43-2.88-135
11 4.50-4.2-130
12 1.46-2-92
13 3.43-2-106
14 1.29-5-99

#Chains with decay time of about 1 ms, which could originate
from 2Fl.

"Chains with decay time of about 1 ms, which could be assigned to
241 with lower confidence.

“Chains with decay time of about 10 ps. The ER and/or SF energies
of most of these events do not correspond to intervals expected
for 84,

dFission events registered by both the focal-plane and side detectors.
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Finally, in this experiment, we observed 25 short-lived
SF nuclei. Since observation of fission isomers produced in
transfer reactions with 2*°Pu is quite expected [ 1], their fission
energies should be lower than those of the nuclei with Z > 104,
and they can reach detectors with broad distribution of energies
of recoils, we searched for R-SF sequences in the recoil-energy
interval of 0.3-50 MeV followed by fission fragments with
energies larger than 90 MeV.

The distribution (number of events versus time interval
in double logarithmic scale) for all such sequences within
a 5-s time interval is shown in Fig. 2. In total, 755 chains
were found within R-SF time interval of 20 s; 607 SF events
were preceded by a single recoil. From 730 sequences with
At > 10 ms it follows that about 0.15 chains could be random
for At = 0—4 ms. Decay properties of these 25 R-SF chains
occurring within A7 = 0—4 ms are given in Table I. These are
separated into three groups. In the first group, three chains
are given whose decay properties are in agreement with those
expected for implantation and decay of 2*Fl. The next column
contains sequences with properties, which fall out of the
intervals chosen for 2%*Fl. The last column includes short-lived
SF nuclei with half-life of about 10 ss. Properties of all these
decay chains except for two (Nos. 2 and 10) do not correspond
to energy intervals assumed for 2*Fl. The possible origin of
these events will be discussed in the following Sec. IV.

IV. DISCUSSION

In this experiment, three new decay chains of 2$°Fl were
observed, in addition to one chain identified at BGS in
the 2*2Pu(*8Ca.5n) reaction [7] and three chains detected
at DGFRS in the 2**Pu(*¥Ca,3n) reaction [1]. The decay
properties of most nuclei in the new chains are in agreement
with previous observations. However, in one case (chain 3 in
Fig. 1) the decay time of 2°Sg exceeds the average lifetime
determined for the five other observed events by a factor of
33. The measured decay properties of FI and descendant
nuclides are shown in Fig. 3. The properties of nuclei observed
in the third chain in Fig. | are shown by filled squares. Time
intervals corresponding to a detection probability of about 97%
of decays are shown by horizontal lines. These intervals were
calculated for half-lives estimated from 7 (273Hs—285Fl) or 6
(P95Rf, 2°Sg) decays of nuclei (see Table 11) and number of
decays of 0.1 for time intervals below and above the given
intervals. For all nuclei with the exception of 2°Sg, decays
were observed within these intervals: only the decay time of
26980 in the third chain exceeds the upper limit calculated for
all the six events. Despite the apparent difference in lifetimes
for 2°Sg, the standard deviation of the logarithm of all the
measured decay times is 1.54, which fits into the interval of
0.48-1.89 proposed in Ref. [8] for six exponentially decaying
events. Thus, the available set of data does not provide a valid
reason, which could confidently point out the inconsistency of
the results obtained for 2°Sg in one of the seven decay chains.
This behavior is not unexpected for statistically decaying
nuclei.

However, one can see in Fig. 3 that decay times of nuclei
in the considered chain are systematically lower than other
lifetimes for all of the four isotopes 2*°FI, 2!Cn, ?"Ds, and
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; FI E 1043 tn
10.64 E & 3
E 4 | 102] } b0
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FIG. 3. Measured a-particle energies E, (with error bars) vs.
decay times of isotopes assigned to 2*Fl, #!Cn, ’"Ds, *"*Hs, *°Sg,
and 2°Rf. For spontaneously fissioning **Rf, only decay times are
shown. Decay properties of nuclei observed in the third decay chain in
Fig. | are shown by filled squares. Time ranges for *°Sg and 2*>Rf in
one chain with missing & decay of 2°Sg [ 1] are determined as intervals
between decays of 2*Hs and 2 Rf and are shown by triangles with
arrows (upper limits). Decay times for events with partially measured
E, values (full energy was not registered) are shown by diamonds
on the bottom part of panels for 25E [7], 2'Cn [1]. and *"Ds (this
work). Time intervals corresponding to a detection probability of 97%
of decays are shown by horizontal lines (see text).

2T3Hs: the energies of « particles are comparable for the first
three nuclides and somewhat lower for 23Hs. The lifetime
of 2Sg in this one chain is larger than those for other six
decays and its a-particle energy is lower, but not much, than
those in the other five cases. The decay times of 20°Rf are
comparable in all the chains. Such a difference in the decay
properties of nuclei for one of the seven chains might imply

TABLE II. Decay properties of nuclei produced in this work and
from Refs. [1.7].

Nuclide Decay mode  Half-life? E, (MeV)® Q. (MeV)°
5] @ 0.1079% s 10.41£0.05 10.56 £0.05
Blen o 0.18%002s  10.28£0.04 10.43 £0.04
s @ 3.5t ms  10.55£0.04 10.70 £0.04
23 Hs o 051703 s 951+£0.04 9.65+0.04
#8g a 147 min -~ 8.41£0.04 8.5440.04
2R SF 11505 min

“Error bars correspond to 68% confidence level.

P!
"The energy uncertainties correspond to the data with the best energy
resolution.

014320-5

21



V. K. UTYONKOV et al.

PHYSICAL REVIEW C 97. 014320 (2018)

1 L
10 m3n £
] Xaln [
3 1 ¥ a2n B
< i i
c 100 3
Ke) ] -
B ] -
3 ] X
» i X
@
A B
] ¥ i
4 5* L
1072 T T T T T T T T

36 38 40 42 44 46 48
Excitation energy (MeV)

FIG. 4. Measured cross sections for the 3n-evaporation channel
for the **Pu + **Ca reaction (red squares). Vertical error bars corre-
spond to total (statistical and systematic) uncertainties. Horizontal
error bars represent the range of excitation energies populated at
the given beam energy. Cross-section maxima for the an and a2n
channels estimated with use of different models discussed in the text
are shown by x’s and asterisks (see insert).

transitions through their different energy levels. However, the
existing data do not allow us to make a definitive conclusion.
The average decay properties of nuclei observed in this work
and in Refs. [1,7] are given in Table II assuming single half-
lives for all of the nuclei. However, it should be noted that in this
case, the half-life of ¢?Sg is markedly increased compared with
the value T = 3.]f7:1 min given in Ref. [1]. As mentioned
above, the probability that an event with energy of 8.30 MeV
is random and does not belong to the isotope 2°Sg seems to
be quite small, which allows us to assign it to this isotope. In
addition, in this chain, the decay time of 2*Rf is consistent
with the values observed in the remaining six chains of this
nucleus. In any case, the aggregate decay time of the isotopes
26950 and 23R in the third chain differs from the average value
determined from the other chains by a factor of almost 20. In
this regard, taking into consideration that the discussed chain
could represent decay through a different nuclear level, we
chose to give here the decay properties for the states in 2°Sg
that follow from the third chain taken alone (that is, Ty, =
75"_';20 min, E, = 8.30 & 0.08 MeV) and from the remaining
chains (T} = 2.3737 min, E, = 8.43 £ 0.04 MeV).

The cross section of the 2"‘OPu(‘mCa.Z%n )reaction at 250 MeV
beam energy was measured to be 0.58705% pb (for the summary
beam dose collected in Ref. [1] and this work, see Fig. 4).
The given error bars include statistical as well as systematic
uncertainties. In comparison with data from Ref. [1], an
increase of *8Ca energy of 5 MeV resulted in a decrease of
the cross section of the 3n channel by a factor of about 4-5,
which is in agreement with expectations for this evaporation
channel (see, e.g., Fig. 4 in Ref. [9]). In the same figure, it can
be seen that the production cross sections of the 4n-evaporation
channel exceed those for the 3n channel at the excitation energy

of the compound nucleus E* = 40-45 MeV in most reactions
where both these channels were observed. Only in reactions
with relatively neutron-deficient 2*Am is the yield of the 3n
channel larger at E* = 40 MeV and with >*Cm the products
of the 4n channel were not observed. Note that >**Pu is the most
neutron-deficient isotope (N — Z = 52) of all of the target
nuclides used in reactions with ¥Ca and where products of
complete fusion were unambiguously identified, except for
ZINp witha N — Z = 51.

For the product of the 4n channel, the even-even isotope
284F], one expects SF as a dominant decay mode with high
confidence. It follows from the dependence of Tsk on the
neutron number for 222%4Cn and *°Fl isotopes, as well as
theoretical calculations [2] (see, e.g., Fig. 5 in Ref. [1]).
In Ref. [1], using the measured half-life of two to four SF
events, which we tentatively assigned to ***Fl and comparing
it with the partial a-decay half-life, which might be estimated
from extrapolation of the «-decay energy Q, systematics and
relationship between T, and Q. we estimated that %*Fl could
have about a 20% «-decay branch. « decay of ***FI was not
observed in this experiment. Identifying new isotopes by SF
decay properties is much more difficult compared with using
« decay for several possible reasons. Among these are: the
existence of long-lived SF activities in the detector from prior
or current experiments and their random correlations with
preceding ER-like events, the production of short-lived SF
nuclides and SF isomers in transfer reactions and in reactions
with emission of charged particles (pxn, axn, etc.), relative
yields of the latter may increase with increase of neutron
deficit of target nuclei. All these sources of background may
mimic decays of *Fl. Finally, the nonspecificity of fission
complicates attribution of the observed SF to a particular
nucleus.

The decay properties of the three nuclei in Table I (second
column) are in agreement with those expected for 2*FI. Their
lifetimes are about 1 ms. The expected number of random
ER-SF correlations due to longer-lived SF nuclides is rather
low (N < 0.15, see above). Unfortunately, the energies of
fission fragments in these chains are relatively low and cannot
be an argument in favor of this assignment. The cross section
corresponding to production of one ER-SF event of 2%*Fl in
this experiment is about 0.26 pb. Eight more chains were
observed with comparable lifetimes but with characteristics
somewhat different from what we expected for the products
of complete fusion (third column in Table I). All or part
of them could originate from SF isomers 202%™ A and
2420f A, which decay with a half-life of about 1 ms and 14
ms, respectively [10]. Besides, several Pu and Am SF iso-
mers with half-lives ranging within 1—73 ps (3723%-241mfpy
238.241,243.244.245.246mf A 1y [10]) could also reach the detectors.
Their half-lives are comparable with those shown in Fig. 2
at Atr—sp < 40 ps and in the last column in Table I. For
analysis of the origin of these R-SF chains one can consider
data available for the (xn)- and (4 p £ xn)-transfer reactions,
which lead to Puand Am SF isomers in the reaction with *°Pu.
In Fig. 5 (left panel), we show cross sections for production
of Cf and Cm isotopes in the reactions of *°Kr and '3¢Xe
heavy ions with 2*°Cf and 2*Cm, respectively. vs. number of
transferred neutrons (£xn). The cross sections for production
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FIG. 5. Left: Cross sections for production of Cf isotopes in the 2**Cf + '3¢Xe reaction [11] (red squares) and Cm isotopes in the reactions
2#8Cm 4 ¢Xe [12] (green diamond) and **Cm 4+ %°Kr [12] (blue circle) vs. number of neutrons transferred to (positive values) or stripped
from (negative ones) the target nuclei. Solid curve shows a Gaussian fit to these data. Cross sections (observed yield) measured at DGFRS for
production of Am isomers with half-lives of 14 ms (**™ Am) and 1 ms (assigned to 2™ Am) in the **Am + *Ca reaction at 248-MeV [13]
are shown by black filled circles (right scale in ub). The dashed curve was obtained by shifting the upper fit curve down by a factor of 10'°.
Note, production of %™ Pu and *'™Pu in the reaction with **’Pu corresponds to the same number of transferred neutrons as that of ***™ Am
and 2™ Am in the reaction with **Am. Right: The same as in the left panel but for production of Es and Bk isotopes in the reactions with
29Cf and #Cm, respectively, vs. number of transferred neutrons (+p % xn). Data for the 2*Cm + **Ca reaction [14] are shown by brown
stars. Production cross sections for >*™ Am measured at DGFRS in the **?Pu 4 **Ca reaction at 244-250 MeV [15] and in this experiment, are
shown by a black filled square and diamond, respectively. Expected yields of Am SF isomers in the ***Pu + *Ca reaction are shown by open
triangles (see text). Atomic masses of isomers with 7, > 0.1 ms are given in bold.

of Es and Bk isotopes in the reactions of **Ca, %°Kr, and **Xe
with 2Cf and >*Cm (+p £ xn). respectively, are shown
in Fig. 5 (right panel). Projectile energies in these reactions
correspond to about 1.07 times the Coulomb barrier [16], close
to that in the 2*°Pu + 250-MeV *8Ca reaction. For conversion
of these cross sections to yields of isomers, one should take into
account the suppression factor of DGFRS for transfer-reaction
products and isomeric ratio for SF isomers. Both these values
are defined with large uncertainties.

However, the product of these values may be estimated from
the 23 Am +*Ca [13] and **?Pu + *Ca [15] experiments
where several R-SF chains were observed and assigned to
Am isomers. The measured yields of 14-ms (***™ Am) and
I-ms (assigned to 2*"fAm) activities in the first reaction
at the excitation energy of 40 MeV are shown in the left
panel in Fig. 5. The curve fitting the cross sections of the
(Zxn)-transfer reactions with 28Cm and 2°Cf targets was
scaled down by a factor of 10'° (dashed curve in Fig. 5). To
obtain this somewhat arbitrary factor we assumed reasonable
values for the isomeric ratio (3.3 x 10™* [17]) and the DGFRS
suppression factor for transfer-reaction products (3.3 x 10°,
see, e.g., Ref. [18]). The observed yields of 242.24m0 Ay are
close to this reduced yield curve. Note, these Am isomers
are produced in the same transfer reaction as >*™Pu and
24mfpy in the 2*°Pu 4+ *Ca reaction. Similarly, the yield of
242mf Ay was measured in the 2*2Pu + *8Ca reaction at 244—
250MeV projectiles [15]. Finally, the upper limit of the yield of
242mf Ay in the 2**Pu + *¥Ca reaction can be estimated from
nonobservation of 14-ms activity within the time interval of

3.6-23 ms (see Fig. 2) where more than 50% of its decays
should be registered. Again, the yields of 2%242™ Am agree
with the curve obtained by shifting the fitting curve for the
(+p £ xn)-transfer reactions shown in Fig. 5 (right panel) by
the same factor of 10'°,

In further analysis of the results, we assume that both the
suppression factors of DGFRS for products of the low-nucleon
transfer reactions and isomeric ratios for different nuclides
produced in different reactions are close. However, the suppres-
sion factor can depend on target thickness, projectile energy,
and separator settings: at the same time, the isomeric ratios
could differ for the particular isomer, reaction type, projectile
energy, etc. Nevertheless, the summary yield of SF isomers
with half-lives of ~1 s to 73 s expected from reduced curves
in Fig. 5 could exceed the yield of the 1-ms 24%242:24mf A by 4
factor of about 17. If so, taking into account this factor and the
number of R-SF events with 71,2 & 10 us, one could expect
observation of one decay of 2#0-2#4mf Ay

Another possible source of the 1-ms SF activity could be
282Cn, the product of the a2n reaction with 2**Pu. In this
regard, the R-a-SF chain observed in this experiment should
be discussed first. The decay properties of this chain are
similar to the decay of 2%3Cn (E, = 9.53, 9.33, 8.94 MeV
[9.18,19]; T, = 4.2%37 s [9,18], 4.48102% s [19]) followed
by SF of *Ds (SF branch bgg = 90% [9.18]. 85% [19];
Tsp = 0.21 £0.04 s [9,18], 0.29079587 s [19]). The chain in
question could start from BTR| (E, = 10.03 MeV [9,18,19];
Ty = 0.487048 s [9.18], 0.547517 s [19]), the product of the
1n channel with **°Pu, whose « particle was not registered
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(see above). However, the products of the 1n channel were not
observed in other **Ca-induced reactions with various actinide
target nuclei [9.18]. One expects an even lower probability for
this In-reaction channel at such high excitation energy of the
compound nucleus (E* = 42.8 MeV). But, despite the fact that
the content of 2*?Pu impurity in the JINR target material seems
to be low (2.0%), the detection of one R-a-SF chain results in
a production cross section of 27Fl in the 2*>Pu + *¥Ca reaction

~ 2 o .
of about lO*’;5 pb, which does not contradict values measured

for this reaction [ 15]. Thus, this chain could be caused by 7R,
the product of the 3n-evaporation channel of the reaction with
22Py impurity in the target.

Nevertheless, the potential @n channel for the 2#°Pu 4+ *8Ca
reaction leads directly to 2%3Cn. The products of the axn-
reaction channels were never clearly observed in previous
studies of the reactions of *¥Ca with actinide target nuclei.
However, the lower mass number of the compound nuclei could
lead to increased competitiveness of these channels compared
to the xn channel (see, e.g., Ref. [20]). Unfortunately, existing
theoretical models that describe fusion of heavy nuclei and
further deexcitation of the compound nucleus are not suf-
ficient to provide accurate quantitative results. To simplify
the procedure, we omitted calculations of the first two steps
of fusion-evaporation process—capture of interacting nuclei
and following stage of formation of compound nuclei—and
calculated only survival probabilities of the excited nuclei with
respect to different channels. Then, using the calculated ratios
between probabilities of the axn and 3n channels and the
measured cross sections of the 3n channel, we could estimate
the cross section of the axn channels.

In calculations of the ratios between the axn and 3n
channels we used three versions of a statistical model. One
of them is the NRV statistical code of decay of excited nuclei
[21,22]. Within this model, the fission barriers are calculated
as a difference between the finite-range droplet barriers [23]
and the shell corrections to the ground-state masses. These
masses, necessary for calculating the particle binding energies,
as well as the corresponding shell corrections are taken from
Ref. [24]. In the second approach, calculations are performed
within a framework of the statistical model realized with the
HIVAP code [25]. The empirical masses [26] together with the
liquid-drop (LD) finite-range ones [27] (for the nuclei not
presented in Table [26]) are used for the calculations of the
excitation and separation energies. Rotating LD fission barriers
[28] are used in calculations together with shell correction
energies (the difference between empirical and LD masses).
Finally, in the third approach, the formation of the CN is
described within a version of the dinuclear system model (see
Ref. [29] and references therein). The deexcitation of the CN
is treated with the statistical model using the level densities
from the Fermi-gas model. The neutron, proton, and a-particle
binding energies, the nuclear mass excesses of superheavy
nuclei. and the ground-state microscopic corrections are taken
from Ref. [27]. Within these three approaches, a satisfactory
agreement was achieved in predicting and/or reproducing the
(*Ca,xn) excitation functions measured in the reactions with
actinide target nuclei [29-31].

The ratios between probabilities of the @xn and 3n channels
at E* =43 MeV vary within 0.001-0.03 and 0.01-0.04 for

the o 1n and «2n channels, respectively. The estimated cross-
section maxima for the o 17 and &2n channels, namely, 283Cn
and 282Cn, are shown in Fig. 4. Note, the yields of the crxn-
reaction products are expected to be even lower due to reduced
transmission efficiency of DGFRS for products of the axn
channels compared with that for the xn channels which was
estimated to be about a factor of 4 [32,33]. This value follows
from a Monte Carlo code [34] that allows simulation of angular
and energy distributions of ERs at the exit from the target. Thus,
it provides the input data for an ion-optical program [35] de-
signed for tuning the separator and estimating the transmission
and final yield of the reaction products in question. We also
used a different Monte Carlo approach for calculating angular
and energy distributions of ERs and their transmission though
the DGFRS’s diaphragm [33]. In this approach, the HIVAP code
was used for calculating initial distributions inside a target
and the TRIM code for the simulation of transmission of ERs
through a target layer. These calculations gave essentially the
same values of the suppression factors. The yield of the «1n
channel is expected to be lower than that of the 3n channel by
a factor of 120—4000. Thus, assignment of the R-a-SF chain
to the product of the «ln channel does not look probable.
Nevertheless, none of the three discussed sources of the R-a-SF
chain can be excluded with certainty. Several factors prevent
us from making definite conclusions: these are: observation of
a single event only, somewhat long R-« time interval and large
uncertainty of a-particle energy assigned to >*Cn, which raises
some concerns in identifying the parent nucleus, and possible
uncertainties in the calculation of the DGFRS transmission
for the axn channels and cross-section ratios of axn and xn
channels.

Similarly, the product of the a2n-reaction channel, >*Cn
(SE, Tyjp = 0.917033 ms [9.18], 0.967033 ms [19]), could
contribute to the I-ms SF activity (see Fig. 2). However, taking
into account predictions of the discussed models and the re-
duced transmission efficiency of DGFRS for the cxn-reaction
products, the yield of 2%2Cn at E* = 43 MeV is expected to
be lower by more than two orders of magnitude compared
with that for the 3n channel. If contrary to the calculations, the
R-«-SF chain originates from the « 1 # channel, the observation
of several decays of 2*2Cn cannot be excluded.

In summary. three new decay chains of 2*F| were observed
in the 24OPU(‘“‘?’Caﬁn) reaction at 250-MeV *Ca energy. The
decay properties of the observed nuclei are mostly in agreement
with those measured in other chains, namely the one identified
at the BGS in the 2*2Pu(*¥Ca.5n) reaction [7] and three at the
DGFRS in the 2"ml-’u("sCa.f%n) reaction at lower energy [1]. The
lifetime of 2%°Sg observed in one chain exceeds that derived
from other five decays by a factor of 33, which might indicate
the observation of transitions through different levels in 23Fl
and descendants. The cross section of the 2**Pu(*¥Ca,31)**FI

reaction was measured to be 0.58"'3:?(3) pb, which is lower by

a factor of about 4-5 than the value measured at 245-MeV
#8Ca energy [1] and is in agreement with expectations for the
3n-evaporation channel.

One R-a-SF chain looks similar to the decay of **3Cn
followed by SF of 2°Ds. The chain could start in fact from
27E], whose « particle was not registered, and be a product of

the 1n channel of the 2*°Pu + 48(a reaction or originate from
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the 3n channel of the reaction of **Ca with >*?Pu impurity in
the target. The « In-reaction channel leading directly to >*Cn
cannot be completely excluded as well. Of the above three
possible sources of this chain, the reaction with 2*>Pu impurity
in the target appears to be the most reasonable.

More than 20 short-lived SF nuclei with lifetimes of about
10 s and 1 ms were observed. Usually, identification of
the spontaneously fissioning nucleus is not an easy task.
Several sources of these activities were considered, namely,
products of transfer reactions—spontaneously fissioning iso-
mers 237:239.24Imfpy o 238.241.243.244.045.206m0 A 1y (T =
1-73 us) and 240,242,244mf A 1) (Tsg = 1 ms and 14 ms) as
well as products of the a2n channel, 820y (Tsg = | ms),
and 4n-evaporation product, 2*Fl. Comparison of the cross
sections of several transfer reactions, which lead to products
of the transfer/capture of neutrons solely (£xn) or together
with transfer of proton to the target nucleus (+p £ xn) with
observed yields of SF activities was carried out, assuming
similar suppression factors and isomeric ratios for discussed
reaction products. From this analysis it follows that the most
probable sources of the ~ 10 ys activity are isotopes 2™ Pu
(Tsg = 7.5 ps) and 2*'"™Pu (Tgp = 20.5 us) (see, e.g., 14
events in the last column in Table I). Their yields are expected
to be larger than the total yield of 2#0:24224mf Ay by 4 factor
of about 17. Correspondingly, one could expect observation
of about one decay of 072" Am  The products of the
axn-reaction channels were not observed with certainty in
previous studies of the reactions of U-CF isotopes with **Ca,
which is in agreement with combined analysis of the results
of this experiment and calculations [21,22,25,29]. However, if
the detected R-a-SF chain originates from 2$3Cn, a potential
product of the aln channel, then one may expect that sev-
eral events of the product of the @2n channel, 2¥2Cn, could
contribute to the | ms activity, e.g., those shown in column 3
in Table I. In addition, observation of several decays of 23*F|
(e.g., see column 2 in Table I) cannot be excluded as well.
The observed decay properties would be in agreement with
empirical systematics of the half-lives of even-even nuclides

282.284Cn and 2%°Fl and predictions for Tsg of the isotopes of
Ds-Og [2]. The number of observed events also would not
contradict to the measured ratios between cross sections of the
3n and 4n-evaporation channels for the reactions with heavier
Pu isotopes at the excitation energy of compound nucleus E* =
4045 MeV [9.18]. All of these considerations are valid for the
results obtained in the first experiment with 2%2%Py targets
[1]. Here we should note that the unambiguous identification
of 28*FI still requires further studies, e.g., detection of the
a-decay mode of Z8*Fl, preferably with highly purified >*°Pu
target material, or observation of >*Fl as an a-decay product
of the parent nucleus 2*Lv. However, taking into account the
presumably low a-decay branch of **Fl and low production
cross section of %8 Ly in any realizable reaction, these measure-
ments call for performing experiments with noticeably higher
sensitivity.
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2. Monitorovaci a ridici systém DGFRS-

Architektura fizeni a sbéru dat na separatoru DGFRS-| je postavena na modularnich
pristrojich se spolec¢nou pfistrojovou sbérnici CAMAC. Plvodni software, napsany v jazyce
C++, umoZiuje nastavit a vizualizovat provozni parametry separatoru DGFRS-I. Soucasti
programu je i systém poplach(, jestlize néktery z parametr( vyjde z predem nastaveného
pracovniho okna. Systém fizeni a sbéru dat DGFRS-I je moZno nastudovat v origindle na

prislusném odkaze®. Tzv. Uzké misto v ndvrhu tohoto fidiciho systému je, Ze Zadny klicovy

prvek nema redundantni okruh, a tudiz porucha jakéhokoliv ¢lanku vede k poruse celého
fizeni. Dalsi nedostatek spociva v nemoznosti zajistit deterministické zpracovani poveld,
resp. poruchovych signall. To je zplsobeno hlavné povahou architektury fidici aplikace,
kterd je psand na MS Windows XP SP2, kde je pocitacovy program pfimo zodpovédny za
zpracovani danych stavovych veli¢in a za vysilani povell na technologické celky. Vzhledem
ke zminénému, byl v modernizovaném feseni doplnén analogovy systém, ktery porovnava
fyzikalni veli¢iny prevedené na napéti a pokud dojde k vypadku nebo odklonéni dané veliciny
od zadaného pracovniho okna, dojde kzablokovani primarniho svazku na stupni
elektrostatického deflektoru urychlovace U-400. Tim urychlovac docasné ztrati vstupni iony
k urychleni po dobu trvani signalu blokace svazku. Pro pocitaCovy program provadéjici fizeni

se veSkeré veli¢iny prevadi z fyzikdlnich na elektrické. Viz tabulka 1.

(pfevzato od Sukhov A.M)

Parameter Measurement method
Currents of the magnet and quadrupole lenses Voltage — frequency
Rotation of the input window and the target (electric monitoring)| Drive output voltage — frequency
Rotation of the input window and the target (optical control) Direct count of pulses of light-emitting-diode—photo-diode pair

inside the controlled object

Pentane and hydrogen pressure in the time-of-flight module and | Voltage (sensors MKS baratrons [11]) — frequency
the separator volume

Vacuum at different points Output voltage (Pfeiffer sensors [12]) — frequency
Heavy ion beam current from the Faraday cylinder Current — frequency

“Pentane—hydrogen” interface operation (yes/no) ADC-5/+5V

Temperature parameters Voltage — frequency

Pressure of saturated pentane vapor in the output volume of lig- | Voltage — ADC code (0—10 V)

uid pentane

Additional DC current parameters —5/+5V Voltage — code 7 ADC
Loads of the detector system and TOF module Direct TTL pulse count
Current (with internal amplification) connected with the Fara- | Current — frequency
day cylinder

Tabulka 1. Pfevod fyzikalnich velic¢in na elektrické signaly pfi separdtoru DGFRS-

% http://www1 jinr.ru/Pepan_letters/panl 5 2010/12 sukh.pdf
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V ramci pUvodniho feseni je napéti prevadéné na kmitocCet a posléze ¢teno pres
moduly citacl v architekture CAMAC. Konkrétné z modull KS-022, KS-019. Vzhledem
k absenci architektury fizeni typu server — klient zde neni snadna vyména dat mezi riznymi
aplikacemi nebo neni mozné tyto veliciny vizualizovat pro ostatni uZivatele. Dale vSe bézi na
jednom béiném PC architektury x86 bez redundance na uUrovni HW pocitace. Vzdalené
ovladanije umoznéno pomoci distribuce video signalu a prenosu signalu pro klavesnicia mys
pro dané mistnosti a experimentdlni halu. Toto FeSeni je ponékud tézkopadné a poruchové,
nicméné bylo na ném dosazeno veskerych Uspéchl pfi syntézach prvkd Z=113 az 7=118
[1,2,4,13].

Pro fizeni pole separacniho magnetu, fokusacnich magnetickych elementl a
elektropneumatickych aktudtor( pro oddélovani vakuovych sekci a sekce s radioaktivnim
teréem, je zde treti dopliikovy systém dodany oddélenim automatizace FLNR na systému
QNX*0. Tento systém zcela vyhovuje pozadavkiim na fizeni technologii, jelikoz se jedna o
operacni systém realného Casu s prioritizaci preruseni procesti a moznosti definovat, co se
stane, pokud dany proces neni splnén vramci definovaného ¢asového rdmce. Toto je
implementovano jiz na Urovni jadra operacniho systému, a tudizZ je zajisténo deterministické
chovani jak PC, tak i aplikaci béZicich na daném operacnim systému. Toto chovani je typické
pro automatizacni programovatelné logické automaty. Zde ovSem svyhodou vyuZziti
vypocetniho vykonu PC. Vzhledem k plvodnimu systému navrzenému s moduly, které se jiz
nevyrabi a jsou zaloZené na zastaralé soucastkové zakladné, jsou opravy komplikované,
nerentabilni a nespolehlivé, ¢asto pro nedostatek dokumentace. Predbé&iné je vedenim
laboratofe prijato, Ze dojde-li k modernizaci DGFRS-I a bude-li moznost takovy systém
navrhnout, bude se realizovat s vyuZitim systému na béazi NI LabVIEW, NI DSC! a NI cRIO
podobnym zplsobem jako je prezentovana Uspésna realizace pro separator DGFRS-II
v kapitole 5, na které se autor prace spolupodilel vyznamnou mérou. Vroce 2020 je
experimentdini pracovisté na dobu neurcitou v odstavce z dlvodu planované modernizace
urychlovace U-400 a soucasného presunu vsech experimentd pro syntézu Z=115, Z=119 a

Z=120 na modernéjsi pracovisté DGFRS-II.

10 QNX je komeréni operadni systém redlného ¢asu unixového typu pouzivajici mikrojadro. Operadni systém
je unixového typu.

HKomer¢ni balik Datalogging and Supervisory Control Module pro distribuované systémy. UmoZfiuje
distribuci dat mezi rliznymi pocitaci, servery, klienty a programovatelnymi logickymi automaty a
technologiemi.
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Obrazek 3 zobrazuje schéma provedeni systému fizeni DGFRS-I, které bylo doplnéné o
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Obrazek 3 Sbér dat a fizeni experimentu DGFRS-I. Pfevzato od Sukhov A.M.
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Na obrazku 4 mlzeme vidét vizualizaci kontrolnich a fidicich systém( DGFRS-I
nakonfigurovanych podle schématu na obrazku 3. Soucasti systému je moznost zapnout Ci
vypnout alarm na pracovni okna jednotlivych technologickych parametr( a zédroven je zde
implementovan elektronicky denik technologickych parametr(i experimentu. Rizeni proudu
tekoucim magnetickymi prvky se déla za pomoci softwarového klienta jiného podsystému

na bazi operacniho systému QNX, pripojeného primo do sité dozorny urychlovace U-400.
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Obrazek 4 Grafické rozhrani fizeni technologickych parametrl separdtoru DGFRS-I

Pfevzato od Tsyganov Y. Ts.
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3 Systém meéreni energie svazku z urychlovace

Experimentalni stanovisté DGFRS-I i DGFRS-II provadi srazkové reakce s fixnim teréem
a ma vlastni méreni energie urychlenych iond tésné pred dopadem na reakéni terc. Systém
méreni energie urychlenych iont z urychlovace U-400 probiha na stanovisti DGFRS-I pomoci
dvou elektrod® a podsystému doby priletu'3.

le zftejmé, Ze pohybuijici se iony proleti danou trajektorii za jednotku ¢asu. Z ¢asu a
pevné vzdalenosti mezi elektrodami mdzeme vypocdist rychlost, pficemz energie je svazana
s rychlosti. VSechny ostatni veli¢iny jsou pro dany vypocet konstantou. lony urychlované na
energie v rozsahu 100 MeV az 300 MeV jiz spadaji svou rychlosti do oblasti, kde je treba
pouzit relativistickou korekci vypocltu. V soucasné dobé oba systémy, jak pro urychlovac
U-400 stanovisté DGFRS-I, tak i pro urychlova¢ DC-280 stanovisté DGFRS-II, vyuZivaji
relativistického vypoctu energie urychlenych ion dopadajicich na radioaktivni terc¢. Pouze
technicka realizace se lisi. V prvnim pripadé pro stanovisté DGFRS-I se jedna o zapojeni podle

obréazku 5.

Pick-Upl Pick-Up 2 Beam
¥ —BE———>
«ORTEC» «ORTEC»
VT 120 VT 120 N
TDS224
pe K=
HCFD 584 CFD 584+
50 OmEl Q 50 Om
KB 005 TAC/SCA 567 ITA 24k
N/

Obrazek 5 Schéma systému kontrolniho méfeni energie svazku na stanovisti DGFRS-

Prevzato od Sukhov A.M.

12 Elektrody jsou od sebe 3680mm v pFipadé DGFRS-1 a 3238mm v pfipadé DGFRS-II.
13 Déle jen jako zkratka TOF, pfevzato z anglického Time of Flight
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Zde elektrody shirajici naboj vytvori elektricky impuls zesileny pfedzesilovaci Ortec
VT120 na urovné vhodné k prenosu prenosovou soustavou. Jedna se o radové milivolty az

stovky milivolt pfi 5 puA z U-400 po zesileni. Tyto signdly se poté rozvétvi na osciloskop, pro:

1) Rucni méreni pomoci kursor( a kontrolu kvality svazku pomoci vizualizace ¢asového

pribéhu signald z elektrod po predzesilend.

2) Moduly vyuzivajici metodu constant fraction discrimination (Ortec CFD 584 na

obrdzku 5).

Pripravené signaly je mozno poslat do modulu ORTEC TAC/SCA 567, kde se méri ¢asovy rozdil
pfichodu nabéznych hran signdlu. Vysledkem rozdilu je pfevod ¢asu na amplitudu. Jinymi
slovy, ¢im vétsi rozdil v ¢ase, tim vétsi amplituda. Vyslednou amplitudu prevedeme do
Cislicového tvaru pomoci AD prfevodniku PA 24k. Ten je spolecné s kontrolérem sbérnice
CAMAC KK-12 pripojen k PC, kde dochazi k monitorovani tvaru signalu pomoci IP kamery
pfipojené do sité, snimajici obrazovku osciloskopu a zaroven uzivatelsky panel programu,
ktery ¢te data z AD prevodniku PA 24k a pocita dvakrat za sekundu stfedni hodnotu energie
svazku. Videoprenos je téz distribuovan pro operatora urychlovace U-400, ktery na zakladé
¢asového pribéhu signalu nastavuje urychlovac¢ pro idealni kvalitu svazku. Vizualizace a

uzivatelsky panel takového reseni je zobrazen na obrazku 6.

Obrdazek 6 Automatické méreni energie svazku DGFRS-I, plvodni systém, navrhnuto

Sukhov A.M a Tsyganov Y. Ts. pfevzato od Tsyganov Y. Ts.
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Dany systém ma nékolik nevyhod:

A)

Kvalita zobrazeni casového pribéhu signdlu je Spatnd, jelikoz se jedna o

videoprenos snimajici obrazovku osciloskopu.

Konverze z impulsl, kolikrat ,nevalné” kvality, pomoci modulé CFD 584 dava
nejednoznacny signal, ktery modul TAC 567 obdas spusti na nabézné hrané od
energie, kterd se vdaném svazku sice nachazi, ale neni pfevazujici. Tim dochazi
k rychlym skoklim v hodnoté zobrazené energie a pfi pramérovani dochazi k tomu,

Ze stfedni hodnota je signifikantné posunuta od hlavni energie svazku.

C) Je postaven na bazi modularnich pfistrojl, které se jiz nevyrabi

(KK-12, PA24k, KV0OO5) a pfi poruse je nutno je opravovat a nelze jen zaménit

modul.
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3.1) Nova technicka realizace TOF pro DGFRS-I a DGFRS-II

Z vyse uvedenych davodU byl autorem prace navrhnut systém zaloZzeny na platformé
NI LabVIEW™4, vyuZivajici stavajici infrastrukturu. Zména v hardware byla pouhd zaména
starého osciloskopu za modernéjsi digitalni Tektronix MDO3014 s podporou vzdalené

konfigurace, ¢teni dat z paméti a ovladaci pro programovaci jazyk LabVIEW.

Pick-Upl Pick-Up 2

Beam
. ? .o L] Eﬁz’. >
«ORTEC» «ORTEC»
VT 120 VT 120
Tektronix
MDO 3014
| LabVIEW TOF application
Local LAN Remote panels web server
IVI session

http clients

Obrazek 7 Navrzeny podsystém méreni energie svazku na DGFRS-II

Z obrazku ¢. 7 je moZno vypozorovat, Ze zakladni myslenka méreni energie svazku
zUstala zachovéana. Stéle zde vyuzivame metodu doby prlletu (TOF), predzesileni signald
z elektrod pomoci osvédcenych rychlych predzesilovaci ORTEC VT 120 a vizualizace
Casovych pribéht signall pomoci osciloskopu. Zde nicméné doslo kinovaci a zaméné
osciloskopu za osciloskop s podporou webového rozhrani, vzdaleného fizeni, s ovladaci
konsorcia IVI*> kompatibilni s NI LabVIEW. Konkrétné se jednalo o osciloskop Tektronix MDO
3014. Tento osciloskop se vzorkovaci rychlosti 5 GSaS ma rozhrani USB i Ethernet, pficem?
umoznuje plnou vzdalenou konfigurovatelnost, pristup do pameéti pristroje na dalku aj. Na

této myslence byl vyvinut prototyp aplikace pro méfeni energie svazku zaloZzeny na moznosti

14 NI LabVIEW je vyvojové prostiedi. Jednd se o je graficky software pro navrh aplikaci vyZadujici testovani,
méreni a fizeni. Jedna se o otevienou SW platformu umoznujici jednoduchou integraci systému tfetich stran
(zdroje, multimetry, prevodniky, atd.). LabVIEW je celosvétovym standardem pro méfici systémy.

15 Nadace na sjednoceni pfikazové sady na fizen{ ptistrojd. Lze pfeloZit jako zdménny virtudini pFistroj

z anglického: Interchangeable Virtual Instrument (IVI).
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konfigurovat pfistroj jak rucné, tak na dalku, a zarovenl umoZnit vyménu dat meazi
osciloskopem, serverem, na kterém bézi aplikace pro vypocet a jejimi klienty, kterymi jsou

pult urychlovace a dozorny.

Vzhledem k faktu, Ze na impuls z elektrody pfi ¢astici *8Ca i *°Ti pfipadd pres 100 bodu
z AD prevodniku osciloskopu'® a ¢asovy pribéh se blizi limitné Gaussové funkci, je zfejmé,
Ze je dodrzen vzorkovaci teorém. Tento navrh byl autorem této prace zrealizovan a Uspésné

nasazen do praxe.

3.2) Vymeéna dat a redlnd data

Vymeéna dat probiha mezi osciloskopem po siti Ethernet a serverem, na kterém bézi NI
LabVIEW s aplikaci pro méreni energie. Ovladac byl vyuzit TKDPO4k, ktery spada do NI VI
univerzalnich ovladacl pro osciloskopy Tektronix série 3000 a 4000. Ovlada¢ umozniuje
pomoci vzdaleného fizeni nastavit vSechny parametry zpracovani signalu, jako jsou
nastaveni vertikalni osy, horizontalni osy, primérovani, spousténi a Uroven spousténi apod.
Osciloskop je nastaven na 100 000 bodt akvizice, které drzi v prabézné FIFOY paméti. Tuto
pamét v omezené mire pro snizeni toku dat a zatizeni systému osciloskopu lze prenaset jen
z Casti. Dostatecné by bylo pfi 5 GSaS brat vyrez okolo 500 bodl. Coz dava vyrez v casové
ose cca 100 ns a zatizeni sité véetné redundance pro komunikaci cca 200 kb/s pfi zajisténi
bezproblémové odezvy osciloskopu na povely na prednim panelu pfistroje. Pfi ¢teni plné
pameéti byl uZivatelsky komfort vyznamné omezen a prodlevy dosahovaly 1 az 3 sekundy.
Vzhledem k tomu, Ze signaly ze sbérnych elektrod jsou vidy v intervalu 10 ns az 40 ns, tak je
pfi spravné nastaveném spousténi osciloskopu zaruceno, ze TOF signaly jsou vidy

v pracovnim okné.

16 Rychlost AD prevodniku je 5 GSaS na strané osciloskopu. Vedeni mezi pfedzesilova¢em a osciloskopem je
pro obé vétve stejné délky a je kompenzovano na odrazy pomoci impedancniho pfizplsobeni. Tvar signalu je
zavisly na geometrické konstrukci elektrod a rychlosti prebéhu daného zesilovace VT120. Vzhledem k faktu,
Ze pozorujeme rozdil ¢asu mezi signaly, je mozné pretvarovani zesilovacem zanedbat do té miry, dokud dava
jednoznacny signdl zpracovatelny dale. Teplotni stabilita zesilovace je feSena temperovanim mistnosti na
stalou teplotu. | pfi teplotnim driftu se pfedpokladd, ze oba signdly se zméni stejné a vysledny rozdil minim
Casovych prabéhl bude stale nula.

177 anglického first in first out — prvni dovnitf prvni ven je druh zdsobniku dat v tomto pfipadé pribézna

pameét, kterd se plni vzorky z AD prevodniku osciloskopu. Ovladac pfistupujici z vnéjsi sité do této paméti Cte
data z dané paméti od nejstarsich po nejnovéjsi.
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3.3)  Vyvinuty SW + NI webserver + LV DSC + integrace do celku

Vyvinuté feseni zahrnuje hlavni aplikaci, kterd bézi na hlavnim serveru DGFRS-II pro
fizeni experimentu. Ten je zdroven zodpovédny za distribuci proménnych (hodnot
parametr() pro fizeni celé experimentalni haly DGFRS-II i komunikace s klienty (dozorna, pult
operatora urychlovace). Vyména dat probihd za pomoci tzv. sdilenych proménnych na bazi
NI DSC. Tato aplikace se spousti po startu pocitace a zahrnuje moznost upravit vzdalenou
konfiguraci osciloskopu po spusténi pro pfipad zmén. Pokud do 3 sekund po spusténi
programu nebo serveru uZivatel neprovede jakoukoliv akci, program sam zasle osciloskopu
vzdalené nastaveni a pfepne se do rezimu méreni, kdy ocekava platné signaly ze sbérnych
elektrod. Elektronicky denik a predavani vypocitanych dat se piSe pravé tehdy, pokud
meérena energie je nenulova. Obrdzek 8 znazorriuje Celni panel podsystému pro vzdalené

nastaveni parametrd osciloskopu.

Tektronix DPC MSO 2000 4000 Series TOF 224 - O

File Edit Operate Tools Window Help
= =

Obréazek 8 Celni panel podsystému pro vzdalené nastaveni parametr osciloskopu.
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Parametry vzdaleného nastaveni osciloskopu podsystému TOF na DGFRS-II jsou ¢teny
po spusténi automaticky z konfiguracéniho souboru. Tato konfiguracni zalozka se pouZziva
pouze pro zmény v konfiguraci. Napfiklad pokud se vice jak o dva fady zméni amplituda
signalu vlivem jinych experimentalnich pozadavkd na fadoveé jinou luminositu svazku z U-400
nebo DC-280. Aplikace v béiném provoznim rezimu s validnimi signaly, které prosly

automatickou inspekci, je zobrazena na obrazku 9.

[ Tektronix DPO MSO 2000 4000 Series TOF 224 — [m]
File Edit Operate Tools Window Help

3

Sering | M llcg | Expen + Disgnastics

Cursors is showing minimum experimental data point

Amplitude

-0.08- | | i |
76.66666667E-9 100E-9 120E-9 155.9420291

Time

- _ Hg ol |
Actual kinetic energy 270.7879 MeV signal 1 I

IN RANGE signai 2 I

Average kinetic energy :271.34 | MeV J :::

. Alarm sound ON
Energy interval

Min |255.05 Center |271.54 . Max 278.05 " MeV

Time of flight average |22.71 ns Waiting for acceptable data ||
Readingdata|
Data properly fitted | F|

Obrézek 9 Celni panel provozniho stavu méfeni energie svazku TOF na serveru.

Na obrazku 9 vidime aplikaci za provozu, kde vypocet probiha kontinualné (on-line).
PFi experimentu uvedeném v kapitole 1.1. bylo pouZito pramérovani na strané osciloskopu
8x. Dale byl pocitan klouzavy primér ze sta méreni pomoci pribéiného FIFO zasobniku
namérenych hodnot z osciloskopu. Smérodatna odchylka méfeni byla +1 MeV od ustaleného

stavu urychlovace U-400 pfi energii 250 MeV béhem 24 h. Kontrolni nezavislé méreni

spadalo do nejistot vystaveni energie svazku pfimo na urychlovaci U-400.
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Dale byla provedena validace aplikace pomoci dvoji kontroly, kde vypocet probéhl
odectenim z displeje osciloskopu a ddle ru¢nim vypoctem. Validni data zapisuje ve formatu

ASCII elektronicky denik aplikace a pribézna uloZend data je moino za béhu aplikace

prohliZzet na ¢elnim panelu zobrazeném na obrazku 10.

Tektronix DPO MSO 2000 4000 Series TOF 224 - O
File Edit Operate Tools Window Help

Obrdazek 10 Aplikace méreni energie svazku - zapis dat.

V zadani projektu bylo provadét zapis dat kazdych 5 minut. Soubor s denikem je ve formatu
ASCll a obsahuje vse, co je uvedeno v bilém poli tabulky aplikace. Souc¢asné se Udaj o velikosti

sV

energie svazku prendsi do aplikace pro kontrolu parametr( separatoru, kde, pokud dany
parametr vyjde z pracovniho okna, bude spustén vizudlni i hlasovy alarm. Zaroven je
pfenasen i tvar signdlu pro vizualni kontrolu kvality nastaveni urychlovace jak pro potfebu

hlavniho experimentatora, tak pro operatora urychlovace. Obrazek 11 ilustruje klienta, ktery
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4.Spektrometrie na DGFRS-II

Spektrometrie stanovisté DGFRS-Il  vychazi z30let zkuSenosti se syntézou
supertézkych prvkl na DGFRS-I [1,2]. BEhem let 2017-2019 doslo k zakoupeni a realizaci i
¢aste¢nym modifikacim a zméndm projektu spektrometrie pro separator DGFRS-II, ktery
vznikal jako ndvazny klon spektrometrie DGFRS-I s dil¢imi inovacemi predstavenymi ve
spoluautorskych publikacich, viz pfilohy A,B,C,D,E a jejich reference. Tato kapitola je zde
uvedena pro obecny popis, veskera odbornd data jsou uvedena v danych publikacich anebo
budou publikovdana po ustaleni konfigurace vsech, jak HW, tak SW, ¢asti fetézce. Detekéni
spektrometrickd sestava ¢itd polovodicovy prouzkovy detektor DSSSD'® doplnény o bokové
detektory, jejichZ konstrukci si mUZzeme predstavit jako kvadr bez vrchni stény (pohled ze
strany pfilétajicich jader viz obrazek 2). Chybéjici sténa kvadru slouzi jako otvor pro pfilétajici
produkty syntézy a zbyld neodseparovana jadra. Na obrazku 12 je oteviena detekéni komora

separatoru DGFRS-II, primarni detekéni ¢ast spektrometru.

Pfilétajici jadra

Obrdazek 12: Oteviena detekéni komora spektrometru DGFRS-II

18 Micron model BB17 obsahuijici 48 pFednich a 128 zadnich aktivnich prouzkd.
Aktivni plocha detektoru je 47.97 mm x 127.97 mm.
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Dale obrazek 13.1 (vlevo) zobrazuje sestavenou plynotésnou detekéni komoru DGFRS-II
rozsitenou o PID regulaci prGtoku plynu pro spravnou funkci proporcionalni dratkové
komory. Vlevém spodnim rohu mulzieme vidét predzesilovace MESYTEC MPR-16

v konfiguraci vystupt 7 mV/MeV/kanal.

Obrdzek 13.1 (vpravo) predstavuje realizaci dratkové komory davajici signal dE1 a dE2.

(

Obrazek 13.1 Detekéni komora DGFRS-Il vietné predzesilovacd, PID regulace plynu i
proporcionalni dratkové komory.

Pro zjednoduseni predstavy zapojeni detektorové komory DGFRS-Il je uvedeno blokové

schéma klicovych prvkd na obrazku 13.2.

Detektor _
DSSSD + side + Predzesilovade Z‘_lvolefle Spektrometrie
veto + dratkova MPR-16 %esﬂovace S PIXIE + CAMAC
komora pfenosem 2:1

A 4

Vizualizace a
zpracovani (PC)

Obrdazek 13.2 Blokové schéma spektrometrického podsystému.
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Systém spektrometrie na bazi digitizér( v primyslovém standardu PXI, ktery mél autor
této prace na starosti fyzicky sestavil, nakonfiguroval a optimalizoval parametry sbéru dat,
viz obrazek 14 levy stojan.

Vyvinuty spektrometricky podsystém pracuje pfi dané konfiguraci s detekci az 1000
udalosti na kanal pfi rozliseni 30 keV na kazdy spektrometricky kanal na skale 800 keV az
250 MeV. Celkem je zde 242 spektrometrickych signal(. Plus jsou zde dva signaly z dratkové
komory. Spektrometrie je postavena na ovéfenych digitizérech na standardu PXI, dfive
pouZzivanych na DGFRS-I. Zde se jednalo o 13 ks XIA PIXIE-16 100 MSaS/12 bit v jedné PXI
skfini. V modernizovaném systému na DGFRS-Il jsme se rozhodli zvysit rozliSeni 4x uzitim
digitizér XIA PIXIE-16 100 MSaS/ 14bit. Pro obsluhu detekéni komory o 242 kanalech bylo
treba zakoupit a nakonfigurovat 17 ks XIA PIXIE-16 100 MSaS/14bit 16ti kanalovych
digitizér(i ve dvou c¢asové synchronizovanych skfinich standardu PXI. Tyto mnohokanalové
analyzatory umoznuji na Urovni hardware zapnout funkci zdznamu casového pribéhu
signalu na kazdém zadaném kandle. Je tedy mozZné zapisovat napfiklad ze vSech prednich
prouzkd DSSD (Micron model BB17) i ¢asovy pribéh signdlu pro pozdéjsi rucni inspekci
potencialné zajimavych udalosti, zatimco na zadnich prouZcich nds zajima primarné pozice
a energie.

Tim, Ze prouzky jsou v detektoru na sebe kolmé, dostavame tak protinajici se sit a
muzeme si posléze vytvofit kartézsky systém souradnic, kam Castice pfriletéla, kdy a s jakou

energii a lze délat korelace priletu mezi proporcionalni dratkovou komorou aj.
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Obrdazek 14: Prvni implementace plné funkcionality spektrometrie DGFRS-II.
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Na obrazku 14 vpravo je systém ve standardu CAMAC postaveny na digitizérech
ADP-16 firmy Tekhinvest. Tento Usek je zodpovédny za metodu aktivnich korelaci a tudiz
v on-line rezimu tidi blokaci urychlenych ion( z urychlovace DC-280. Nize se nachazi dvojné
zesilovace spektrometrickych signdll (obrazek 14 pravy stojan prvni skiin zespodu) pro
identickou distribuci kazdého spektrometrického kanalu do obou elektronik. Tyto aktivni
dvojné zesilovaCe s prenosem 2 jsou vlastni vyroby, které pod vedeni A.Voinova byly
navrzeny a vyrobeny na nasem pracovisti. Autor této prace je pomahal testovat a posléze

byla spolu s tymem oZivena celd spektrometrie.

Vyhoda tohoto ,dualniho” zapojeni je vzajemnd kontrola naméfenych dat: Tudiz
zvySeni redundance, rdzné osoby provozujici analyzu dat, jiné algoritmy i HW
implementace®®. Navic elektronika na bazi CAMAC v soucasné dobé vydava signél blokujici
urychlené iony z urychlovace DC-280 v pripadé, Ze je metodou aktivnich korelaci zjisténa
pfitomnost kandidata na supertézky prvek, viz spoluautorskd publikace?® (pfiloha A).
Blokovani svazku je zpracovano pres systém havarijniho vypnuti (kapitola 6) a dale predano

na elektrostaticky deflektor na stupni injekce urychlovace DC-280.

Spektrometrii na DGFRS-I a DGFRS-II jsou dale vénovany spoluautorské publikace

[9], [10], [11], [12] a navazné clanky, viz reference danych publikaci.

1 Jiny Uhel pohledu na realizaci spektrometrického Fetézce DGFRS-II nabizi spoluautorskd publikace pfiloha E.
20 Tsyganov, Y. S., Polyakov, A. N., Kazacha, V. I., Schlattauer, L., & Zhang, Z. (2018). Development of the
Active Correlation Method: Theoretical-Methodological Aspect. Z. Zhang, 49(6), 1036—1045.
https://doi.org/10.1134/51063779618060035
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5. Monitorovaci a ridici systém DGFRS-II

Jednotny fidici a kontrolni systém technologickych parametrd DGFRS-II je navrzen jako
vicelrovnovy systém na bazi NI LabVIEW. Tim je diky své architekture vzdy schopen zajistit
automatizované uvedeni do bezpecného stavu v pfipadé poruch na elektrické siti nebo na
strané klienta Ci serveru. Pro klicové systémy jako jsou systémy uzavirani pneumatickych
ventild nebo bezpecnostnich sekci bylo zvoleno redundantni fizeni stavovou logikou za
pomoci relé. Takovy systém pracuje nezavisle na vypadek pocitacové sité nebo jakékoliv

poruchy ze strany PC a zajistuje uvedeni separatoru do konzistentniho bezpecného stavu.

Pult operatora ridiciho vSechny technologické parametry separdtoru DGFRS-Il béhem
experimentu vyjma PID regulace pratoku vodiku v hlavnim objemu separatoru zobrazuje

obrazek 15 a obrazek 16.

Obrazek 15 predstavuje pult fizeni vakua a bezpecnostnich sekci DGFRS-II a byl vyvinut
ve spolupraci se skupinou automatizace FLNR pod vedenim Pashchenko S.V. Systém pro

poplachy a elektronicky denik vyvinuty autorem prace je ve spodni ¢asti obrazku.

Obrazek 16 predstavuje pult fizeni technologickych parametrd a experimentu na
stanovisti DGFRS-II. Realizovano skupinou automatizace FLNR pod vedenim Pashchenko S.V.
Vlevé spodni ¢asti je mozné vidét klienta méfeni energie svazku cyklotronu a fizeni
experimentu pomoci bloku havarijniho vypnuti, viz Kapitola 6. Oboji navrzeno autorem této
prace.

Oba pulty z obrazk( 15 i 16 predstavuji klienty serveru DGFRS_Host, ktery distribuuje
vSechny proménné mezi operatorem experimentu, jednotlivymi technologiemi, mistnostmi,
operatorem urychlovace DC-280, webovym klientem uréenym pro dohled, nikoliv fizeni, ze
sité internet.

Projektovd dokumentace systému fizeni technologii DGFRS-II je internim dokumentem
laboratore, ktera ¢ita okolo 1400 stran vytvorena na miru skupinou automatizace FLNR pod
vedenim Pashchenko S.V. Se skupinou automatizace autor prace po dobu vyvoje a oZivovani
Uzce spolupracoval. Se souhlasem jsou uvedeny nutné casti pro zdakladni pochopeni

problematiky, napf. nutné pro kapitolu 6. Systém havarijniho vypnuti navrzeny autorem.
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Obrazek 15 Pult fizeni vakua a bezpecnostnich sekci. Systém pro poplachy a

elektronicky denik vyvinuty autorem prace je ve spodni ¢asti obrazku.
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Obrdazek 16 Pult fizeni technologickych parametr(l a experimentu. V levé spodni &asti je
mozné vidét klienta méreni energie svazku cyklotronu a fizeni experimentu pomoci bloku

havarijniho vypnuti, viz Kapitola 6. Oboji navrZzeno autorem této prace.
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Ze vsech 17 kli¢ovych parametr( separatoru DGFRS-II se pise kazdou minutu (nebo jiny
zvoleny interval) elektronicky denik ve formatu ASCII navrzeny autorem prace. Soucasti bylo
dodani i jednoduché aplikace, ktera umoznuje Cist dany format a vizualizovat historicka data
separatoru. Prvni verzi takové aplikace zachycuje obrazek 17. Aplikace umi nacist ze serveru
automaticky aktudlni pracovni sadu dat a vizualizovat je. Lze zde prepinat ve velkém grafu
zvoleny parametr a zobrazit jej. Zaroven jsou nékteré hlavni parametry vidy fixné zobrazeny.
Aplikace je vhodna pro ziskani pfehledu, napfiklad co se stalo za posledni 3 hodiny, v minulé
sméné apod. Pro vyhodnoceni dat z experimentu se potom pouZivaji data z pfehledné

strukturovaného ASCII textového souboru.
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6. System havarijniho vypnuti DGFRS-II

Vyvinuty modul ochrany DGFRS-II zajistuje sdruzeni
signall poruch separatoru na udrovni HW prvk( bez SW ¢i FW.
Jednd se o syntetizovanou TTL logiku na bazi Intel CPLD, kde na
vnitfnich spojich danych logickych celkd jsou buriky EEPROM.
Modul funguje nezdvisle v momenté pritomnosti napajeni a
sdruzuje sedm rdznych poruch separdtoru na matici OR a dava
prikaz elektrostatickému deflektoru na stupni injekce iond do
cyklotronu DC-280.

Poruchy jsou zejména neocekavané (Cislovano podle vstupl):
1) Poklesy proudu na hlavnim separacnim dipdlu
(modul komparatort), hlavni méfici vétev.
2) Poklesy proudu na hlavnim separa¢nim dipdlu,
zaloZni méfrici vétev.
3) Poklesy otacek radioaktivniho terce, hlavni méfici vétev
(modul komparatora).
4) Poklesy otacek radioaktivniho terce, zalozni méfici vétev.
Optozavora na disku terée (modul otaceni).
5) Poklesy otacek vstupniho okna, hlavni méfici vétev
(modul komparatora).
6) Poklesy otacek vstupniho okna, zdloZzni méfici vétev
(modul otaceni).
7) Poklesy proudu deflektoru svazku, ,rozmasky”
(modul komparatora).
Vzniklymi poruchami se do nékolika ms prerusi tok svazku
z urychlovace DC-280 na separator DGFRS-II.

Osmy vstup je vyhrazen pro odstavku svazku na zakladé
metody aktivnich korelaci zCAMAC spektrometru pro zajisténi
mereni rozpadovych fad bez pozadi ze svazku z cyklotronu. Tento
osmy vstup je pfipojen na vystupy STROBE pres detektor
sestupné hrany s pfetvarovanim na 100 ms. Takovy signal poté
zajistuje obnoveni svazku po ukoncéeni méfeni rozpadovych fad.

V opacném pripadé bez pfichodu STROBE si stavova logika
pamatuje poruchu a vse je zastaveno do prichodu operatora,
ktery musi pfijmout feSeni na zakladé stavu operatorskych panell
vizualizace parametrd DGFRS-II.

Vyvoj a realizaci modulu i systému havarijniho vypnuti zachycuji

Obrazek 18. Navrzeny blok obrazky 18 a3 25,

Ochrany DGFRS-II

Konstrukce: Voinov. A.A., Kuznetsov D.A., obrazek 18 az 20.
Navrh a systémova integrace: Schlattauer L. Obrazek 21 a 22.
Uvedeni do provozu spoleéné s Polyakov A. N. Obrazek 23 az 25.
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z cyklotronu DC-280.
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Obrazek 25 Méfeni proudu hlavniho dipdlu v rozsahu OA az 1000A na bazi linearizovaného

hallova snimace LEM IN 1000-S. Pfesnost méfeni 0.0018 % z pIné Skaly.
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7. DGFRS-II prvni testy, vysledky srovnani

charakteristiky

Prvni testy separdtoru a nastaveni viech element( probihalo na reakcich “CAr+"3tYDb,
48Ca+"tYh, 48Ca+170Er, 48Ca+Pb pro rizné tlaky vodiku i hélia. Veskeré technické prostredky,
pristroje a zarizeni obstala pri 24/7 testech trvajicich mezi 8/2019 az 5/2020. Klicové k datu
tisku prace nepublikované vysledky parametrld nového separdtoru DGFRS-II uvadim

s dovolenim autora Utyonkov V.K. v obrazku 26 a 27.

Obrazek 26 vypovida o nejvyssi uéinnosti separatoru DGFRS-II pfi tlaku provozniho
plynu vodiku okolo 1Torr (133 Pa). Toto se potvrdilo pfi testovych reakcich
48Ca+"3tYb,48Ca+170Er, 0Ar+"tYb. Spektra takovych reakci v alfa $kdle jsou prezentovéna na

obrazku 27 na dalsi strané.

Prezentovand data, konkrétné obrazek 26 a 27 predstavuji dosud nepublikované
vysledky kolektivni prace. Zde uvadim s dstnim svolenim autora Utyonkova V.K., od kterého

autor této prace danou analyzu obdrzel.
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Obrazek 26 Zavislost pravdépodobnosti prichodu produktd syntézy na tlaku v separatoru.
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Obrazek 27 Vysledky spektrometrie na alfa skale pro dané reakce.
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Zaver

V této praci byly prezentovany vysledky z experimentu jaderné fuzni reakce ion( “8Ca

s teré¢em 24°Pu na stanovisti DGFRS-I publikované v ¢asopise Physical Review C.

Dale byl kladen diraz na predstaveni podsystém fizeni a sbéru dat starého a nového

separatoru navrzeného autorem:

e Systém pro automatické online méreni energie svazku urychlenych iond z urychlovace
U-400 i DC-280 vyuzivajici metody doby priletu (TOF) byl nasazen za pomoci vyvinutého
software na platformé NI LabVIEW, NI DSC, NI IVI, NI web Server.

e Navrzeny systém nouzového vypnuti v pfipadé poruchy na hlavnim dipdlu ¢i otacenim
radioaktivniho terce ¢i okna oddélujici vakuum od pracovniho plynu byl nasazen do

experimentdlni haly a Uspésné prosel testy na DGFRS-II.

e Systém dohledu vybranych kritickych parametr( separatoru byl naprojektovan a nasazen
na miru v NI LabVIEW. V pfipadé, Ze dana veli¢ina vyjde ze stanoveného pracovniho
rozsahu, ozve se hlas, ktery pfecte pfedem definovany text poruchy a dand velicina za¢ne

blikat cervené. Nasazeno v provozu na DGFRS-II.

e Byl vytvoren elektronicky denik v NI LabVIEW, ktery zapisuje automaticky v nastavenych
¢asovych intervalech klicové technologické parametry experimentu. Nasazeno do

provozu na DGFRS-II.

e Autorem prace byl sestaven a uveden do provozu systém spektrometrie na bazi
digitizérd PXI s rozlisenim 30 keV pri skale 800 keV az 250 MeV pfi poctu 242 nezavislych

spektrometrickych kanalu.

e Autorské a spoluautorské publikace jsou uvedeny plnym textem v kapitole 1.1. a

v pfilohach A az F.
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e Autorem spoluvyvijeny hardware a software bé&hem staze v SUJV je déle prezentovan

formou pfiloh 1 az 15.
Lze konstatovat, Ze prvni testy separatoru a nastaveni vsech elementd probihalo na reakcich

40Ar+natyh 48Cg+natyp, 48Ca+170Er, 48Ca+Pb pro rdzné tlaky vodiku i hélia. Veskeré technické

prostiedky, pristroje a zarizeni obstala pri 24/7 testech trvajicich mezi 8/2019 az 5/2020.
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Diskuze

Na zakladé vysledkd téchto testl se ve fazi Uprav nachazi detekéni systém — zvétseni
plochy pro zajisténi dopadu vsech produktl na detektorovou plochu vzhledem k disperzi na
hlavnim magnetu a nemozZnost jakymikoliv prostiedky zaostfit vysledné produkty do plochy
detektoru na ose X. Aktivni plocha detektoru Micron BB17 je v soucasné dobé (47,97mm x
127,97mm). Tyto vysledky jsou prozatim internimi daty k datu tisku prace. Modifikace ¢ita
zvétsit komoru na (95,94mm x 255.94mm) aktivni plochy. To znamena pfridat 140
spektrometrickych kanalG do spektrometrie. Uprava konstrukce detektorové komory.
Vyména vstupniho okna za diferencidlni vakuovou soustavu sniZujici vysoké
vakuum urychlovale, které se pohybuje v Faddu 10 Torr na nizké vakuum 107 Torr pro
reakci pfimo s ter¢em. Vstupni okna z Ti folie se ukdzala jako nejslabsi ¢lanek Fetézce pro
jejich asté propaleni svazkem??, kterému se nedalo nijak zabrénit pfes veskeré kombinace
nastaveni experimentalnich parametrd. Na obrazku 28 je ndazorné zobrazeny plan budoucich

experimentl po modifikaci, které se predpokladaji v roce 2021.
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Obrazek 28 Planovany budouci experiment po dokonceni viech modifikaci. Prepoklada se

syntéza nového prvku Z=120 pfi reakci 24°-2>1Cf+°°Ti. Obrdzek ziskan s dovolenim autora

Utyonkova V.K.

21 Doba funkce vstupniho okna byla v intervalu (2 aZ 60) hodin, nez do$lo k poruseni jeho integrity.

61



Pouzité zdroje

[1] Yu.Ts. Oganessian and V.K. Utyonkov, Super-heavy element research, Rep. Prog. Phys.
78, 036301 (2015).

https://iopscience.iop.org/article/10.1088/0034-4885/78/3/036301/pdf

[2] Yu.Ts. Oganessian and V.K. Utyonkov, Superheavy nuclei from #2Ca-induced reactions,
Nucl. Phys. A 944, 62 (2015).

https://www.sciencedirect.com/science/article/pii/S0375947415001517

[3] V.I. Zagrebaev, A.V.Karpov, and Walter Greiner, Possibilities for synthesis of new
isotopes of superheavy elements in fusion reactions, Phys. Rev. C 85, 014608 (2012).
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.85.014608

[4] Hofmann, S., Heinz, S., Mann, R. et al. Review of even element super-heavy nuclei and
search for element 120. Eur. Phys. J. A 52, 180 (2016).
https://doi.org/10.1140/epja/i2016-16180-4

[5] K. Subotic,  Yu.Ts. Oganessian,  V.K. Utyonkov,  Yu.V.Llobanov, F.Sh. Abdullin,
A.N. Polyakov, Yu.S. Tsyganov, O.V. lvanov, Evaporation Residue Collection Efficiencies
and Position Spectra of the Dubna Gas-filled Recoil Separator, Nucl. Instr. Meth. Phys.
Res. A 481, 71 (2002).

https://www.sciencedirect.com/science/article/pii/S0168900201013675

[6] V.K. Utyonkov, N.T. Brewer, Yu.Ts. Oganessian, K.P. Rykaczewski, F.Sh. Abdullin,
S.N. Dmitriev, R.K. Grzywacz, M.G. Itkis, K. Miernik, A.N. Polyakov, J.B. Roberto,
R.N. Sagaidak, I.V. Shirokovsky, M.V. Shumeiko, Yu.S. Tsyganov, A.A. Voinov,
V.G. Subbotin, A.M. Sukhov, A.V. Sabel'nikov, G.K. Vostokin, J.H. Hamilton, M.A. Stoyer,
and S.Y. Strauss. Experiments on the synthesis of superheavy nuclei 224Fl and ®Fl in the
239,240py+48C3 reactions. Physical Review C 92, 034609 (2015).
https://www.osti.gov/servlets/purl/1493143

[7]Schlattauer, L., Parali, L., Pechousek, J., Sabikoglu, I., Celiktas, C., Tektas, G.,
Prochazka, V. (2017). Calibration of gamma-ray detectors using Gaussian photopeak
fitting in the multichannel spectra with a LabVIEW-based digital system. European
Journal of Physics, 38(5).
https://doi.org/10.1088/1361-6404/aa7a7a (pfiloha F)

62



[10]

[11]

[12]

[13]

Tsyganov, Y. S., Polyakov, A. N., Kazacha, V. I., Schlattauer, L., & Zhang, Z. (2018).
Development of the Active Correlation Method: Theoretical-Methodological Aspect.
Z.  Zhang, 49(6), 1036-1045. https://doi.org/10.1134/S1063779618060035
(priloha A)

Subbotin, V. G., Zubareva, A. M., Voinov, A. A., Zubarev, A. N., & Schlattauer, L.
(2016). New analog electronics for the new challenges in the synthesis of
superheavy elements. Physics of Particles and Nuclei Letters, 13(5).
https://doi.org/10.1134/S1547477116050435 (pfiloha B)

Subbotin, V. G., Zubareva, A. M., Schlattauer, L., & Voinov, A. A. (2017). Development
of the autocalibration system for the DGFRS spectrometer based on the double-sided
silicon strip detectors. In CEUR Workshop Proceedings (Vol. 2023).
http://ceur-ws.org/Vol-2023/335-339-paper-54.pdf (priloha E)

Tsyganov, Y. S., Polyakov, A. N., Voinov, A. A., Schlattauer, L., Shumeiko, M. V., &
Barinova, S. V. (2017). An upgraded e-tof-AE based spectrometer of the Dubna Gas-
Filled Recoil Separator. In CEUR Workshop Proceedings (Vol. 2023).
http://ceur-ws.org/Vol-2023/309-317-paper-50.pdf (priloha D)

Schlattauer, L., Subbotin, V. G., Zubareva, A. M., Tsyganov, Y. S., & Voinov, A. A.
(2017). New particle position determination modules for double sided silicon strip
detector at DGFRS. In CEUR Workshop Proceedings (Vol. 2023).
http://ceur-ws.org/Vol-2023/265-270-paper-42.pdf (pfiloha C)

Sukhov, A.M., Polyakov, A.N. & Tsyganov, Y.S. Parameter monitoring and control
system of Dubna Gas-Filled Recoil Separator. Phys. Part. Nuclei Lett. 7, 370-377
(2010). https://doi.org/10.1134/S1547477110050122

Navazné zdroje jsou vedeny v dil¢ich publikacich autora viz pfiloha A aZ F a proto zde nejsou

uvedeny (dalsich 123 zdrojl).

63



Seznam priloh

Ptiloha A Spoluautorska publikace Development of the Active Correlation Method:

Theoretical-MethodologiCal ASPECT ...uuviviiiiii i 65
Ptiloha B Spoluautorska publikace New analog electronics for the new challenges in the
synthesis of SUPEIrNEaVY ElEMENTS .....ooii it e, 75
Ptiloha C Spoluautorska publikace NEW PARTICLE POSITION DETERMINATION MODULES
FOR DOUBLE SIDED SILICON STRIP DETECTOR AT DGFRS ..., 79
Ptiloha D Spoluautorska publikace AN UPGRADED E-TOF-AE1-AE2 BASED SPECTROMETER
OF THE DUBNA GAS-FILLED RECOIL SEPARATOR ...eeiieeeee e 85

PFiloha E Spoluautorska publikace DEVELOPMENT OF THE AUTOCALIBRATION SYSTEM FOR
THE DGFRS SPECTROMETER BASED ON THE DOUBLE-SIDED SILICON STRIP DETECTORS ...94

Ptiloha F Autorska publikace Calibration of gamma-ray detectors using Gaussian
photopeak fitting in the multichannel spectra with a LabVIEW-based digital system.......... 99

PFiloha 1 NavrZzeny modul pro spektrometr 6-U/TU ... 111
Priloha 2 Aplikace pro vzdalené fizeni PID reguldtoru pritoku pentanem v detektoru..... 115

Priloha 3 realizace osmi ¢itacl / intenzimetr( a 8bitového vystupniho registru za pomoci NI
LabVIEW, kontroléru Wiener CC USB a univerzalni karty CMDGG-8..............cooooevvinnnnn.... 116

Ptiloha 4: Realizace klienta pro méreni tlakd z kontroléru Pfeiffer CenterThree a jeho
VZAAIENOU KONTIGUIACH. evviiiiiiiieeece e 120

Ptiloha 5: Realizace klienta pro méreni tlak( z kontroléru Pfeiffer TPG362 a jeho vzdalenou

oY g N7 ={0 =l PR URROPRPR 121
Ptiloha 6: Realizace klienta pro méreni tlak( z kontroléru Pfeiffer TPG366 a jeho vzdalenou
oY g YT ={0 =l PRSPPI 123
Ptiloha 7:Realizace pripravku pro nastaveni modulu komparatord technologickych
parametrl DGFRS-11 Na UroVni HW ... 125
Ptiloha 8 Automaticky test starych vstupnich registrd sbérnice CAMAC. ...........ccoevvvene.... 126
Ptiloha 9 Spektrometr CAMAC na bazi NI LabVIEW a kontroleru Wiener XX USB ............. 127

Ptiloha 10 Program pro vizualizaci 16 kanalovych spekter s moZnosti otevrit 16 spekter
vV NOVEM 0KNE jako Paralelni ProCESY. .....ooii i 128

Ptiloha 11 Program pro testovani modulu poruch vyvyjené A.M. Sukhovem pro DGFRS-II
130

Ptiloha 12 Funkce zapisu denniku méreni energie svazku z TOF pro DGFRS-I a DGFRS-II..131

Ptiloha 13 Funkce pro volani Windows APl pro ¢teni hlasem poruch separatoru DGFRS-II
132

Ptiloha 14 Prototyp nového vstupniho registru sbérnice CAMAC KR-005M ve vyvoiji ....... 133

Ptiloha 15 Diagnosticka aplikace pro test pozi¢niho detekéniho systému priletu ¢astice do

64



Pfiloha A Spoluautorska publikace Development of the Active Correlation
Method: Theoretical-Methodological Aspect

Development of the Active Correlation Method:
Theoretical-Methodological Aspect

Yu. S. Tsyganov* *, A. N. Polyakov’, V. I. Kazacha“, L. Schlattauer*?, and Z. Zhang*
9Flerov Laboratory of Nuclear Reactions, Joint Institute for Nuclear Research, Dubna, 141930 Russia
bDepartment of Experimental Physics, Faculty of Science, Palacky University, Olomouc, 77200 Czech Republic
CInstitute of Modern Physics, Lanzhou, Gansu, 730000 China
*e-mail: tyra@jinr.ru

Abstract—The Dubna Gas-Filled Recoil Separator (DGFRS) of the Flerov Laboratory of Nuclear Reactions
(FLNR), JINR, is the most advanced facility for the synthesis and study of new superheavy nuclei. In the
recent years, new elements with Z= 114 to 118 (Fl, Mc, Lv, Ts, Og) have been successfully synthesized. The
DGFRS detection system and a unique method of active correlations for background suppression have played
a significant role in these discoveries. Theoretical-methodological aspects of further development of the
active correlation method are considered, especially in view of the upcoming commissioning of the new
FLNR high-intensity DC-280 cyclotron for acceleration of heavy ions and the new gas-filled recoil separator.
A numerical model of the edge effects between the neighboring strips on the p—n junction side of the DSSSD
detector is presented. The corresponding empirical examples are given. A more flexible real-time algorithm
is considered as a possible substitute for the current version with the rigidly set parameters. Since stability of
the calibration parameters is strongly required for applying the method, the radiation stability factor is also

briefly considered.

DOI: 10.1134/S1063779618060035

I. INTRODUCTION

According to quantum electrodynamics, the well-
known concept of the atom as a system consisting of a
nucleus, in which the positive charge and almost
entire mass of the atom are concentrated, and elec-
trons orbiting at a large distance from the nucleus is
valid for very heavy atoms up to the atomic numbers
Z~ 170 and even higher. However, the existence of
atoms (elements) terminates much earlier because of
instability of the nucleus itself. Heavy elements with
Z > 100 can only be obtained in reactions with heavy
ions. The main advantage of these reactions is that
fusion of an ion with a nucleus results in a noticeable
increase in its charge. At the same time, the excited
compound nucleus is characterized by high fission-
ability and only very rarely decays with emission of
neutrons that carry away all of its excitation energy.
The probability of this process for the heaviest ele-
ments is 1071° and even less. Therefore, synthesis of
transuranic elements requires high-intensity beams of
heavy ions, highly efficient detection of rare decays,
and long-time experiments. Two experimental direc-
tions can be distinguished. The first is hot fusion reac-
tions, in which targets of uranium and other heavy ele-
ments are bombarded by relatively light ions (from C
to Mg) and the compound nucleus has rather high
excitation energy of up to 40 MeV.

All new isotopes of superheavy elements obtained
at FLNR were synthesized in reactions of 43Ca ions
with actinide targets at the Dubna Gas-Filled Recoil
Separator using methods, algorithms, and approaches
with record characteristics in their field.

One of these radical methods is the active correla-
tion method [1—6], which allows alpha decays of
implanted superheavy nuclei to be detected almost in
the absence of background [7, 8]. The essence of the
method is an almost instantaneous (within ~100 us)
switching off the cyclotron beam upon detection of a
decay consistent with the pattern “recoil nucleus—
alpha decay” (ER-o) in real time.

2. EDGE EFFECTS
AND A SIMPLE EQUIVALENT CIRCUIT
OF NONEQUILIBRIUM CHARGE SHARING

2.1. Equivalent Circuit for the Interstrip Gap
on the p—n Junction Side of the DSSSD Detector

In what follows, edge effects in the vicinity of
DSSSD strips on the p—n junction side are supposed
to occur due to sharing of the nonequilibrium charge
generated by a charged particle in the space charge
region between two neighboring strips [9]. In this
work, the equivalent circuit of nonequilibrium charge
collection shown in Fig. 1 is proposed.
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Fig. 1. Equivalent circuit of the process. Capacitance C corresponds to the effective value, which takes into account the input cir-
cuit of the charge-sensitive preamplifier. C = C(strip)|| k*C (feedback), where k > 1 (Kirchhoff’s circuit laws are applied).

The initial system of equations is

1(t) = iy(t) + ir(7)
0, di®), _ 0 dio), -
C dt c drt
The initial condition is /(0) = 0. Consequently, 7,(0) =

12(0) —0.
(a [ 1) = CO — |[EXP| == |;
) ( ) [ P] [ PJ

From Eq. (1) we derive the expression iy(7) = I(1) —
i1(r) and substitute it into the second equation. As a
result, we obtain the following first-order differential
equation for the current i (7):

(n

2

ﬁ(r, +r2)+ﬁ =1+ﬂ/'2.

dt c C drt
Similarly, we obtain the differential equation for the
second current

3)

dﬁ(r, +r2)+£=i+ﬂ
dt c C dr
We arrive at the following solution of the homoge-

neous equation (3):

K. 4)

i) = Aexp(—ﬁ). (5)
T

(n+n)C

Here A = const. and 1 = . Then, we find a

partial solution of Eq. (3).
Substituting (5) into (3), we obtain the equation

dA(I)eXp(_L) _10 + dl@t) n

— 6
dt T )

2t dr n+ rz'

Substituting (2) into (6), we obtain the formula for cal-
culation of A(7).
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We obtain the following expression for the current
iy(1):

5 1z 2 ]
W) =|—=2—2-(T+T )exp(——)
: { ,,2"1 +r, T

Gy

217,

@)

1T +T? (—L)
( )exp =

- ﬁLexp(—L) + const; |exp (—L).
T, i+n T. T

Using the initial condition /;(0) = 0, we find from (7)
that

o 2 2 o
const; = C, I 5 r —T—2 2 1 @®
T,n+n 21T, T r+n
Similarly, for the current /5(7) we have
Cs, 1 2 s
L) =|=2—1— (T +T")ex (——)
: {sz i+ ;'2( g T
. (T +T)exp(-£) ©)
217, T
- g‘-’Z—"'—exp(—L) + const, exp(—i)
T, n+n T T
. 2 .
const, = Co[l B . X _ & T—z] (10)
T,i+rn 2T, r+nT,

Dependences of charges at the capacitors Q,(7) and
0,(7) can be obtained by simple numerical integration
(to avoid more cumbersome analytical formulas for

0,(1) and Qy(7)).

(b) I(r) = COLexp K1 (k is the constant). (11)
T, T,
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Substituting the expression into (6), we get

Col ¢ Kt G Kt
An= {J[—jeXp(——]+{—°eXp(——)
-[ 2\ T, / 8 r T, (12)

- ﬂﬁexp KB exp(z)dr.
T 15 T,)|n+n T
The following expression is obtained for the cur-
rent /,(7):

i) = {CL;( 5
Tp ntn

(T, + Tf)exp(—%]

Co 7] t
T, + T, )exp| —— (13)
xr, p( le
- %—"z—exp(—Lj + consg} exp(—i).
T, n+n 1 T

Using the initial condition /;(0) = 0, we find from (12)
that

consty = C, f_ 5 + I’ —ﬁ(L. (14)
TN+ 2T, T, i+n

Similarly, for the current i,(7) we have

Mn%?%’ﬂuﬂ+#mwﬁ%]

» "|+’2 1
Go

= T - (15)
T "exp( T,J
- %Lexp(—L] + consty, |exp (—L).
T, n+n I T

Using the initial condition /»(0) = 0, we find from (15)
that

consty = C, L +T—'2—&L. (16)
. T,i+nrn 21T, T; n+n

Thus, option (a) is a particular case of option (b). In
these equations, 7 is the plasma time [10].

2.2. Typical Temporal Dependences

A Charge.exe application was developed using
C++Builder for investigating influence of the input
parameters of the process (resistance, strip and pre-
amplifier feedback capacitance, mean field in totally
depleted detector, etc.) on the output temporal depen-
dences. The total resistance R = R, + R, was chosen as
the sample mean of the measurements between pairs
of strips on the p—n junction side, namely, (1.328,
1.318, 1.332, 1.257, 1.068, 1.034, 0.676, 0.691, 0.869,
0.992, 0.994, 1.011, 1.018, 0.924) = 0.8969 kQ. The
plasma time 7Tpwas calculated according to [10] for the
average electric field in the depleted detector of about

PHYSICS OF PARTICLES AND NUCLEI

67

TSYGANOV et al.

70 V/300 um = 0.233 V/um. The feedback capaci-
tance and the gain k were taken to be 3 pF and 50000
respectively. The user’s actions are two interactive
steps: calculation of the plasma time (Button 1) and
finding of /; and /, (Button 2).

Summing up, we can state that in addition to con-
sidering the quantitative characteristics of the output
signals we may treat the behavior of the nonequilib-
rium charge as an analogy of the detector with a resis-
tive strip. Specifically, in the case of the collection of
the charge divided between two neighboring strips, we
must have a small ballistic deficit, which is confirmed
by the examples shown in Figs. 3a—3c in the next sec-
tion. Note, that the results of the calculations are also
visualized in the LabView environment (Fig. 3c¢).

2.3. Examples of Signals Divided
between Two Neighboring Strips

Figures 3a and b show the data obtained for the
2Th decay signals from the reaction "™tYb + ¥Ca —
27Th + 3n for the charge sharing under consideration
between two neighboring strips on the p-n junction
side and the detector bias voltage of 70 V. The deple-
tion voltage of this high-resistance n-silicon detector
(Micron Semiconductors, UK) was about 30 V.

It is worth noting that there is

—A ballistic defect of the amplitude ~30 keV on
average (Fig. 3a).

—A small dip in the distribution (Fig. 3b), which is
an analogy with the resistive layer.

This means that small corrections are necessary for
knowing the precise value in the case of charge sharing
between neighboring strips. Accordingly, the recoil
matrix (ER, see [4]) should be filled as follows:

—At the current time 7 (obtained from the CAMAC
module or the Windows precision timer with an accu-
racy of | us), this time is written as a matrix element
with the indices {7, /,/ + 1}. Here i is the number of the
front DSSSD strip, and / is the index of the minimum
of two neighboring back strips (0 </ <47, 0 </ < 127).
The notation {7, /,/ £ 1} seems to be redundant.

Figure 4 shows the number of double signals as a
function of the effective bias voltage (the voltage drop
at the filter resistor being taken into account). This
dependence shows that parameters of the proposed
numerical model can depend on the detector opera-
tion mode. The CAMAC module described in [11] has
been used in the measurements.

3. IMPROVED REAL-TIME ALGORITHM
OF THE ER-o-o TYPE

The authors do not exclude the possibility that after
the high-intensity DC-280 cyclotron and the new gas-
filled recoil separator [12] are put into operation at
FLNR (scheduled for 2018), a more sophisticated
algorithm than the currently used ER-o [13] may be
Vol. 49
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Fig. 2. (a) User’s interface and typical temporal dependencies of the nonequilibrium-carrier current (top) and collected charge
(bottom). (b) Representation in the LabView environment. The second (time-decaying) curve in the lower histogram is the out-

put voltage of the charge-sensitive preamplifier.

required for searching for indications of the potential
multilink alpha decay.

The Simula application (Windows, C++ Builder 6)
was developed for simulating the use of the algorithms
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68

like ER-0., ER-0-0. b, and others in experiments with
the new gas-filled recoil separator within the FLNR
DC-280 project. Counting rates of the DSSSD focal
plane detector are considered as a linear extrapolation
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Fig. 3. (a) Dependence of the second signal energy on the

first signal value for two neighboring strips for the 27Th
isotope. The total energy is about 30 keV lower than the
nominal value. The equation of this straight line is Eq;; +
Ey, = 9232 + 3.7 keV, i.e., about 30 keV lower than the
nominal value, that is, the alpha-particle energy in the

2ITh decay. which is 9261 keV. (b) Distribution of signal
amplitudes for one strip if the signal from the adjacent strip
has a nonzero value. There is a distinct dip at the center of

the distribution.

of those for the existing GSN facility multiplied by a
factor of about 10. The latter is dictated by that the
design beam intensity for the most promising ions,
#Ca and *°Ti, for synthesis of new superheavy ele-
ments will be about 10 puA instead of ~1 puA at the
existing U400 cyclotron. Figure 5a shows the main
application interface. Two histograms in the figure are
spectra of simulated signals in and off the beam
respectively.

Figure 5b shows the background count line shape
and the exponential analytical expression obtained in
the reaction 20U + 4Ca — FI* at the GNS facility. It
is this approximation that was used for generating the
set of signals. The number 9 in the upper left corner
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Fig. 4. Estimated dependence of the number of “double”
signals on the effective bias voltage of the DSSSD detector
for the source of alpha particles with the energy of 5.5 MeV.

indicates the number of beam interruptions within the
interval of 23988 s. The interruption parameters were
the correlation time dr = 10 ms (ER-o), the alpha
decay energy interval of 9 to 12 MeV, and the pause of
20 s. The channel width in the histogram corresponds
to 20 keV. Below, are characteristics of all of the nine
beam interruptions. The first two columns are strip
numbers, and the next three are the energies of the
recoil nucleus and the first alpha particle, respectively.
The fifth column is the file time, and the sixth column
is the time interval between the recoil nucleus and
alpha decay signals.

25 13 7900 10580 1683.800  0.004668
33 10 8780 11060 4588.267  0.000868
53 24 16820 11260 4778.898  0.005562
97 3l 11900 10520 7792.851 0.000377
74 35 7320 10620 8641.333  0.001381

4 14 7720 9560  10399.042  0.009375
70 5 10260 10520 13824.113 0.001333
94 45 8600 11500 18907.293  0.007596
60 15 11940 9920  20860.953  0.002514

The fragment scale events (FF) are separately gen-
erated in the range of 50 to 250 MeV. The distribution
shape is uniform. These events are presented in a sep-
arate histogram. They allow estimating the rate of
decay chains, such as, for example, ER-o-00 (beam
interruption)—o.-SF (off the beam)—(beam on again)
and calculating probabilities of these or similar combi-
nations. Comparative simulation results for two beam
interruption algorithms (ER-o and ER-0-o) are pre-
sented in Tables 1 and 2 and Fig. 6 respectively. If the
application finds an alpha decay off the beam in a cer-
tain energy range and at the same coordinates (X, Y),
the interruption interval is prolonged by a factor of 5—
No. 6
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Fig. 5. (a) Application interface. Histograms are presented in logarithmic scale. (b) Line shape for signal spectrum generation.

Points are experimental data, and the line is the approximation.

20 and the event is recorded in the same text file that
contains previously recorded parameters of signals
that led to the off-beam phase.

The above application was also used to perform a
numerical experiment for testing an ER-o-o algo-
rithm as an indicator of a potential multilink event and
for generating beam interruptions. The result of the
simulation for As; = 10s, A, = 15s,and v = 2e + 3 57!
was as follows: a total of 5964 interruptions were made
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in 2577407 s, and only in one case an o. particle was
detected at the same coordinate in the off-beam
phase. Thus, the estimate of the probability for a ran-
dom coincidence of this type can be P, ~ 0.039 d~.

The energy intervals were:
(7, 17) MeV for recoil nuclei;
(9, 11) MeV for both alpha particles.
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Table 1. Interruption frequency rate for ER-o. correlation

ER-0, s ) _y
Af (correlation time) Interruption frequency, s

| 0.0358

0.5 0.0198

0.3 0.00801

0.1 0.00544

0.025 0.00178

0.010 0.000375

Table 2. Interruption frequency rate for ER-0-ot correlation

ER-0-0, Afj(ER-0), Ay (0-01), s Interr UPI'O'_]I
frequency, s
Ay =15 At, =30 0.0106
5 10 0.00171
2 5 0.00106
| 2:5 0.000167
0.75 1.4 0.000130

4. POSSIBILITY OF CONSTRUCTING
A SMART DATA ACQUISITION SYSTEM:
THE MAIN OBJECTS AND PRINCIPLES

In [14], the notion of the correlation graph was
introduced. At the vertices of the graph there are
matrices of the corresponding signals, namely, recoils
and alpha particles of the corresponding energies, as
shown in Fig. 7. Thus, the real DSSSD detector is vir-
tually represented in the computer memory as n 48 X
128 matrices.

In this representation of detected signals, each edge
of the graph, like any of their combination, can be
used to “trigger” background-free conditions for
detection of subsequent decays. A total of these con-

: > ; n(n—1
nections for a graph of n vertices is N = Q. Note

that the ER-o algorithm is now used with a rigid

0.1
- 001 {
72} £ A
“ o
r A
1E-3
r A
IE_4 1 Lol 1 Lol 1 Lol
0.01 0.1 1
A’ER»&’S

Fig. 6. Dependence of the interruption frequency rate on
the correlation time parameter.
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scheme of setting beam interruption conditions.
Namely, in addition to the energy and time-of-flight
intervals typical of recoil, energy and time windows
are set for one or two alpha particles. In the future,
especially at increased counting rates of the focal plane
detector, a more flexible scenario might be possible.
The difference is as follows (for simplicity, the ER-o
algorithm is considered): in addition to the recoil and
alpha-particle matrices, the count rate matrices corre-
sponding to those two are determined. Naturally, the
number of the matrix elements is dictated by the num-
ber of the elementary cells in the DSSSD detector. In
our case, it is 48 vertical by 128 horizontal cells.
Accordingly, after the data recording into file starts,
the number of events of both types of interest is
recorded in the corresponding cells. Thus, at any
instant, we know the counting parameters for each cell
X, Y. Naturally, in the vicinity of time 7 = 0, averages
over the entire detector can be used as a first approxi-
mation.

A characteristic feature of this approach is that for
satisfying the interruption conditions we may require
the maximum possible time window, which will be
individually determined for each cell by the condition
Prap(X, Y, Ar) < €, where Pryp is the probability for
random coincidence of signals of the given type, Af is
the desired time interval, and € is a small allowable
number preset by the experimenter. It is this parameter

ER

R

[l

Fig. 7. Diagrammatic representation of the correlation
graph. Objects [la|l..|la,|| are signal matrices. Usually,
[la [l is the recoil nucleus matrix, and ||a,||...[a,] is the alpha
particle matrix. Counting rate matrices colored gray.
Matrix elements of the signal matrices are current detec-
tion times. Elements of the counting rate matrices
[IN{]l...IN,, [l are numbers of signals of the given type at the
given time instant in the given cell.
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that will determine the relative time loss for target irra-
diation. The probability can be calculated using the
BSC (Background Signal Combinations [I5]) or
LDSC (Linked Decay Signal Combinations [16])
approaches or simpler versions that take into account
specific features of the experiment using the active
correlation method (see for example [17, 18]).

Current individual frequency rates of ER and o, sig-
nals can be tracked, again as a first approximation, as

f()

averages, v, (f) = <V,,j(t)>m. Here i, j is the cell

number (DSSSD pixel), v; ; is the desired frequency

rate of the measured signal at the given time 7, <V,~J~> is
the average over the interval (0, 7), f{7) is the counting
rate at the time 7 for the entire detector, (f(t)} is its
average at the time 7. The Faraday cylinder current
detection channel of the recoil separator can be added
to the data acquisition system, which automatically
ensures tracking of technological pauses in target irra-
diation, e.g., for replacing the crucible in the ion
source (which takes a few days).

Next, we consider a possibility of estimating the
average time loss during the target irradiation using
count matrices of signals imitating recoil nuclei and
their alpha decays as the input parameters. For the
process in question, these are four M - K matrices,
where M and K are the numbers of the horizontal and
vertical DSSSD strips respectively. At any time
instant, we can determine the probability of the ran-
dom correlation frequency rate f; ;. The random cor-
relation frequency rate for the entire detector will be

V= ZZIZ; Jij+ I Thauee is the time of the single
pause, the average irradiation time loss will be n =
VTause- | his relation calculated in real time can also be
included in the additional condition for beam inter-
ruption in the form n < €,, where &, < | is a preset
small number.

5. MEASURED ENERGY
OF THE IMPLANTED RECOIL NUCLEUS

In this section, we present three alternative ways of
estimating the spectrum of the superheavy nuclei
implanted in the silicon detector. One way, described
in 5.1, is based on computer simulation of the spec-
trum of the heavy nuclei [19] by considering the
energy loss and its fluctuations both in the silicon
detector itself and in the working media of the recoil
nucleus separator. Two other ways described in 5.2 and
5.3 are absolutely empirical.

5.1. Computer Simulation
of the Detected-Energy Spectrum

Constructing a real-time algorithm in the frame-
work of the active correlation method, one has to deal
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Mean 10.9 MeV
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" Std 2.3
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E, MeV

Fig. 8. (a) Measured amplitudes of signals from flerovium
nuclei [19]. The average detected energy and the standard
deviation are shown. (b) Calculated values for flerovium
nuclei implanted in the silicon detector [22] for the GNS
detector module. The same parameters as in Fig. 8a are
shown.

with energy intervals when constructing an element of
the recoil matrix. In [20, 21], a detection system based
on the DSSSD focal detector and the TOF-AE|-AE,
low-pressure gas module [9] were used. Six decay
chains of Fl isotopes were detected. The recorded
energies of recoil nuclei were {11.4; 8.08; 9.45; 12.56;
10.2; 9.98} MeV. Figures 8a and 8b show calculated
and measured signal amplitudes [22]. These six ampli-
tudes are added to the histogram of measured values.
Good agreement is obvious.

5.2. Calibration Relation for the Detection Module
of the Gas- Filled Separator Based on the Array of Earlier
Recorded Amplitudes of Signals of Implanted Nuclei

In [23], a formula was derived for the combined
data from the GNS experiments with complete fusion
reactions involving an actinide target + “*Ca. An
attempt was made to parametrize the result obtained
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Equation y=a+b*x
Adj. R-Square 0.94924

Value Standard error
LogDs Intercept 8.4187 0.17965
LogDs Slope —1.07923 0.11102

logW

1

25]Cf
~10 MeV

Fig. 9. Logarithmic dependence of the critical dose as a function of the energy loss due nuclear elastic collisions calculated by

Wilkins’s formula [30].

as a function of the charge of the implanted nuclide,
namely, E = 25.9-0.125Z, MeV, which is about
11.65 MeV for Z = 114. For the six amplitudes of the
signals from the implanted flerovium nuclei, the aver-
age detected energy was £ = 10.3 £ 1.6 MeV, which in
principle does not contradict the empirical relation. In
view of the determination accuracy for the distribution

centroid 6 = — = —= = 0.65, we obtain a smaller

value due to a larger size of the time-of-flight chamber
for the module with the DSSSD detector.

5.3. Calibration Formula Based on Recoil Nuclei
Jfrom Test Reactions

In [24], the following formula was obtained for
describing the detected energy of an implanted
nucleus as a function of the design input energy:

E(meas) = -2.05+ 0.73E(in)
+0.0015E(in)* — (E(in)/40)’.

Here E(meas) is the measured average value, E(in)
is the input energy before implantation in the silicon
detector.

For the design input value of 13.32 MeV [25]. the
measured value of the centroid is in the region of
8 MeV, which is 2.3 MeV smaller than the measured
average value.
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6. RADIATION HARDNESS
OF SILICON DETECTORS

Real-time operation of the gas-filled separator
spectrometer requires perfect knowledge of calibration
parameters. One of the factors responsible for their
variation is the radiation hardness of silicon semicon-
ductor detectors. This issue was studied in [26—28]. In
[28], qualitative estimation of radiation damage was
systematized using as a basis the average nonradiation
loss (the loss due to nuclear interactions, which does
not lead to generation of nonequilibrium electron—
hole pairs). In [29]. following the philosophy of the
approach [28], the author found out that the critical
dose of target-like ions can be smaller than 108 cm=2,
which is illustrated in Fig. 9. With heavy-ion intensi-
ties of 5 to 10 puA, this may constrain not only the use
of the current calibration coefficients in the active cor-
relation method but also the service life of the DSSSD
detector proper.

7. CONCLUSIONS

(1) The role of edge effects in collection of non-
equilibrium charge in the interstrip region of the
DSSSD detectors operating in the total depletion
mode is considered. The ballistic defect is measured
for the alpha decay of the implanted 27Th nucleus and
found to be about 30 keV. It is shown that when using
the active correlation method for formation of the
recoil matrix (and the alpha decay matrix, if the
No. 6
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DEVELOPMENT OF THE ACTIVE CORRELATION METHOD

ER-o-o correlation is important), one should fill in
the matrix elements (7, /, / + 1), where / and j are the
numbers of the vertical and horizontal detector strips
respectively. A simple equivalent circuit of the process
is proposed.

(2) A C++ Builder application is developed for
numerical simulation of a complex real-time ER-o-o
algorithm.

(3) A flexible interruption algorithm is proposed,
which involves calculation of random real-time coin-
cidence probabilities for each individual cell during
the data acquisition. The authors do not exclude that
this algorithm will become especially relevant when
the FLNR high-intensity cyclotron DC-280 and the
new gas-filled recoil separator are put into operation.

(4) The critical radiation dose of target-like califor-
nium nuclei is estimated.
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Abstract—A new series of experiments aimed at the synthesis and study of decay properties of the most neu-
tron-deficient isotopes of element Fl (Z= 114) and of the heaviest isotopes of 118 element is planned at the
DGFRS (FLNR JINR). An appropriate registering system is to be implemented to transfer spectrometric
data from double-sided silicon strip detector (DSSD). New analog modules were designed that allow to sim-
plify existing multi-channel measurement system and to improve the real-time method of “active correla-
tions™ in search for the rare events of SHE formation and decay. The main features of the new modules the
16-channel charge-sensitive preamplifier, the 16-channel analog multiplexer and the 1.25 MSPS 12-bit Par-

allel ADC are presented.
DOI: 10.1134/S1547477116050435

INTRODUCTION

Significant success in the synthesis and decay
properties studying of the superheavy nuclei (Z ~ 114
and N = 184) was achieved in the FLNR JINR
(Dubna, Russia) during last 15 years [1]. Six new
superheavy elements with Z= 113—118 and more than
50 new isotopes with Z = 104—118 were observed for
the first time at the Dubna Gas-Filled Recoil Separa-
tor (DGFRS) in irradiations of the targets of 233: 238U,
237Np, 242‘244PU. 243Am. 245, 2"'8Cm. 249Bk and 249Cf

with accelerated 8Ca ions beam delivered by U-400
cyclotron.

All of these new nuclei were detected using an array
of position-sensitive Si strip detectors in the focal
plane of the DGFRS. For this purpose we first applied
a 12-strip single-sided Si strip detector (SSSD), and
later — a similar 32-strip detector (two 16-strip
wafers), both from Canberra NV. Appropriate regis-
tering systems were designed and applied for the mea-
surement of energy, position and time information
from reaction products implanted into the detector
and from their subsequent alpha-decay or sponta-
neous fission [2, 3].

The next step in exploring this “island of stability™
of the superheavy nuclei could be study of new iso-
topes at the very edge of the new SHE region. For
example, in irradiation of 2°Pu, 24°Pu targets with **Ca
beam one could observe formation and decay of very
light isotopes 284 285F| [4]. The heaviest isotopes of

! The article is published in the original.

elemnt118: 23118 and 2°118 [5] could be produced in
the reactions with targets of 2-!Cf.

NEW FOCAL-PLANE DETECTOR ARRAY
AT THE DGFRS

The array of detectors at the DGFRS has been
modified to improve the position resolution of
recorded signals and to reduce accordingly the proba-
bility of observing sequences of random events that
imitate decay chains of implanted nuclei. New detec-
tion system includes 0.3 mm thick double-sided sili-
con strip detector (DSSD) manufactured by Micron
Semiconductor Ltd. This large DSSD has 1 mm wide
strips, 48 at the front side and 128 at the back side,
equal to 6144 pixels of | mm? in one Silicon wafer (to
compare with 240 and 960 individual cells of formerly
used 12-strip and 32-strip detectors, respectively).
Such a high pixilation enables to achieve superior
position resolution for registering recoil-correlated
decay sequences and thus reducing number of poten-
tial random events. This detector of implanted recoils
was surrounded by six side Si-detectors (MICRON),
each 500 microns thick with an active area of 65 by
120 mm without position sensitivity. This new Si-detec-
torarray has been designed, assembled, commissioned
off-line and provided by the Oak Ridge National Lab-
oratory.

Signals from all the detectors are processed using
MESYTEC linear-logarithmic preamplifiers [6]. Fur-
ther, analog signals from preamplifiers were split into
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Fig. 2. 16-channel charge-sensitive preamplifier with
auto-calibration mode.

two independent measurement branches. Special ana-
log splitter-amplifier PA32-64 (Fig. 1) was designed
by DGFRS group as 4M CAMAC module to provide
sharing of every spectroscopic channel between two
measuring branches. The transfer factor from input to
output is 1.1. For better precision and stability, preci-
sion resistors with tolerance of 0.1% and low tempera-
ture coefficient of 25 ppm/°C were used in gain cir-
cuits. Every module splits 32 input signals into two
independent output 32-channel streams. First 32 out-
puts go to analog registering system of the DGFRS
similar to that used in previous experiments [7]; the
other 32 outputs — to 50 Ohm-inputs of digital system
based on XIA PIXIE-16 modules provided by ORNL
[8]. Thus, all the spectroscopic signals from focal

PHYSICS OF PARTICLES AND NUCLEI LETTERS

76

plane detectors (48 plus 128 from DSSD, plus 6 from
side SSSD and one from rear detector used in
“VETO-mode”) together with signals from “START”
and “STOP” multi-wire proportional chambers were
processed simultaneously by two different (“analog”
CAMAC based and “digital” PIXIE-16 based) regis-
tering systems.

DESIGN OF NEW ELECTRONIC MODULES

With the aim of improving energy resolution of the
individual spectroscopy channels, a new 16-channel
charge-sensitive preamplifier PA-16 (Fig. 2) was
designed and tested by DGFRS group. This should
have good stability and linearity in wide particle
energy range from | up to 250 MeV. For this purpose,
we chose dual operational amplifier AD8066 (Fast-
FET, 250 MHz) by Analog Devices with low-noise
input FET transistor BF861 (by Phillips) and high-
speed voltage feedback [9]. For calibrating individual
channels with external generator, the CMOS low-
voltage 16-channel ADG706 multiplexer [9] was
applied in de-multiplexing mode. It switched the
input pulse from the precision spectroscopic pulse
generator to one of the 16 outputs with a number cho-
sen by address code preset in special logical module
UPOG (detailed description of the method in [10]).
The main characteristics are presented below and in
table:

v Input/Output polarity — Inverted
v Energy sensitivity (Si) — 8 mV/MeV
v Noise output performance — See Table |
v Negative feedback constant — 10 MQ/5.6 pF
v Power supply +6 V 200 mA
—6V 110 mA

Another development of the operating “analog”
registering system is associated with attempts to reduce
the total system “dead-time” of data recording and to
optimize the method (“active-correlation method™)
of the on-line search for “recoil — alpha-particle” or
“recoil — SF” correlations when performing the
experiments on synthesis and study of the SHE.

Application of this method [11] developed in
DGFRS research group allows to stop the ion beam
from the cyclotron after detecting “candidate™ cor-
relation within energy and time intervals correspond-
ing to decays of parent and/or daughter nuclei in the
same position on detector. Thus, the beam-associated
background of various nature in the separator’s focal
plane is strongly reduced.

Experimental data characterizing the incoming
events in the “analog” CAMAC-based registering sys-
tem are recorded after spectroscopic signals from
48 front strips and 128 rear strips of the DSSD are pro-
cessed by measuring SAR ADC. Every ADC is work-
ing in combination with a 16-channel analog multi-
plexer (MUX) that reduces the total number of the
Vol. 13
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Noise performance measured for PA-16 using the ORTEC
575A spectroscopy amplifier set at 1.5 ps, near-Gaussian
shaping

C pF Noise, Rise time,
Sourse? keV, FWHM, Si nanoseconds
0 S 26
70 10.5 30
132 14 40
175 16 60
225 17.5 90

measuring channels and gives the code number of the
working strip like in [2]. Thus, we can measure the
particle energy and its position in focal plane detec-
tor’s area using three couples of MUX-ADC for serv-
ing the 48 front strips of DSSD and eight MUX-ADC
couples — for serving the 128 rear strips. In fact, we
measure the energy of the detected particle in the
DSSD twice (using separate ADCs for signals from
front and rear detectors). In CAMAC-based register-
ing system the total “dead-time” can be reduced if the
conversion time of each ADC is short enough and the
number of ADCs to be read in CAMAC cycle is mini-
mum (yet, without loss of experimental data). With
this aim in view, a new fast analog multiplexer and a
new 12-bit ADC were designed (0.8 ps conversion
time, compare with 40 ps in [12]). On the other hand,
new system for determining coordinate of detected
particles from 128 rear strips was proposed and con-
structed. It consists of four individual modules CD32-5
that produce binary code “1 strip of 32” each and
primary register PKK-05 producing final code “1 of
128 strips”. Every coder CD32-5 has 32 spectroscopic
inputs with adjustable amplitude threshold from 30 to
300 mV. The scheme AD8564 [9] works as fast trigger

Fig. 3. CD32-5 and PKK-05.
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and gives TTL-compatible signal to priority coder
(realized in programmable logical array on
EPM7128SLC-15N from ALTERA Corp.) if an input
signal exceeds the preset threshold level. At the output
each module gives the logical 5-bit code correspond-
ing to the launched channel, one of thirty two. Special
module — “pre-register” PKK-05 reads these 5-bit
binary codes from four modules and sums these into a
single 7-bit code. This binary 7-bit code is transmitted
to CAMAC input register to be read by crate-control-
ler (Fig. 3). This way we minimize the number of
modules to be read in CAMAC cycle from eight to one
and get the digital address of the strip with the detected
event. Thus, the total “dead-time” is reduced by about
10 ps. Further improvement can be made with devel-
oping new spectroscopic amplifiers with lower shap-
ing time of signals.

CONCLUSION

—Two independent registering systems (“digital”
and “analog”) are implemented in the new experi-
ments on synthesis of SHE with new DSSD array;

—The new 16-channel spectrometric charge-sensi-
tive preamplifier with energy resolution 5 keV is designed
and tested to be further used in the DSSD-based mea-
suring system;

—The new fast serial approximation ADC and
16-input Multiplexer are manufactured to process sig-
nals from the front DSSD 48 strips;

—The new system for coding the strip number for
128 rear strips is manufactured;

—The new modules should be built into the new
measuring system and tested in the experiment with an
aim of obtaining better energy resolution and shorter
“dead-time”.
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New particle position determination modules for double-sided silicon strip detector (DSSD) were
designed that allow to simplify existing multi-channel measurement system in search for the rare
events of super heavy elements formation at DGFRS. The main principle is to search position
correlated sequences of implanted SHE and followed by alpha-particles/or SF events above
predefined threshold energy level in real-time for all 128 back strips. The resulting information is
about providing the address of active strip and the coincidence sign. The newly developed system
trigger passed the prototyping stage and is about to use in next experiment. This system will reduce
the overall system dead time. This article is about describe in deep of the CD32-5M coder units and
the PKK-05 preregister which are together the main part of the developed position determination
subsystem.

Keywords: DGFRS, DSSD, SHE, Triggering, Data Acquisition, Nuclear electronics
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1. Introduction

The pioneering research of the predicted domain of enhanced stability of the super heavy
nuclei around Z ~114 and N=184 was performed in the FLNR JINR (Dubna. Russia) during last 15
years [1]. Six new super heavy elements with Z = 113-118 and more than 50 new isotopes with
Z =104-118 were observed for the first time at the Dubna Gas-Filled Recoil Separator (DGFRS) in
irradiations of the targets of **#*U. *'Np. ***pu. **Am. ****cm. **Bk and **Cf with
accelerated *Ca ions beam delivered by U-400 cyclotron.

These new nuclei were detected using arrays of position-sensitive Si strip detectors
(manufactured by Canberra NV. Belgium) in the focal plane of the DGFRS of two kinds, with 12
strips and 32 ones. Appropriate registering systems were designed and applied for the measurement
of energy. position and time information from reaction products implanted into the detector and from
their subsequent alpha-decay or spontaneous fission [2. 3]. Recently the array of detectors at the
DGFRS has been modified to improve the position resolution of recorded signals and to reduce
accordingly the probability of observing sequences of random events that imitate decay chains of
implanted nuclei (fig. 1).

£y i
Figure 1. The assemblage of the new DSSD (48128 strips of 1 mm width) with 48~ 128 mm’ active
area in focal plane and of six side SSSD

New detection system includes 0.3mm thick double-sided silicon strip detector (DSSD)
manufactured by Micron Semiconductor Ltd. This large DSSD has 1-mm wide strips. 48 at the front
side and 128 at the back side. equal to 6144 pixels of 1 mm’ in one Silicon wafer (to compare with
240 and 960 individual cells of formerly used 12-strip and 32-strip detectors, respectively). Such a
high pixilation enables to achieve superior position resolution for registering recoil-correlated decay
sequences and thus reducing number of potential random events. This detector of implanted recoils
was surrounded by six side Si-detectors (MICRON), each 500 microns thick with an active area of
65mm by 120 mm without position sensitivity. This new Si-detector array has been designed.
assembled. commissioned off-line and provided by the Oak Ridge National Laboratory.

Signals from all the detectors are processed using MESYTEC linear preamplifiers [4].
Further, analog signals from preamplifiers were split into two independent measurement branches.
Special analog splitter-amplifier PA32-64 was designed by DGFRS group as 4M CAMAC module to
provide sharing of every spectroscopic channel between two measuring branches. Transfer factor
from input to output is 1.1. For better precision and stability. precision resistors with tolerance of
0.1% and low temperature coefficient of 25 ppn/°C were used in gain circuits. Every module splits
32 input signals into two separate output 32-channel streams. First 32 outputs go to analog registering
system of the DGFRS. like what was used in previous experiments [5]: the other 32 outputs go to
50Q digitizer inputs based on XIA PIXIE-16 modules provided by ORNL [6]. To split the all
spectroscopic signals from 183 individual measuring cells of the focal plane detectors (48 plus 128
from DSSD.
plus 6 from side SSSD and one from backplane detector used in “VETO-mode™) six modules of the
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splitters PA32-64 were produced. Thus, all the spectroscopic signals together with signals from
“START” and “STOP” multi-wire proportional chambers were processed by two different (“analog”
CAMAC based and “digital” PIXIE-16 based) registering systems simultaneously. providing
additional confidence in validity of performed data analysis.

2. Development of coordinate determination units

Another development of the operating “analog™ registering system is associated with
attempts to reduce the total system dead-time of data recording and to optimize the method (active-
correlation method) of the on-line search for “recoil — alpha-particle” or “recoil — SF” correlations
when detecting nuclei of the SHE and their decays.

Application of this method developed in DGFRS research group [7] allows to stop the *Ca
ion beam from the cyclotron after detecting of candidate correlation sequence within energy and time
intervals corresponding to decays of parent and/or daughter nuclei in the same position on detector.
Thus. the background event rate in the separator’s focal plane associated with ions beam. target-like
nuclei and transfer-reactions products is strongly reduced. As an example. total energy spectra of
beam-on o-like signals and beam-off o particles and total fission-fragment energy spectra. both
beam-on and beam-off are shown in fig. 2. a) and b) correspondently. The arrows point the energies
of events observed in the correlated decay chains.

105 L ! N L f L f L L
= beam-on a)
17
- 1094 Po L
© ,n3 213p, 212p,
o 1073 q+c) (u+c ) 4
=
S 107 F
8 212Po
104 beam-o [Hr‘ L
1094 L ||[]|| | m[B 3
. 3
10° » 2
b)

Counts / 1 MeV

beam-off
0. L
o] N 1
50 100 150 200
Energy (MeV)

Figure 2. Energy spectra recorded during the 252MeV *Ca+ ***Bk run [8]

Amplitude of the signals of the detected events in the “analog” CAMAC-based registering
system are recorded after spectroscopic signals from 48 front strips and 128 rear strips of the DSSD
are processed by measuring SAR ADCs. Every ADC works in combination with a 16-channel analog
multiplexer (MUX) that reduces the total number of the measuring channels and gives the code
number of the working strip [2]. Thus. we can measure the particle energy and its position in focal
plane detector’s area using three couples of MUX-ADC for serving the 48 front strips of DSSD and
eight MUX-ADC couples for serving the 128 rear strips. In fact, we measure the energy of the
detected particle in the DSSD twice (using separate ADCs for signals from front and rear detectors
simultaneously). In CAMAC-based registering system the total “dead-time” can be reduced if the
conversion time of each ADC is short enough and the number of ADCs to be read in CAMAC is
minimum with this aim in view. a new fast analog multiplexer and a new 12-bit SAR ADC were
designed (0.8 s conversion time, compare with 40 ps in [9]).
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On the other hand. new system for determining coordinate of detected particles from 128 rear
strips was proposed and constructed. It consists of four individual modules CD32-5 that produce -
binary code 1 strip of 32" each and primary register PKK-05 producing final code 1 of 128 strips™.
Every coder CD32-5 has 32 spectroscopic inputs with adjustable amplitude threshold from 5 mV to
300 mV with its viewing in front panel display (fig. 3).

=

Figure 3. Lay-out of analog and digital parts in CD32-5 prototype and front panel view are shown

The common threshold level can be adjusted for all 32 channels in the module. The AD8564
quad 7 ns comparator [10] works as fast trigger with signals after additional amplification by factor 8
(eight vertical PCBs in fig. 3) and produce logical signal to priority coder if amplitude of input signal
exceeds the preset threshold level of the comparator. At the output, each module gives the logical
TTL-compatible 5-bit binary code corresponding to the channel. CD32-5 produces also additional
output bit for “majority marker™ if there were any two neighboring channels worked at the same
time. The logical scheme for output code formation based on EPM7128SLC-15N chip application for
32 input channels is shown in fig. 4.

1 of 4 CD-32 unit threshold adjustment

It
amplifier shaper -
Input 1 > I-» comparator [ in1
'
'
'

8x 1us
clear 1
Altera
o : : ' CPLD
H Max 70008
amplifier shaper [Sbit address + 2bit signalling’
Input 3} 8x - 1us -+ comparator | in 32 work sign, coincidence
3 KR-005
PKK-05 CAMAC
input
register
4&
clear 2
clear 3
clear4

Figure 4. The logical scheme of binary position encoder for 32 channels in CD32-5

Specially designed module — “pre-register” PKK-05 — takes these 5-bit binary codes from
four modules CD32-5 and combines these four codes into output 7-bit code (fig. 5 and fig. 6). This
binary 7-bit code is transmitted to CAMAC input register KP-005 [11] to be read by crate-controller.
The block function of PKK-05 is shown in fig. 6. The output signal levels are TTL compatible. Both
CD32-5 and PKK-05 performed as CAMAC 4M and 1M wide modules, they apply only the
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advantage of CAMAC-crate power supply. So. instead of reading data words of 4 coders. one should
read just one data word from KP-005 to obtain data about the strip number among 128 rear strips of
focal plane detector. Reading just two data words from one MUX-ADC couple and from register KP-
005 one can obtain full info about energy and two-dimensional position of registered charged particle
in DSSSD. It helps to minimize the number of modules to be read in CAMAC cycle from eight to
one and to get the digital address of the strip with the detected event when serving the rear 128 strips
of the DSSSD.

|

p
J U
7]

Figure 5. Encoding system 1 from 128" for rear DSSD strips in the individual CAMAC bin

2x16ch
spectrometric inputs
address Sbit
Input 1 ) wPrk sign .lblt ;
Input 2 coincidence sign 1bit
o ext. clear
. } e | 3x LEMO input TTL bits
Input 32
Input 1 . N C
- Input 2 7bit address I/ A
: CD-32-5 KR-005
back . PKK-05 CAMAC M M
strips Input 32 input  [N\——/ A
of the 6 bit signalling register
DSSD C
Input 1 Work sign
8x16ch Input 2 Coinc.
groups : €D-32-5 Clear Block coinc. B
. Ext.in1,2,3 U
Input 32
S
Input 1
N\ Work
- Input 2 } 4
§ CD-32-5 Clear Other DAQ
F 35, part of the
Input 32 s Ext. clear system

Figure 6. The functional block-diagram the encoder of 1 of 128 strips™ into 7-bit code plus signaling

83

269



3. Conclusion
V" The subsystem prototype consisting of four 32-inputs modules for coding the strip number
for 128 rear strips of DSSD is manufactured. Maximum event rate is 100KHz.

v Just one CAMAC 1M station is needed to be read for launched rear strip determination in
“analog” registering system. Now the coordinate determination system is under testing in
real experiment conditions with usage of DSSD array.

V' Subsystem provides also event sign. coincidence sign based on 25ns time window plus
inter-block coincidence.

v' Using this created subsystem prototype will improve the total system “dead-time”
by ~15 ps.

v’ System is software configurable in digital logic sections thanks to Altera MAX7000s
series PLDs. So. the new features can be added by new chip software based on request.

v The convenient code debug testing tool was designed during development for easy tuning
the individual coders CD32-5 and the system in general.
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Two scenarios of modifying the DGFRS (the Dubna Gas Filled Recoil Separator) spectrometer of
rare alpha decays are under consideration. Both of them imply use of integral IM CAMAC analog-
to-digital processor Tekhnvest ADP-16 [1.2] as a basic unit in the spectrometer design. In scenario a)
special unit (PKK-05) [3] will be used to measure horizontal position of the signal. without
measuring its energy, whereas in scenario b) a complete amount (12 modules ADP-16 for 48x128
strips of DSSSD) are used to measure both energy and position signals. To measure signals of
charged particles coming from cyclotron an upgraded gaseous low pressure TOF-AE1-AE2 module is
used. To store TOF-AE1-AE2 information specific 1M module Tekhlnvest PA-3n-tof is used. First
results of trial runs using the specific Tekhlnvest IMI-2011 pulser and test nuclear reaction
"a'Yh+*Ca >Th* are presented. New algorithm to search for ER-0-0...a(SF) sequences in a real-time
mode is discussed taking into account commissioning in the nearest future of the new FLNR DC-280
cyclotron that is to provide beams of very high intensity [4]. An equivalent circuit for two neighbor
strips of p-n junction side is proposed. It predicts a small non-linear ballistic effect for signals
originating in inter-strip p-» junction area. Additionally, authors define abstract mathematical
objects, like correlation graph and incoming event matrixes of a different nature to construct in a
simple form a rare event detection procedure in a more exhaustive relatively the present one, using
real-time detection mode. In that case one can use every from n-(n-1)/2 correlation graph edges are
used as a “trigger” for beam irradiation pauses to provide a “background free” condition to search for
ultra rare alpha decays. Here # is a correlation graph nodes number. Schematics of these algorithms
are considered.

Keywords: DSSSD detector, cyclotron, real-time method. position resolution, correlation
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1. Introduction

The existence of superheavy elements (SHE) was predicted in the late 1960-s as one of the
first outcomes of the macroscopic-microscopic theory of atomic nucleus. Modern theoretical
approaches confirm this concept. To date, nuclei associated with the “island of stability” can be
accessed preferentially in **Ca-induced complete fusion nuclear reactions with actinide targets.
Successtul use of these reactions was pioneered employing the Dubna Gas-Filled Recoil Separator
(DGEFRS) [1] at the Flerov Laboratory of Nuclear Reactions (FLNR) in Dubna, Russia. In the last
two decades intense research in SHE synthesis has taken place and lead to significant progress in
methods of detecting rare alpha decays. Method of “active correlations” used to provide a deep
suppression of background products is one of them. Significant progress in the detection technique
was achieved with application of DSSSD detectors. Note that applying the method of “active
correlations” with DSSSD detector is even more eftective compared with the case of resistive PIPS
detector. On the other hand, some specific effects take place and possible sharing registered signal
between two neighbor strips from p-n junction side is one of them.

2. Detection Module of the DGFRS: Present Status

The DGFRS is one of the most effective facilities in use for the synthesis of SHE. Using this
facility it has been possible to obtain more than fifty new superheavy nuclides. In long-term
experiments aimed to the synthesis of SHE one should take into account that yield of the products
under investigation is small enough, usually — one per days — one per month, thus the role of the
detection system and focal plane detector is quite significant as well as beam intensity requirements.
Since 2015, to increase the position granularity of the detectors, which reduces the probability of
observing sequences of random events that could be imitate decay chains of synthesized nuclei, the
new focal plane detector has been used. It consists of 120x60 mm’ 48x128 strips Micron
Semiconductor Double Side Silicon Strip Detector (DSSSD). Design of this detector and CAMAC
spectrometer of the DGFRS are shown in the Fig.1a.b.

Figure la. DSSSD 48x128 strips focal plane detector of the Dubna Gas-Filled
Recoil Separator spectrometer

Figure 1b. View of the DGFRS CAMAC based spectrometer main crate
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The detection system of the DGFRS was calibrated by registering the recoil nuclei and decays (a,
SF) of known isotopes of No and Th and their descendants produced in the reactions ***Pb(**Ca.2n)
and ™Yb(*Ca,3-5n), respectively. Before implantation into the focal plane detector, the separated
ERs passed through a time-of-flight (TOF) measuring system that consists of two (start and stop)
multiwire proportional chambers filled with pentane at =1.6 Torr [2]. The TOF system allows to
distinguishing recoils coming from the separator and passing through the TOF system from signals,
arising from o decay or SF of the implanted nuclei (without TOF or AE1 or AE2 signals). In order to
eliminate the background from the fast light charged particles (protons, a’s, etc produced from direct
reactions of projectiles with the DFFRS media) with signal amplitudes lower than registration
threshold of the TOF detector, a “VETO” silicon detector is placed behind the front detector. From
the theoretical calculations and the available experimental data, one can estimate the expected a-
particle energies of the ERs and their descendant nuclei that could be produced in a specific heavy-
ion induced reaction of synthesis. For a particles emitted by the parent or daughter nuclei, it is
possible to chose wide enough energy and time gates AE,;, Aty, AE,, Aty etc. and to employ a
specific low-background detection scheme — method of “active correlations”.

3. Method of “active correlations”

The simple, but very effective idea of the mentioned method is as following. PC-based
Builder C++ program is aimed at searching in real-time mode of time-energy-position recoil-alpha
links, using the two matrix representation of the DSSSD detector separately for ER matrix and a-
matrix. In each case of “alpha particle” signal detection, a comparison with “recoil (ER)” matrix is
made. If the elapsed time difference between “recoil” and “alpha particle” within preset time value,
the system turns on the cyclotron beam chopper which deflects the heavy ion beam in the injection
line of the U-400 FLNR cyclotron for a definite time interval (usually 0.5-2 min). The next step of
the computer code ignores horizontal position (128 strips from p-n junction side) of the forthcoming
alpha-particle signal during the beam-off interval. If such decay taken place in the same vertical
position strip (48 strips) that generated the pause, the duration of the beam-off interval is prolonged
by a factor 5-10. The dead time of the system, associated with interrupting the beam is about 110 ps,
including linear growth chopper operation delay (~10 ps) and estimated heavy ion orbit life-time
(~60us). In contrast to former resistive layer PIPS detector application [3.4], using of DSSSD
detector one has three main specific features:
1. ER matrix (48x128 elements) de-facto already exists due to discrete composition of the DSSSD
detector;
2. On the other hand, edge effects between the neighbor p-n junction side strips should be taken into
account (128 strips in our case):
3. From the viewpoint of radiation durability off DSSSD it should be mentioned that detector is
operated strongly it total depletion mode.
New version of software, reported below, takes into account points 1 and 2.

GNS-2016 Builder C++ program package
GNS-2016 Builder C++ program package has been designed to work together with new DSSSD
based detection module of the DGFRS and appropriate electronics. It consists of two main parts:
- ERAS-2016.exe — data taker and file writer also used to generate beam stop signal:
- MONITOR-2016.exe — a visualization unit also used for exact tuning of TOF-AE;, low
pressure, pentane filled module;
- Some programs used for testing electronics modules are also within this package.

ERAS - 2016 Builder C++ data taking program

ERAS-2016 C++ program (ER —Alpha Sequences) is designed to provide data taking, file writing
and to search for ER-a correlated sequences in a real-time mode. The block-diagram of this process
and the flow chart of the program are shown in the Fig.2 a,b, respectively. Note, that beam is
chopped in the cyclotron injection line, when the value of *Ca projectile energy is small enough
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(*Ca beam energy is ~18 kV at the position of the beam chopper). The code brunch. that is
responsible for real-time search for ER-a sequence is shown in gray in Fig.2b.

data store target
detection
c gas-filed U400
I sysiam separator G_EF eyelotron
separated reaction  beam off
m reaction products "
products N e
Pma& PS N
TTL true 0/-500
g Voits
0/+5V ERa =
ECRion
source
'In).eﬂon line

Figure 2a. Block-diagram of the process to search for ER-alpha chains and to provide beam stops.
(Pmé& PS — parameter monitoring and protection system of the DGFRS)

YbeCa
the same strip | poaton :u-mm }9-[ START, input 362 caibration K
owex
V4
N
I READ (F2) “status- REGISTER I
readout
\]/ [
I Read modules from CAMAC crate |-®
T el

I FILTER ™1, channels > Min1 I

N

Calibration and FILTER #2
filter fifront Ebacki < spasen

Figure 2b. The flow chart of the ERAS C++ program. Brunch for searching for ER-alpha
sequences is shown in gray in the left picture side. Calibration parameters are extracted from ™
Yb+*Ca > Th* nuclear reaction (352 constants)

ERAS correlation parameter list is represented below:

- ER-a correlation time to provide a beam stop:

- Integer value (5-20) which denotes that in the case of prolongation a beam-off interval, the
pause will be a factor 5 to 20 longer;

- Minimum and maximum values of ER and a-particle signals set to stop the beam and min and
max value of alpha particle signal set for prolongation of beam-off interval;

- Minimum and maximum values of TOF and AE, > signals measured with low pressure gaseous
TOF module.

Routines “Filter#1” and “Filter#2” shown in Fig.2b provide filtering of incoming signals according
to channel number and energy, respectively. The routine “check prolongation” is active only when
the beam chopper is in “switch on” state, otherwise it provides no extra operation. Distinguishing
between true/false Boolean “twin signal” variable is performed by reading of the appropriate eight
bits of “status” CAMAC 1M register unit. Each bit in “1” state corresponds to operation of 16-
input analog-to-digital converters (ADC). Additionally, ERAS program generates text file with
parameters of every beam stop. It includes energy signals of recoil and alpha particle from both
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front and back strip of the DSSSD, elapsed time of the ER signal and time difference between
alpha particle signal and ER (recoil) signal, numbers of and one bit marker (0/1) indicating
simultaneous operation of two neighboring strips on p-n junction side. In *"**Cf+*Ca reaction
experiment at beam intensity ~0.7 ppA, such “double” events from DSSSD back side strips
amounted to ~15.9% of total number. In this case, the program calculates actual back strip energy
in the form:

Epaa=a;N; + b; +a;.,.1Njsq +b;e/,. Here, (a;,b;)-calibration constants, i=1..128.

4. MONITOR-2016 C++ code for file processing

C++ Builder MONITOR-2016 program is designed for processing of files generated by
ERAS program. The program constructs spectra for each front and back strip and for AE and TOF
signals (totally, 250 histograms). Except for building histograms, some specific spectra are built by
the program. For example, it provides output files constructed as sum alpha spectra meeting a
condition:

a) all signals TOF=0 andAE;,,=0;

b) the same as a) condition, but additionally, single-bit flight marker is equal to zero.

This flight marker is generated if at least one signal from start or stop gaseous counter
exceeds a 40-mV threshold of an one-shot unit; in this case, the latter generates 0/+5 V output TTL
signal with duration about 20 ps (preamplifier response to typical ER signal is ~0.5-1 V and about ~
50 mV for 5.5 MeV alpha particles). Of course, with low-threshold one-shot unit, certain precautions
must be made in order to avoid extra suppression of true a-particle signals of implanted nuclei
decays.

5. Example of application of ERAS code in the **’Pu+**Ca > FI" complete
fusion nuclear reaction

In the long term ***Pu+**Ca=>FI experiment the beam was interrupted after the detection of
recoil signal with the expected implantation energy for Z=114 evaporation residues followed by an
a-like signal in the front detector with the energy 9.8 — 11.5 MeV, in the same (or neighbor) DSSSD
pixel. The ER energy interval was chosen to be 6 — 16 MeV. The triggering ER-a time interval was
set to 1 s. The beam off interval was set 1 min. In this time, if an a-particle with Ea 8.5 to 11.5 MeV
was registered in the same front strip as the ER signal, the beam off interval was automatically
extended to 5 min. During the experiment, two chains were detected that were attributed to Z=114
nuclei [5]. These are presented in the Fig.3. The registered ER energy amplitudes are shown in the
Fig.4 and are in a good agreement with the theoretical calculation [6].

1045750 MeV | F1 285 12.557 MeV  10.39162 MeV | F1285 10.195 MeV
240py + 48Ca 0.399817 s 0.252502 s
24172 24/72 19/37 19/37
25 Sept

17:4 -
B 10.29250 MeV |Cn 281 1.73 MeV Cn281 04 Oct
0.088914 s 0.368350 s 0735
24/72 19/37
10.461 156 MoV ° 10.536167 MoV
(0975+0.486) |Ds277 (0.410+10.126) |D8277
0.003852 s 0.008282 s
24/72 -137 J
9.52950 MeV |Hs 273 946262 MeV |Hg 273
1.213569 s 1951715s
24172 19/37
8.448263 MeV 2
0816+7632) |Sg269 8453;.5‘&;:\’ Sg 269
521.836442 s e s
24/72 9/3

218 MeV 220 MeV
(212.3+5.5) (208.1+11.7)
10.369962 s 99950886 s
24172 19/37

Figure 3. Two chains of Z=114 nuclei decay detected in the **

Pu+*Ca experiment

313

89



300,

Mean sd
1.4 23
simulated
200+
100+
0-

0 5 10 15 20 25
E, MeV

Figure 4. Two ER registered energy events of Z=114 nuclei detected in the **°Pu+**Ca reaction. Left
upper corner — results of Gaussian fit of computer simulation

6. Nearest future experiments

In a nearest future experiment we plan to apply new spectrometer version based on:

- New ADP-16 CAMAC 16 in universal module, which combines properties of both shaping
amplifier, analog multiplexer and 16 in ADC for two scales (alpha particles and fission
fragments). It manufactured by “TekhInvest” of free economy zone “Dubna. Except for three
single ADCs PA-25 to measure TOF. AE; and AE, signals in the present spectrometer, we
shall use single IM CAMAC unit PA-3n-TOF. Note, that ADP-16 unit has eight cells of

be detectable in fact, although the regular dead time per event will be estimated about ~20 uS.

- To detect back side strip signals, and, therefore, horizontal position, we plan to use four
CAMAC units and one additional input register unit [8].

- It is planned to apply a more exhaustive algorithms to suppress background products, except
for ER-a chains real time mode detection. May be, ER-a-a sequence detection as a trigger to
make a beam stop pause.

- First tests of the described system prototype were successfully performed in 2017 year using
external 5.5 MeV alpha particle source.

7. Acknowledgments
This paper is supported in part by the RFBR grant No. 16-52-55002 and Czech Republic
Grant No.259/6 for JINR 03-5-1130-2017/2021

8 Conclusions

Together with the higher granularity advantage, using of DSSSD detector arises some local
problems, the edge effect between neighbor strips on p-n junction side being one of them. With
Borland’s Builder C++ GNS-2016 program package this yroblem was solved. The “active
correlations” method was successfully applied in the ***Pu+*Ca->FI" experiment using DSSSD
based spectrometer of the DGFRS. Measured by the DGFRS DSSSD detector, average ER’s energy
is in a good agreement with the value calculated one.

For our future projects, associated with putting into operation in 2018 of a new DC-280 ultra
intense FLNR cyclotron, we plan to develop more sophisticated algorithms for searching for recoil-
alpha or even recoil-alpha-alpha sequences in a real-time mode.

New version of nearest future experiment spectrometer prototype based on ADP-16 and Pa-
3n-TOF unit to measure TOF-AE,-AE, signals to provide more effective background suppression
using real-time mode is successfully tested.
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8. Appendix A

Nuclear reaction ™' Yb+*Ca=>*""Th+3n is very useful for calibration procedure due to a
relatively short live time of this thorium isotope. Therefore it is easy to extract ER-alpha correlated
chains from the whole data flow. Additionally. this test reaction one can use to study upper described
edge effect between two neighbor strips. In the Fig.5 two dimensional picture E, = F(E,) is shown.
Here E,, — energies for any first and second strip, respectively. It can be easily seen that the sum of
E,+E, is close enough to the alpha decay energy of *''Th isotope. In the Fig.6a the spectrum for one
signal (from two) is presented. To a first approximation, small decreasing in the spectrum middle
can be interpreted as a ballistic deficit

In the case of charge collection process in the inter strip area (100pm) takes place. In the
Fig.6b,c *'"Th recoil registered energy spectrum is shown. In the Fig.7 dependence of back strip
measured alpha decay energy against the one measured with front strips is shown.
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Figure 5. Two dimensional histogram for the case of two signal detection (neighbor strips). Reaction
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Figure 7. The dependence of sum energy (p-n junction side) against the one measured with front
strips

9. Appendix B

Below, schematics of the simplified equivalent circuit charge collection is presented (see Fig.8.) It
explains effect of charge division ballistic effect observed in *Yb+*Ca=>*""Th+3n nuclear reaction
as it was shown in the Fig.’s 5, 6a.

interstrip gap

1 r2

M) <— | — iy

strip i+1

4strip i

i(t)

Figure 8. Inter strip charge collection equivalent circuit schematics

In this case the equation system for charge division process will be as following:
i(t) =1,(1) +1,(1)
210) 9,0

an‘l(t)-r1 :T+i2(t)-r2

i\(0)=0,(n)
i,(1) = 0,(1)
With the conditions:
0,(T;)+0,(T;) =0,

and : i(t) = F(t), 0<t <Tp, where T, is plasma time value, Q, ,- charge values collected for neighbor
strip circuits[9.10]. Here Qo is a summing charge value.
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The detection system of the Dubna gas-filled recoil separator (DGFRS) aimed at the studying of the
SHE nuclei and their decay properties has been modernized during last few years. The new set of
multi-strips double-sided silicon detectors (DSSD) in focal plane of DGFRS is applied now instead
of the old array of 12-strips position-sensitive Si detectors. The total amount of measuring
spectroscopic channels of the registering system has increased also up to 224 channels. It leads to
more precise measuring of the energy and coordinate of the implanted nuclei of the SHE into the
focal detectors and of their decay products. It is important to test multi-channel registering system
and perform energy calibration before carrying out of such unique experiments on the synthesis of
new nuclei from the “Island of stability”. This work is devoted to describe the designed method and
produced specific digital module which allows performing an energy calibration for the all 224
individual spectroscopic channels independently. This device provides automatic bypassing of the all
individual channels one after another imitating charge particles incoming to the each strip of detector
array. Energy of the imitating signal can be chosen from the range of 1 MeV up to 150 MeV with
high amplitude linearity and temperature stability.

Keywords: DGFRS, DSSD, registering system, energy calibration, nuclear electronics,
multiplexer, encoder, operational amplifier
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1. Introduction

More than 50 new isotopes of the nuclei with Z = 104-118 from the predicted “Island of
stability” of superheavy elements (SHE) were synthesized for the first time at the Flerov Laboratory
of Nuclear Reactions (JINR., Dubna) using Dubna Gas-Filled Recoil Separator (DGFRS) and heavy
ions cyclotron U-400 during last 15 years [1]. Due to this research the Periodic Table of Elements
was recently filled with six new elements Z=113 (Nh), 114 (FI), 115 (Mc), 116 (Lv), 117 (Ts) and
118 (Og).

During these pioneering experiments in FLNR the appropriate detector module had being
used at the DGFRS focal plane which consisted of the array of twelve position-sensitive Si detectors
surrounded by six side Si detectors (Canberra NV) and of the time-of-flight module (two multi-wire
proportional chambers fulfilled with pentane gas at low pressure about 1 Torr). More detailed
descriptions can be found in our previous papers and references therein [2-4].

Recently, the focal-plane detector array has been modified to increase the position resolution
of recorded signals and subsequently reduce the probability of observing sequences of random events
that mimic decay chains of implanted nuclei. The new detector assemblage consists of 300 pum
thickness double-sided Si strip detector (DSSD) with 48 mm by 128 mm active area in focal plane
and swrounded by 500 um six single-sided Si detectors 65 mm by 120 mm each (Micron
Semiconductor Ltd.). Focal-plane DSSD has 1-mm wide strips, 48 at the front side and 128 at the
back side, creating over 6000 individual 1x1 mm’ pixels in one Si wafer. Such high pixelization
helps to achieve superior position resolution for recoil-correlated decay sequences reducing potential
random events. This new Si-detector array was designed, assembled, commissioned off-line and
provided by ORNL. The signals from all detectors were processed using MESYTEC linear
preamplifiers [5]. Further, these analog signals were split info two independent measurement
branches by special spectroscopic splitter-amplifier PA32-64 [6] designed by the DGFRS group.
Thus, all detectors’ signals were processed simultaneously by “analog” electronics (TekhInvest Ltd.,
Dubna) similar to those used in previous DGFRS experiments [1], and by digital electronics system
based on XIA Pixie-16 modules [7].

This new DSSD assembly and two new independent registering systems were successfully
applied recently in *Pu, ***Pu + *Ca experiments [8] and ***°'Cf + **Ca experiment [9] aimed at
the synthesis and the study of the properties of the new ****FI and *****Og isotopes. The FWHM
energy resolution of the implantation detector was 34 to 78 keV depending on the strip, while the
summed signals recorded by the side and implantation detectors had an energy resolution of 147 to
263 keV. For getting better energy resolution for side detectors we plan to order new design with
eight strips for every side detector, thus it will cause increasing of the total number of the
spectroscopic channels by 48 ones in comparison with used present detectors design [8].

The detectors and registering systems should be calibrated prior to start every experiment,
moreover before every finish of the experiment and sometimes during the experiments also. For this
purpose we perform two reactions, “Yb(**Ca, 3-5n)""?*Th to calibrate c-range scale and
“%pb(**Ca.2n)**No — to SF range scale, as it was described in [4]. There are no problem to calibrate
individual PIXTE-16 channel in digital measuring system (based on the DSP and FPGA, see [7]):
every PIXIE-16 channel is working independently. In “analog” system (CAMAC based, TekhInvest
Ltd.) every measuring ADC works in combination with 16-input analog multiplexer for each of 16
strips; only first signal in time from every 16 strips will be processed by corresponding ADC.

Besides of nuclear reactions, for the linearity test of the scales we can calibrate our systems
by means of spectroscopic pulser module (for example, ORTEC 419) with precise stable preset
amplitudes [10] imitating income of u-particles and SF events to surface of the Si detectors.

2. 16-channel charge-sensitive preamplifier

Choosing of MPR-64 from Mesytec [5] as multi-channel charge-sensitive preamplifier with
high resolution, linearity in the energy range of signals up to 300 MeV and with long-term stability
are satisfying our needs during the experiments at the DGFRS. There is just one disadvantage of
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using these devices together with “analog” measuring branch.
Preamplifier MPR-64 has 64 individual channels performed as
four separate PCBs containing 16 channels each. There is also
separate Pulser Input for each PCBs, thus signals from outer
pulser can go just simultaneously to all 16 channels of one
PCB. So, due to this feature of MPR-64 there is no possibility
to perform the energy calibration for the individual channel in
“analog” registering system based on ADP-16 (TekhInvest
Ltd.) which has on-board SAR ADC working in combination
with 16-input multiplexer with priority encoder. To bypass
this inconvenience in calibration of the individual channel in
the “analog” branch we designed new multi-channel charge-
sensitive PA-16 preamplifier (Figure 1), which was recently
tested and presented during the symposium NEC 2015 [6].

The main characteristics are presented below and in
Table 1:

v Input/Output polarity - Inverted

v" Energy sensitivity (Si) -8 mV/MeV

v" Noise output performance - See Table 1 i
v" Negative feedback constant - 10MCQ/5.6 pF Figure 1. The front panel and PCB
v’ Power supply +6V 200 mA view of 16-channel charge-

sensitive PA-16 preamplifier [6]
-6V 110 mA

For calibration of the individual channels with external pulse generator, the CMOS low-
voltage 16-channel ADG706 multiplexer [11] was applied operating in de-multiplexing mode. It
switches the input pulse from the precision spectroscopic pulser to one of the 16 outputs with a
number chosen by address code preset by special control BOKAL module.

To process signals from the
whole detector module (48 ‘front® Table 1. Noise performance measured for PA-16 using
strips and 128 ‘back’ strips of DSSD;  the ORTEC 575A spectroscopy amplifier set at 1.5 ps,
and 48 ‘side’ strips) we need 14  near-Gaussian shaping
preamplifier PA-16 modules. They are

realized as 1M CAMAC modules, and Ciauge: . Noise, Rise time,
have LEMO input for pulser and two 1223 keV. FWHM, Si nanosﬁeconds
DB-37 connectors for 16 input signals .,% 15 5 ;g
from detectors and 16 — output, 132 14 40
correspondently. At the back of the 175 16 60

225 17,5 %0

PCB of every PA-16 module there are
4 pins going to CAMAC bus for
controlling the number of certain spectroscopic channel in the preamplifier by BOKAL module
providing binary code “1 of 16” through CAMAC bus to the each preamplifier in the crate. The
characteristics of the spectroscopic pulses from PA-16 are presented in Figure 2.

Tk M. 8%» MPosi6000ys  TRIGGER  Tek  Jl.  @Stop MPos:000ns  TRIGGER

2 S LW Shssasea L) L
- Type \ Type
v ol >
Source Source
2 Slope i e v
/\N"""v’""“‘"“‘““““

/
‘ Mode { Mode
/
\ /

Coupling { Coupling
» (52

" LA, AAAS APV

CH2 200m' M 100s CH2 200mY M S0dns
26-Sep-15 2127 2%6-Sep-15 21119

Figure 2. The shapes of the input signal from precise CI'-219 [12] pulser (in orange) and output
signal after PA-16 (in bleu) are shown
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3. Controller for spreading out and counting of the pulses

New mixed analog-digital Block for Organization of
CALibration (BOKAL) was design to perform testing and
energy calibration “oft-line” of the individual measuring
channels of the DGFRS registering system. Impulses of certain
amplitudes (corresponding to the energies of 6, 12, 70 and 140
MeV) from precise spectroscopic CI-219 generator [12]
calibrated by a—source comes to the input “T'ex” of the module
and then are shared into three groups of outputs (128 ITV (yellow
LEMO) connectors for rear DSSD strips, 48 ITV ®OK (red) for
front strips and 48 IIV BOK (blue) for side strips). Every
connector goes to Pulser input of the preamplifier PA-16 serving
corresponding front, rear and side strips of the detector array.
BOKAL module allows calibrate measuring channels both
automatically with pre-defined energy amplitude of the pulser or
in manual mode. In auto-mode pulses start from pressing button
“TIVCK” and will stop after BOKAL will count 1024 (or
2048/4096 — optionally) events for every channel. The
calibration procedure can be stopped also manually by “CTOIT”
button. In manual mode user should choose needed block of
preamplifiers by button “+1 Ne 6moka” and needed channel by
button “+1 No ITV”. The start will be after push the button
“TIVCK T'EK” and will finish after push “CTOIT”. The counting
and numbers of the chosen block and preamplifier channel can
be reset by button “CBPOC”. The blue LED lamps indicate
current block in binary code, and green lamps indicate current Figure 3. Front view of the
channel. After reset the counting will begin from the first module module BOKAL (Block for the
and the first channel (with the lamps off). The output signals Organizing of the CALibration)
from BOKAL are shown in Figure 4.

& ROHDE&SCHWARZ 110007 3W/06.003) & ROHDE&SCHWARZ

Figure 4. The input CI'-219 [12] pulser signal and output signals going to corresponding PA-16
(front, rear and side) are shown in yellow (1), in blue (2), magenta (3) and green (4)

The propagation delay of the input signal for BOKAL is 34 ns. The module can process the
spectroscopic signals with rise time starting from 10 ns. The upper speed limit for coming pulses is
100 kHz. The transmission coetficient equals to 1. The output polarity of the signals (for front, rear
and side preamplifiers) can be set by user on-board. The requested power is +6V/-6V and
180mA/100mA. The device can be performed both as CAMAC-standard module or NIM-standard.
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4. Conclusion

The unique system for the calibration of the registering system based on the multi-strip
double-sided silicon detectors has been designed and realized by our research team. It allows imitate
incoming of the charge particle to the surface of the DSSD. User can choose appropriate energy from
1 MeV up to 150 MeV with pulser preset. To achieve such functionality we designed 16-channel
spectroscopic charge-sensitive preamplifier and specitic logical module (BOKAL) which provides
automatic energy calibration of every channel of the multi-channel measuring system using globally
controlled sequential distribution of spectroscopic pulses. This allows perform calibration both in
manual “channel by channel” mode or in auto mode. The auto mode is important time saver before
every experiment in comparison with using manual calibration by connecting the pulser to each
channel by cable manually. Presented part of the spectrometer also minimizes the human errors
during the calibration process.
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CrossMark
Abstract
This paper reports on the development of a gamma-ray spectroscopic system
for the (i) recording and (i) processing of spectra. The utilized data read-out
unit consists of a PCI digital oscilloscope, personal computer and LabVIEW™
programming environment. A pulse-height spectra of various sources were
recorded with two Nal(TIl) detectors and analyzed, demonstrating the proper
usage of the detectors. A multichannel analyzer implements the Gaussian
photopeak fitting. The presented method provides results which are in com-
pliance to the ones taken from commercial spectroscopy systems. Each indi-
vidual hardware or software unit can be further utilized in different
spectrometric user-systems. An application of the developed system for
research and teaching purposes regarding the design of digital spectrometric
systems has been successfully tested at the laboratories of the Department of
Experimental Physics.

Keywords: gamma ray, Gaussian, LabVIEW, multichannel analysis

0143-0807 /17/055806+12$33.00 © 2017 European Physical Society Printed in the UK 1

99



Eur. J. Phys. 38 (2017) 055806 L Schlattauer et al

(Some figures may appear in colour only in the online journal)

Introduction

Calibration of gamma-ray detectors plays a key role in a wide range of nuclear spectroscopy.
The main improvement of different methods used in this field [1, 2] brought a replacement of
analog measurement systems by digital ones [3—7]. A lot of studies have reported various
spectrometric digital systems and processing software development [8—16].

Digital signal processing (DSP) directly performs the spectrometric calculations on the
experimental data and can be implemented in both hardware and software. Here the small
deviations in calculations as simple round-off errors could not be dismissed, and the result
numbers should match at least 7 significant figures [2].

Each developed system implements one or more spectrometric methods. Mariscotti
(1967) published a basic method for automatic identification of peaks in the presence of
background [17] and other similar examinations were reported [18-23]. For instance, Teoh
(1973) and Routti and Prussin (1969) presented overlapped peak fitting methods [22, 24].
Koskelo (1987) discussed the application of various types of background correction functions
[25]. Zhang et al (2008) examined the small peak analysis near background level [26].
Quintana and Ferndndez (1998) published a continuous component determination in gamma-
ray spectra [27, 28]. Koskelo et al (2001) performed coincidence summing corrections [29]
and Gavron (1969) spectrometric system dead time corrections [30].

Concerning gamma-ray registration, scintillation detectors are mostly used. For cali-
bration purposes the usage of semiconductor detectors is also possible [31-39].

The aim of the presented paper is to demonstrate a validation of the newly implemented
calibration concept with a well-known Gaussian fit in the developed LabVIEW™ application.
Calculations are performed on a huge experimental data set recorded by the developed
system. The calibration activities with gamma-ray scintillation detectors and the digital
measurement system are based on the National Instruments PCI-5122 digitizer.

Experiment

The relevant gamma-ray energies Ey emitted by the given radioactive sources appear as full
photopeaks in the multichannel analyzer (MCA) spectra in accordance with the detector
properties. Those energies are used for the MCA energy scale calibration, and hence the
determination of gamma rays emitted from an unknown source is possible. Parameters such as
the position of photopeaks, the energy resolution (full width at half of maximum, FWHM),
and the number of counts (net area) in a photopeak are used for the calibration. The back-
ground spectrum is then used to correct the number of the counts in the main photopeaks by
its subtraction in the same region of interest (ROI). The calibration curve of the gamma-ray
detector is then derived from the photopeaks’ positions. This curve could be fitted by a linear
or upper order polynomial function. The calibration results depend on each subsystem
(detector type, radioactive source, digital oscilloscope, software algorithms, control applica-
tion, etc) in the system.

We have developed a gamma-ray spectrometry system based on the virtual instru-
mentation technique [40-45]. The presented system includes high-energy Nal(TI) scintillation
detectors (i) Tesla NKG 302 A and (ii) Tesla NKQ 322, two high voltage power supplies
(C4720, Hamamatsu), and two amplification units integrated in the single channel analyzer
(JKA 1102, TEMA). Signal shaping in both two-stage amplification units was optimized with
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Figure 1. The block diagram of the gamma-ray spectroscopy system. The system is
designed for simultaneous measurements on two detectors, based on an onboard digital
signal processing, software data analysis, and data manipulation.

an integration constant of 1 ps and a gain of 10 for the first stage and of 5 for the second one.
The high voltage was optimized individually for each detector to (i) 1006 V and (ii) 1117V,
respectively, for optimal observation of the simultaneously recorded spectra.

The data read-out with a DSP was performed by the PCI-5122 digitizer, personal
computer and two dedicated software applications. Figure 1 shows the main block diagram of
the system for solving the task. The uncalibrated detector is compared with a calibrated
(reference) detector, the traceability of which is known.

The gamma rays emitted from the radiation source were detected simultaneously by two
detectors. Analog signals from the detectors were digitized with a high resolution (14-bit) and
a high sampling rate (up to 100 MS s~ 1. Therefore the MCA spectra can be accumulated into
16 384 channels with precise time characterization of acquired pulses.

The first application operates as the pulse-height spectra recorder. It was developed for
simultaneous data acquisition from two detectors. There all the relevant parameters for the
acquisition were set with its repeatability for statistical calculations. As the first step of the
DSP, the proper sampling rate and pulse processing parameters should be set (discussed in
detail in [44]). The second main application works as the MCA for off-line spectra analyses.

In the measurement part of this study various source pulse-height spectra were recorded.
Each measurement was repeated 20 times and evaluated by a Gaussian peak fitting method
with the ROI set manually. Table 1 summarizes related sources and energies.

During the experiment both detectors and the source were aligned in-line (figure 1) and
both distances (0-7 cm) were changed in the same way. The parameters, such as linearity of
the energy scale, photopeak full width at half of maximum (FWHM), stability of the peak
center position, detection efficiency, etc, can be analyzed. It should be noted that to record
one spectrum at one distance and by changing the data accumulation time is not enough for
the analysis of effects like overloading of the detectors (or whole spectrometric chain) by high
activity sources. Generally an estimation of the influence of high activity sources on the
properties of detectors should be performed accurately.

Results and discussion

For each source the acquisition time was selected individually from 30 to 2000 s to have high
count statistics for calculations, taking into account the actual source activity. Figures 2 and 3
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Figure 2. '¥7Cs MCA spectra recorded for all distances from 0 to 7 cm between the
source and the detectors.

Table 1. Radioactive sources of gamma rays used in the study.

Energy [keV]  Radioactive Source

| 32.0° 156s
2 121.8 12Ey
3 344.3 152k
4 511.0 2Na
5 661.7 37cs
6 1173.2 0o
T 1274.5 2Na
8 1332.5 80Co

2320 keV (x-ray) represents overlapped K., » lines of 137mBa (Exay = 31 816, 615(60) ¢V, Ex..n
= 32193, 262(70) eV). The Nal(Tl) detector is not able to resolve both energies, as only one
dominant peak appears in the spectrum.

show selected recorded spectra for both detectors 1 and 2 (figure 2 shows *’Cs, figure 3
shows *Na MCA spectrum, respectively). The main photopeaks were well resolved in
accordance with table 1. The ROI values were selected manually. After photopeak back-
ground correction, the photopeaks were analyzed.

The photopeak background correction was performed automatically considering its linear
behavior. The corrected data above the background line were further analyzed. Figure 4
demonstrates the linear background correction before Gaussian peak analysis.

The peaks were analyzed by a Gaussian function for peak fitting by a least square method
built in LabVIEW™. The outputs of this function include center of the Gaussian, area,
amplitude, standard deviation and residua. The method uses the Levenberg—Marquardt
algorithm for least-squares estimation of nonlinear parameters [46]. It fits data to a Gaussian
curve given by a following equation (1):
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Figure 3. 2Na MCA spectra recorded for all distances from 0 to 7 cm between the
source and the detectors.
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Figure 4. Gaussian peak fitting by least square method. The background level in the

raw photopeak (a) is linearly corrected and processed by the algorithm (b).
2
X — 3
J@ =a: exp(—#) + c, (D)
20

where @ is amplitude, g is center, o is standard deviation, and ¢ is offset. This LabVIEW
function finds the values of a, i, o, and ¢ that best fit the observations.

Our main task was the development of the MCA processing application. Figure 5 shows
the front panel of this application. All calculations were performed as mentioned above. The
results of the calculations are displayed directly on the front panel by activating a relevant
window.

The integrated fitting algorithm uses a double-precision floating-point (DBL) number
format without any loss of precision. The resulted values of calculations are displayed as
numbers rounded-off according the physical meaning.

In this version of the MCA processing application, three types of results are presented at
the end of processing for each source, photopeak, etc, as is shown in figure 5. The
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Figure 5. Front panel of the MCA processing application developed in LabVIEW. User
can load all the spectra recorded by pulse-height spectra recorder, select ROIs, optimize
calculations and observe the results.

experimental results (i) calculated by the developed algorithm are compared with the results
taken from the data analysis applications for commercial gamma-ray spectroscopy systems
(i1) MAESTRO® (ORTEC) [47] and (iii) ProSpecl® (Canberra) [48]. calculated on the same
data. Algorithms described in manuals for the commercial systems were implemented into the
developed application. This was done for comparison purposes only.

After photopeaks analysis, the least square method with linear and polynomial fit (the
2nd order) was used for detector energy calibration. This calibration resulted in average
Gaussian center positions (x-axis, channels) displayed in accordance to energies (y-axis, keV).
Calibration lines and equations were calculated for both detectors (D1, D2). The results were
compared with the ones taken from MAESTRO® and ProSpect® calculations, as mentioned
above.

The outputs of the Gaussian peak fitting function are acquired in the main application to
generate final tables, graphs and files for calibration purposes. Off-line analysis allows
optimizing all the calculations of a data set and carefully checking the relevance of the results.
The resulted precision of each calculated parameter is given by the number of MCA spectra
recorded for each configuration step (detector, source, energy, distance, etc); in this exper-
imental study the number is up to 20 repetitions.

Figure 6 shows an example of the resulting graphs displaying the dependency of the
calculated Gaussian peak centroid position (in channels) on the source-detector distance (from
0 to 7cm). The evaluated photopeaks are (a) 32.0keV, (b) 121.8keV, (c) 344.3keV, (d)
511.0keV, (e) 661.7 keV, (f) 1274.5 keV.

From figure 6 we can evaluate the spectrometric quality of both detectors, and evaluate
possible errors caused by the experiment setup and/or user. From the results one can estimate
which detector (amplifier or other unit in the spectrometric system) is more likely to be
overloaded (or saturated, respectively) by high activity sources. This can cause, for example,
a decrease in the pulse amplitude at a given channel interval (ROI), or affect the linearity of

6

104



Eur. J. Phys.

38 (2017) 055806

L Schiattauer et al

= 380 2700 _
%370_'3) e s == = = | 20]b) ETTEew
€ {1 = 2500 — *
S 360 .
S | Detector 2 B 2400 — Detector 1 x o s *®
5 350 — s T E =T 23004 # . =
g 340 - 2200 — -
T 1 - 2100 -
8 330 — i Detector 2
S { ¢ Detector1 2000 —
S 320 - 19004 *
§ T I L I Ll I T I T I T I T I T I T T l Ll l T I T ] T l T I T I T l T
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
5 3800 ‘C) E " " e 3 5500 -d) -
3 36001 "% Detector 1 5400 — * * »
§ 3400 — PP e 5300 i § Detector 1 "
o 7 L 2
£ 3200 — ) . .
% 2000 ] . 5200 —
4 B0 ] o Detector2 5100 ]
2 2800 1
= b Detector 2
- <
g 2600 - 50001 ¥ e ® % o o °
£
§ 2000 4T 4900 T
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
5 e700@) " 13400 ) "
= 1 - -
2 6650 o * 13200 * 5
g T Detector 1
£ 6600 -] Detector 2 13000 - ¢ 3 §
c - ' o _
S 6550 = ¢ 4 Sesa0]
2 L 12600 —
Q - -
3 6500 1 s 12400 ¢ = Detector 2
: 6450 - § Detcor 12200 - e 43 E E
S 6400 12000
§ T I L] I T ' T I T I T I T I T I L T I T I T I T I T I T I T I T l T
0 1 2 3 4 5 6 7 0o 1 2 3 4 5 6 7

Distance [cm] Distance [cm]

Figure 6. Comparison of two Nal(Tl) detectors over different loads induced by
changing the distance between the radioactive source and the detector and calculated by
our experimental method. Evaluated photopeaks are (a) 32keV, (b) 121 keV, (¢)
344 keV, (d) S11keV, (e) 661 keV, (f) 1274 keV.

the energy scale, FWHM values and other parameters. It was also observed that Detector2 is
probably more sensitive for operation conditions, since larger errors were calculated. Mainly
the influence of temperature fluctuation in the laboratory on the detectors characteristics is
assumed.

For determination of the detector linearity and the energy to channel conversion, proper
graphs were generated. Figure 7(a) shows the dependency of the nominal energy (in keV) on
the MCA channel for all the energies used. In the same analysis, the dependence of FWHM
energy resolution on nominal energy was obtained, see figure 7(b).

Further, from figure 7 we could evaluate the spectrometric quality of both detectors and
their final low or high gamma-ray energy usability.

7
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Figure 8. Resulting calibration graph and expression for the Detector]l used in this
study. User can set the fit requirements and observe the resulting equation and the fit
residuum in real time.

After processing all the MCA spectra, the resulting graphs and tables were used for final
calibration. The results shown in figure 7(a) can be fitted by polynomial or linear functions.
Figure 8 shows the experimental results for Detector] fitted by a linear function. This fit uses

8
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Table 2. Numerical results of the fitting process for source-Detector! distance analyses
with four methods used.

Distance Gaussian Canberra linear Canberra step Ortec Maes-
Detectorl— peak fit background sup-  background sup- tro algo-
source [cm] method [%] pression [%] pression [%] rithm [%]
0 100 98 98 98

1 52 51 52 52

2 31 31 30 30

3 21 21 21 21

-+ 14 14 14 14

5 11 11 11 11

6 7 8 8 8

7 7 7 7 7

Table 3. Numerical results of the fitting process for source-Detector2 distance analyses
with four methods used.

Distance Gaussian Canberra linear Canberra step Ortec Maes-
Detector2— peak fit background sup-  background sup- tro algo-
source [cm] method [%)] pression [%] pression [%] rithm [%]
0 83 84 83 84

1 43 45 45 44

2 26 26 25 26

3 16 16 16 16

4 ] 11 11 11

5 8 8 8 8

6 6 6 6 6

7 5 5 5 5

the Levenberg—Marquardt algorithm, and the resulted linear expression is displayed in the
sub-window of the main application.

In sub-windows generated within the main spectrometric application a user can change
some parameters to get higher precision and relevance of the results.

The following equations represent calculated linear fits of the experimental results for
both detectors 1 and 2:

Vpy = —161.10 4+ 10.31x )

Ypy = —220.49 + 9.94x. N

In the final step of this study, the experimental results gained from the implemented
algorithms and calculations were compared with the results taken by algorithms in com-
mercially available systems. Tables 2 and 3 summarize the numerical results of normalized
sum of counts under peak area as a dependency on the source-detector distance, where the
energy of 661.7 keV of 137Cs was used. Four algorithms were compared for both detectors: (i)
Gaussian peak fit method—experimental, (ii) Canberra algorithm with linear background
suppression [48], (iii)) Canberra algorithm with step background suppression [48], and (iv)
Ortec Maestro algorithm [47].
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Tables 2 and 3 can be used for comparison of the applied methods and later for com-
parison of the detectors. All data are normalized to calculations on Detector]l and the
Gaussian peak fit method (100%).

Tables 2 and 3 show a selected example where one could see that all the methods have
the same results within the experimental errors. We can declare that the developed algorithm
is equal to the commercial systems and can be used in laboratory calibration tasks. Note that
similar graphs can be generated for all the experimental combinations.

In all calculations performed by the experimental method the linear background cor-
rection was applied, while for commercial systems the background correction methods were
applied according to the manuals [47, 48].

Conclusion

The digital measurement system presented in this study could be utilized as a metrology
system that uses statistical methods to evaluate experimental results with given precision.
Gaussian photopeak fitting is implemented in LabVIEW™, and the double-precision floating-
point format (DBL) is used in all the calculations within the application, hence no precision
seems to be lost due to the round-off numbers. The energy scale calibration of both gamma-
ray detectors and other parameter evaluations were performed with various radioactive
sources of gamma rays. The experimental results appear to demonstrate a successful com-
parison with commercial systems. The presented system can be used for calibration of the
scintillation detectors and determining the measurement performance of the detector or other
unit in the spectrometric system. A detailed analysis of the impact of high activity sources to
the detector overloading and /or amplifier saturation is needed and will be done in our later
studies. The system has also proved to be effectively used for teaching of bachelor’s, master’s
and doctoral students of applied physics at the Department of Experimental Physics. This is
used in the seminars of Virtual instrumentation in nuclear physics experiments.
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Pfiloha 1 Navrzeny modul pro spektrometr 6-U/1A
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Tento navrzeny modul 6-UIN provadi logické OR nad osmi TTL
invertovanych vstupech. Vystup je pretvarovan s ¢asovou konstantou
14 ps. Jsou zde tfi skupiny vystupd. Kazdy ma pozitivni a invertovany
vystup. Vystup ¢. 4 ma pretvarovani na 0,8 us. Mechanika a sbérnice je
uzplsobend pro pouziti v CAMAC standardu. Vyrobili jsme tfi kusy.
Jeden prototyp a dva pro ostry provoz. Jeden se pouZiva pro pfiznak
koincidence s proporcionalni dratkovou komorou. Tento pfiznak se
v analogovém spektrometru pise ke kazdému eventu (¢astici) a rika
vam, jestli Castice pravé priletéla ze separatoru, jelikoz dala signal z dE1
a dE2 elektrod (viz priloha D) anebo jestli je to signal zdrive
implantovanych prvk( do detektoru s dlouhymi polocasy rozpadu. Toto
rozliSeni mezi Sumem a novym uzite¢nym signalem je pfi spektrometrii
velmi malych statistik Ucinné zpresnéni pro pozdéjsi analyzu dat.
Posléze na zadkladé experimentdlnich méfeni jsme snizili toto
koincidencéni okno na 7 ps z dvodu sniZzeni mrtvé doby spektrometru

CAMAC.
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Pfiloha 2 Aplikace pro vzdalené fizeni PID regulatoru priitoku pentanem
v detektoru

Pfeiffer RVC 300 GNS-2 detector pentane pressure control app

COM port RVC300 %|COM3 j|

Action SET Pressure

Close \—‘ START 1,55E+0 Torr [EDITOFF]

RVC 300 Status request Actual RVC 300 nominal
Actual det. pressure < ‘ I
requested data from RVC app iterations 1
r | Config SAVE ' | Exit application‘

Aplikace pro vzdalené fizeni pritoku pentanu v detektorovém objemu byla navrZena
na zakladé pozadavkd nechodit do experimentdlni haly ru¢né regulovat pomoci jehlovych
ventild a otacek vyvévy tlak a pratok plynu. Pomoci elektromechanického ventilu Fizeného
pomoci kontroléru Pfeiffer RVC300 lze nastavit Zadouci tlak v detektorovém objemu, ¢i

uzavrit ventil, kdyZ je experiment u konce, i pfi planované odstavce.

Pro realizaci softwaru bylo vyuZito pfistrojovych ovladacld Pfeiffer RVC300
implementovanych do jadra aplikace na NI LabVIEW, hotovy ,,.exe” soubor bézi v dozorné
experimentu a umozni monitorovat soucasny stav kontroléru, nastavit rezim udrzovani tlaku
¢i uzavrit sekci. Zdrojové koédy zde neprikladdm z dlivodu jejich komplexnosti. Mozno je

prohlédnout na prilozeném DVD disku.
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Pfiloha 3 realizace osmi ¢itacll / intenzimetr( a 8bitového vystupniho registru za pomoci NI LabVIEW, kontroléru Wiener CC
USB a univerzalni karty CMDGG-8

=3 CMDGG8-outreg.vi Front Panel on XX-USB.lvproj/My Computer = O X
File Edit View Project Operate Tools Window Help ] :"@&
> 0N |15ptAppIicationFont - ‘ fov ov v @9~ Q 2H f
TMDGG-8 Counter/frequency: g
Output reg CCusb adress string
ccosso
M lot number N
121
Selected mode:
refresh time [ms] 500 .
01§
00000 Foune] START‘ STOP ‘

counters reset
=

Coincidence register

100000 counts 00000  counts 00000 [counts 100000 [Eounts —

Tato aplikace umoznuje vyuzit univerzalnf modul Wiener CMDGG-8 jako osm nezavislych intenzimetr(i / ¢ftact s TLL vstupy. Zaroven jako osmi
bitovy vystupniregistr. Vyuzito je zde na miru upraveného FW karty CMDGGC-8 vyrobcem pro nase Ucely, kontroléru sbernice CAMAC CC USB a
jeho LabVIEW ovladacd. Zdrojovy kéd pro svoji jednoduchost prikladam dale. Dale je moZno jej otevrit na prilozeném DVD
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[ "init", Default 't

ALL DATA WRITES ARE IN HEXADECIMAL FORMAT - you see here HEX values not DEC

[{No Error ~p

CMDGG-8 configuration sequence for scalers

Output register config step

setup all inputs as scalers,

Selected mode: ated, ressetable by master reset

: [Soaal
999
CMDGG-8 slot number N lﬁCMDGG-S slot number N I '

CCusb adress string (X-USB_open.vi }

set scaler inputs | [set scaler inputs MSB|
LSBfor input 14 | [forinput 1-4 set scaler inputs
scaler 14 scaler 14 LSB for input 5-8

How to route input cables to representative scalers
scaler 5-8

scaler 1-4 register A(12) scaler input selector A

set scaler inputs

MSB for input 5-8|

scaler 5-8
00000011000000100000000100000000 1tod bit array to write|

0000100000000 1tod scaler low register
[0] _bﬁmemory out reg data

0001100000010 scaler high register

scaler 5-8 register A(13) scaler input selector B

Sbit for I1 to 18 in order
00001 = :; 00000111000001100000010100000100 5to8 bit array to write
[ 0010100000100 5to8 scaler low register
0011100000110 scaler high register

00111 = 18

where I1... 18 are
physical LEMO inputs in order as
on the front panel of the unit
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C

B

selected mode
True = counter
false = frequency

for frequency

periodical reset is

needed to calculate

periods over time and

do f= n * (1000 [ms] / refresh time [ms])
\where refresh time is refresh of the .vi
and as well integrating time for the

refresh time [ms]

counters reset

frequency.

Output register cycle
Y

4 True 't]

MAIN CYCLE FOR OBTAINING COUNTER DATA

ACMDGG-8 slot number N»

N=21;A=0;F=2 counts input 1
=2 counts input 2
counts input 3

4
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F: | #CMDGG-8 slot number N»

e
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Pfiloha 4 Realizace klienta pro méfeni tlakd z kontroléru Pfeiffer CenterThree a jeho vzdalenou konfiguraci.
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i i esti B [ e N
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Problem with Etheret [Ethernet conf tool v 1.02|
vz017 sp1 [Windows 10 Pro x64
Pressure Sensor 2
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Ptiloha 5 Realizace klienta pro mérteni tlak( z kontroléru Pfeiffer TPG362 a jeho vzdalenou konfiguraci.
Bl 1PG362 Vacuum Pfeifer GNS2 Client [PV Activeline - Pressure Dual...]... — O X

File Edit Project Operate Tools Window Help | anse

(53 on |15ptAppIication Font ~ | Sov ov EEv af{«d @l jlx’"l

= : A
Pfeiffer TPG 362 2 channel Vacuum sensor remote client GNS
Settings Pfeiffer TPG362 ~ Measurement

Select device COM port  Baud Rate comunication refresh each [ms]
Sensor 1 range set Units set
Sensor 1 Set| No status change ~ 'w| 10 mbar vI Torr vl
Sensor 2 range set
Sensor 2 Set| No status change ~ 'w| 10 mbar vI m
v
D TPG362 Vacuum Pfeifer GNS2 Client [PV Activeline - Pressure Dual...]... — O X
File Edit View Project Operate Tools Window Help | j i
= 2CH
5 on | 15pt Application Font ~ | fov o v 4.9 P I
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Pfeiffer TPG 362 2 channel Vacuum sensor remote client GNS
Settings Pfeiffer TPG362 Measurement

Pressure 1

0,000E+0 | 2t

ID error |

Read cycle

0
Torr v

|OIOOOE+ O D error ¥l N @

Pressure 2
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Unit sensor 1

M|

Unit sensor 2

Pressure 2

error out

Contact:
Mgr. Leo Schlattauer
Young Scientist

is and ies of
Flerov Laboratory of Nuclear Reactions
Joint Institute for Nuclear Research
141 980 Dubna Russian Federation

schlattauer@jinr.ru
+8 496 21 64 349 work phone
+7 925 619 06 93 mobile

Department of Experimental Physics
Faculuty of Science

Palacky University Olomouc
leo.schlattauer@upol.cz

+420720 126 532
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Ptiloha 6 Realizace klienta pro mérteni tlak( z kontroléru Pfeiffer TPG366 a jeho vzdalenou konfiguraci.

Settings Pfeiffer TPG366  Measurement Pfeiffer TPG 366 6 channel Vacuum sensor remote client GNS

Pressure 1 Tor ¥ pressure 4 Tor | Status code
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p 3 Tore = B - Read cycle
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1,000E+0 Derror w| Pressure6 I0,000E (g, TS
m TPG366 Vacuum Pfeifer GNS2 [PV Activeline - Pressure TPG3...] Front Panel on Pfeiffer Vacuum Windows Clients.lvproj/My Computer - O
File Edit View Project Operate Tools Help =
i = ACUUM
2> () 11 | 15pt Application Font ~ l oY hov M QVI QP Ei PG
Settings Pfeiffer TPG366  Measurement Pfeiffer TPG 366 6 channel Vacuum sensor remote client GNS :
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55 E] No status change W 3 500
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e No status change W
Tor Vl No status change W START ‘
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Select device port
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error in (no error)

Tab Control
P LX)
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Unit Get 1

Unit Get 4

Status 0] B>

Pressure 1

Gauge CH 5 v}

comunication refresh each [ms]

Read cycle

Contact:
Mgr. Leo Schlattauer
[Young Scientist

Synthesis and properties of superheavy nuclei
Flerov Laboratory of Nuclear Reactions

Joint Institute for Nuclear Research

141 980 Dubna Russian Federation

schiattauer@jinr.ru
-8 496 21 64 349 work phone
~7 925 619 06 93 mobile

Department of Experimental Physics
Faculuty of Science

Palacky University Olomouc
leo.schiattauer@upol.cz

+420 720 126 532




Ptiloha 7 Realizace pfipravku pro nastaveni modulu komparatord technologickych parametri DGFRS-II na Urovni HW.
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Modul komparatorl spole¢né s modulem kontroly
otaCeni jsou dva moduly, které kontroluji na
elementarni Urovni, jestli napéti je vyssi nez prah. Tato
elektronika je velmi jednoduchad a odolna proti radiaci a
funguje pfi zapnuti napajeni okamzité. Zde byl kladen
dlraz na spolehlivost. Predstaveny predni panel je
realizovan pro test takovychto modull. S pomoci NI
LabVIEW a NI CompactRIO platformy bylo realizovano
generovani dvou rlGznych frekvenci, 5 Urovni napéti,
jednoho stavu zapnuto vypnuto pro simulace pfichodu
kandidata na supertézky prvek a vizualizaci vysledk.

Aplikace mda dva reZimy, nastaveni pouze
modulu komparatorl a kontrolu celého CAMAC
subsystému jak byl pfedstaven v textu prace kapitoly 6.
S pomoci tohoto vyvinutého nastroje bylo snadné
systém ovéfit na jeho dlouhodobou stabilitu a taktéz
nastavit na poZadované provozni parametry. Tato
aplikace neni nosna pro experiment a pro ji zminuji
v pfiloze pro zajimavost. Zdrojové koédy jsou pro
komplexnost na pfilozeném DVD.



Ptiloha 8 Automaticky test starych vstupnich registr sbérnice CAMAC.

KROOS5 - automatic test e
delay 1')‘0 ¢ 4
ST I AL : from CAMAC Ik 1_) 0
cRIO to ccUSB CAMAC! o :
KROOS input readed data | S| 17
2N - | | RS o
0 Qo o
Y ol
CCUSB out handle o] 100-
9476290 off "‘autotest end
Controller adress A o] v nzis
i 1
ceas o ] = .1
automatic |terations counter o 1
° EXIT o]
@ - © e | | |
i ol ‘
Delay oj |
z_l ::) 111 ms

Subsystém analogového spektrometru je postaven na komponentech pfevaziné z 80 tych let. Jednd se o jednoduchy a robusni systém, ktery ma nizké
latence mezi prichodem signalu a jeho fyzickou pritomnosti v paméti pocitace. VétSinou se jedna o jednotky mikrosekund. Z ddvodu nedostatku
pracovni sily nebylo mozné migrovat spektrometr na modernéjsi platformy a bylo nutné proveérit nékteré staré moduly na spolehlivost. Za tim Ucelem
byl vytvoren na platformé NI LabVIEW a NI CompactRIO automaticky test 24 bitového vstupniho registru CAMAC, ktery automaticky vystavi kazdy
bit z 0 do 1 a ovéri jestli CAMAC Cte to stejné. Jedna se o hybridni systém mezi CAMAC a NI CompactRIO a MS Windows, ktery ale efektivné provéri
viech 224 kombinaci vstupnich registrd a ukaZe pfi kterych kombinacich vstupni registr vraci rozdilnou hodnotu. Pocty vadnych kombinaci je mozné
porovnat mezi moduly a vybrat ten nejlepsi. Ukazalo se totiz v praxi, ze nékteré moduly jsou funkéni po strance individualnich bit(, ale jsou
nefungujici kombinace binarnich stavi a tudiz v procesu sbéru dat dochazi k nepredvidatelnym chybdm. Nalezli jsme ze 7 moduld data vyroby 1976
az 1994 jeden plné funkéni a jeden funkéni z 81%. Prototyp nového modulu na bazi Intel CPLD nebyl dokoncen plIné k datu vzniku prace.
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Pfiloha 9 Spektrometr CAMAC na bazi NI LabVIEW a kontroleru Wiener XX USB

DATA 1-24

readed data
- delay

44 d{v}

I [ I o after Subadress to sho
read

_605 timed 0 000-
Waveform Graph Plot 0 ]
H

90000~

number of spec channels ; Controller adress CC out handle EJ _Nl
16 number of bins 3 16536 CC0350 - £

B

O®

W 0 N WL W = O

85000-
80000~
75000-
70000-
65000-
60000-
55000-
50000~
45000-

15
All

F
4

OO0 OO0 00000000000

40000-] /0

2

Iterations count
0

35000-1 LEDs Delay

. { i J
25000~ Clear this Clear all
20000~ T

U, Pause @ EXIT
10000-1 { J{

cursors 16 ch spectras

| 1 1
. 5 1024 |

L Save As

Spektrometr vyuzivajici karty navrzené v Laboratofi jadernych reakci s modernim interfacem byl napsan na zakladé potieby rychlého ovéreni
funkcnosti MCA karet pro pouziti v experimentu. Tento univerzalni software umozniuje vykonat libovolné funkce sbérnice CAMAC — prikazy N()A()F()
LAM X S1,S2 a umi pracovat se spektrem, které je mozné ulozit do souboru a pozdé&ji vizualizovat v MCA analyzatoru navrzeném v ramci diplomové
prace (Jednotny systém pro charakterizaci HW(analogovy/digitalni) a SW prvk( pouzivanych v MCA jadernych systémech, Leo Schlattauer, 2015,
KEF, PrF UP v Olomouci) nebo v libovolném editoru textovych dat napf. Origin, MATLAB aj.
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Pfiloha 10 Program pro vizualizaci 16 kanalovych spekter s moznosti otevfit 16 spekter v novém okné jako paralelni procesy.

& ccReaderwi - O X
r ) [ ] Spectrumch0-15(= ) ( - ] B
& open || B swor | 16-al |=116 | |47 16chwindow | Cursors (9 Plot 0 J
£
2
o
S

0- | d 'T"" :'| - I 3 | | | | [ 1 | | | | | | | | | | |
0O 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200 3400 3600 3800 4000 4200
Bin

<+ o I Opened file path: % C:\Users\Elitedesk\Desktop\16channel test PA24
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3 16 spectrum view

Zde je moZnost vidét oteviené 16 kanalové testovaci spektrum, kazdy graf je na sobé nezavisly a je mozno pouzivat standardni funkce NI LabVIEW
Graph pallete jako jsou lupa, kurzory apod. Realizace funkce je zaloZena na nezavislém dédéni vlastnosti subVI v cykle FOR se zapnutou paralelizaci
do vldken. Lze se vratit do hlavni aplikace zpét a pokracovat v praci.
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PFiloha 11 Program pro testovani modulu poruch vyvyjené A.M. Sukhovem pro DGFRS-I

130

Zde je moziné vidét realizaci testu na platformé NI
LabVIEW a NI CompactRIO pro CAMAC modul poruch
separatoru DGFRS-II vyvijeny A.M. Sukhovem. Jedna se
o prosty test, kdy je moZno vystavit libovolny bit
(poruchu) a vidét odezvu na sdruZovaci (matice OR)
Ctené ze sbérnice CAMAC kontrolérem Wiener CC USB.
Tento modul nakonec byl nahrazen autorem prace
vyvinutym modulem poruch popsanym v kapitole 6
z dlvodu umrti autora a tim rozpadu koncepce tohoto
feSeni uprostied vyvoje subsystému.



Pfiloha 12 Funkce zapisu denniku méreni energie svazku z TOF pro DGFRS-I a DGFRS-II

WTrue ~pf

day of month
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output cluster
‘ =
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Pfiloha 13 Funkce pro volani Windows API pro Cteni hlasem poruch separatoru DGFRS-II

SpeechlLib.|SpeechVoice

& _

S » m
1ol 2 "+ ISpeechVoice 5|15 *# ISpeechObjectTokens °..lf » =< ISpeechVoice 3,15 ¥+ ISpeechVoice j[.Ic 13% ?
GetVoices » Item ' Voice Speak ’
'RequiredAttributes | » Index ’ Volume ’ Text
» OptionalAttributes ’ Flags
Volume Text

which voice ﬁ ‘}
K >

Funkci uvadim pro zajimavost, jelikoz staci zadat text ve formatu string a o zbytek se stard operacni systém. Hlasy rliznych jazyk( Ize doinstalovat
do Windows s pomoci Windows control panel.
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Pfiloha 14 Prototyp nového vstupniho registru sbérnice CAMAC KR-005M ve vyvoiji
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Realizace prototypu vstupniho registru KR-005M na CPLD Intel MAX7000S. Schémata plvodniho modulu a realizace na bazi Intel CPLD Ize na
vyzadani dodat. Obecny popis funkci vstupniho registru sbérnice CAMAC KR-005 z roku 1974 je popsan na predchozi strané.
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Pfiloha 15 Diagnosticka aplikace pro test pozi¢niho detekéniho systému pfiletu ¢astice do DSSD

D Viener ccUSB camac spectrum reader [camac-read-kr005-testing-effe...] Front Panel
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Tato aplikace na bazi NI LabVIEW
a kontroléru shérnice CAMAC
Wiener CC USB byla vytvorena
pro diagnostiku a test vyvijeného
subsystému pro meéreni pozice
pfiletu castice na DSSSD ze
zadnich 128 prouzkd detektoru.
Kazda registrovana  Castice
(event) je zapsan do tabulky
véetné priznaku koincidence atp.
Aplikace je napsana univerzalné a
Skalovatelné pro rlzné Sirky
sbérnice ¢tené karty. Pro rQizné
vstupni registry atd. V dUsledku
se jednda o prikazy standardu
N()A()F() CAMAC na modernim
kontroléru s pomoci LabVIEW
knihoven.
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Abstrakt

Disertacni prace mapuje vyvoj a nasazeni nového, plynem naplnéného separatoru Dubna
Gas-Filled Recoil Separator Il (DGFRS-II) do provozu v Laboratofi jadernych reakci
Spojeného Ustavu jadernych vyzkum@ (SUJV) v Dubné, Ruskd federace. Jednd se o
experimenty, kde pomoci jaderné fuzni reakce dochazi k syntéze novych nepoznanych
izotopU. Autor prace predkladd nékolik podsystémd vytvorenych na miru pro nové
experimentalni pracovisté. Soucasti prace je i zhodnoceni vysledkll namérenych
parametr( separatoru na zakladé testovych reakci s riznymidruhy iont (Ca, Ar) a rGznymi
druhy tercl (Yb, Pb, Er) v zavislosti na podminkach v separatoru. V dobé tisku této prace

predstavuji tyto vysledky dosud nepublikovand experimentalni data.

Abstract

This dissertation thesis is following commissioning of the new Dubna Gas-filled Recoil
Separator Il (DGFRS-11) in Flerov Laboratory of Nuclear Reactions Joint Institute for Nuclear
Research Dubna Russian federation. Main principle is based on using cold fusion reactions for
producing new isotopes of unknown elements. This work will provide detailed description of
new on site developed subsystems for this experimental facility. Overall DGFRS-II performance
and test reactions will be also mentioned for different ions (Ca, Ar) and different target
materials (Yb, Pb, Er). This is also dependent on separator settings as well. Results and
discussion are fresh in some cases unpublished experimental data actual to the date of this

work.
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1. Uvod

Experimenty zaméfené na Uplné fuzni reakce s pomoci urychlenych iond “°Ar, *8Ca,
>0Ti dopadajicich na ter¢ z 92U az po 9sCf vyUstily v objev Sesti novych prvk( periodické tabulky
s protonovym Cislem Z=113 az Z=118, které patfi do predpovézené oblasti tzv. ostrova
stability s vyuZitim Dubnénského plynem naplnéného separdtoru, ddale jen DGFRS-I, a
urychlovace U-400 [1,2,3,5,6]. Dalsim krokem pfi objevovani novych supertézkych prvku
bylo vytvoreni experimentdlniho pracovisté nazvaného tovarna na supertézké prvky ,Super

Heavy Elements Factory”. Toto pracovisté se skldda z nového cyklotronu DC-280 a nového

plynového separatoru DGFRS-II [3,4]. Projektovana luminozita svazku z cyklotronu DC-280 je
desetkrat vys$sit neZ doposud pouzivany cyklotron U-400 ve Flerovové laboratofi jadernych
reakci, dale jen FLNR, ktery se pouZival pro pfipravu urychlenych iond pro objevy prvki s
Z=113 az 118. Novy plynovy separator DGFRS-II ma taktéz vyssi separacni ucinnost a dale
lepsi transmisivitu pro syntetizovana supertézka jadra. Diky této unikdtni kombinaci je
mozZné pristoupit k experimentdm s fuzni reakci a k pfipravé teoreticky pfedpovézenych
prvkd se Z=119 a Z=120. Toho bude dosazeno bombardovanim teréd z 24°Bk a 24%-2°1Cf
pomoci urychlenych iont *°Ti i pfes velmi nizky Gcinny prafez? (fb). [1,4]. Na obrazku 1 je
fotografie sestaveného separatoru DGFRS-II uvedeného do provozu 9/2019 a pfipojeného

k urychlovaci DC-280 ve FLNR.

Obrazek 1 Sestaveny separator DGFRS-II. MontdzZ a systémova integrace v letech 2018-2020.

1V pfipadé urychlovace €astic U-400 intenzita svazku urychlenych iont “8Ca dosahuje aZ 7-10*2 pps.
V pfipadé urychlovade ¢astic DC-280 intenzita svazku urychlenych iond *¥Ca dosahuje az 5-103 pps.
27 uvedenych zdrojl pro predstavu napfiklad syntéza Z=115 (2003) DGFRS-| 2,7f‘1*:2 pb.



Princip fungovani plynového separdtoru DGFRS-I i DGFRS-II je zaloZeny na separaci
vyslednych produktl jaderné reakce v magnetickém poli a plynu. Syntéza supertézkych
prvkd probihd zjednodusené tak, Ze urychlené iony z urychlovace videdlnim pfripadé
penetruji Coulombovou bariérou jadra terce. Pokud by byla energie ion( vstupujicich do
reakce pfilis vysokd, sloZzené jadro by nevydrzelo. V idedlnim pripadé dojde k Uplné jaderné
fuzi a vyrazeni takovéhoto vysledného produktu z materidlu terce pfi ztraté nékolika
neutron(. Pfitomto jevu se protonova a neutronova Cisla sCitaji a dostavame materské jadro
[1]. U&inné priiFezy takovychto reakci se pohybuji na Grovni pb a fb. Proto je pfi ozafovani
potfeba co nejvice vybrat pouze redlnd materska jadra vznikla za tercem vstupujici do
objemu separatoru a co nejvice potlacit Stépné produkty a vysledky jinych interakci.
Trajektorie nabitych c¢astic pohybujicich se od terce k detektoru je zavisla na sméru a
intenzité stacionarniho magnetického pole a v pfipadé, zZe prostor separaéniho magnetu je
naplnén plynem, tak i na druhu pouzitého plynu a jeho tlaku. Dale hlavni separacni dipdl ma
vystupni trajektorii zalomenou pod Uhlem a tim padem nenabité ¢astice budou pohlceny
interakci s materialem nebo budou pokracovat skrze material dale, nicméné mimo vystupni
okénko a nevstoupi do detekéniho systému. To ve vysledku zajistuje nizsi radiaéni zatéz
detektorové komory i o nékolik radd a snizuje nezadouci pozadi zatézujici spektrometrické
systémy. Nastaveni intenzity magnetického pole zaostfovacich prvk( a vybér pracovniho
plynu a jeho tlaku® se vybird tak, aby dochdzelo k co nejvétsimu prichodu zadoucich prvkd
reakce, a magnetické Cocky se zaostruji tak, aby veskeré zadouci dopadajici ¢astice dopadly
do plochy detektoru. Zde je vyuzito spektrometrie na bazi kfemikovych prouzkovych
detektort, dale jen DSSSD*. U téchto detektor( kazdy prouzek predstavuje jeden
spektrometricky kandl. Prouzky jsou zepfedu i zezadu detektoru na sebe kolmé a po fyzické
implantaci jadra do povrchové vrstvy kiemiku se z vystupnich signald da urcit poloha
(souradnice), ¢as dopadu a energie emitovaného zareni. Kfremik je vhodny pro svoje rozliseni
okolo 30 keV FWHM?> a velky rozsah méreni, zde 300 keV az 250 MeV bez nutnosti

kryogeniky, jako napfriklad u High Purity Germanium (HPGe) detektor(.

3 Ustalené tlaky pracovniho plynu se obvykle pohybuji mezi 50 Pa a7 300 Pa. B&Zné okolo 100 Pa [1,2].
4 Oboustranny kfemikovy prouzkovy detektor z anglického DSSSD (Double sided silicon strip detector).
Detektor zhotovila firma Micron model BB17 obsahujici 48 prednich a 128 zadnich aktivnich prouzkd.
> FWHM z anglického Full Width at Half Maximum znaci bézné vyuZivanou charakteristiku rozlideni
spektrometrického rfetézce nebo detektoru zareni. Definovana je jako polositka spektralniho fotopiku
v poloviné jeho maxima vyjadrena v intervalu energie.



Kolem tohoto detektoru se nachdzi doplfikové bokové detektory. Pro vyssi
geometrickou Uc¢innost detekce pravé implantovanych rozpadajicich se materskych jader,
které se mohou teoreticky rozpadat do 4m prostoru, a pro Casové korelace, které jsou
schopny rozlisit nové implantovand jadra od starych dlouhodobé Zijicich implantovanych
jader, je tésné pred detekéni komorou umisténa proporciondlni dratkova komora.

Bézici separator DGFRS-I i DGFRS-II vyZaduje v pracovnim rezimu regulace pritoku
plynu vodiku ¢i helia definovaného tlaku pomoci PID regulace®. Dale se musi separdtné
zajistovat potrebny tlak vzduchu v systému pro ovladani elektro-pneumatickych aktuatord
oddélujicich pracovni sekce v pfipadé spousténi do provozu, havarie ¢i vyméné dild a pritok
vody v systému pro chlazeni magnetd, turbomolekuldrnich vyvév a systému napdjecich
zdroja.

Pro spravnou funkci proporcionalni dratkové komory zminéné vyse je zde zajistén
pratok pentanu definovaného tlaku pomoci PID regulace v detekéni komore. Objem komory
s pracovnim plynem pentanu i vodiku je oddélen okénkem z mylarové folie o plosné hustoté
0,2 mg-cm?2. Cerpani objem( je provedeno sekénimi suchymi vyvévami a sekénimi
turbomolekuldrnimi vyvévami pro dosaZzeni pocateéniho vakua pro vyliSténi separdtoru
pfed naplnénim plynem nebo jeho zaménnou. Tyto vyvévy dosdhnou vysokého vakua bézné
o stupni 107 Torr az 10® Torr. Posléze je objem separdtoru naplnén pracovnim plynem
obvykle se jednd o vodik nebo helium o tlaku okolo 1 Torr [1,2,4,6]. Jednotka Torr’ je déle
vyuzivana ve vSech operatorskych panelech a mechanickych vakuometrech z divodu zvyku
dané experimentalni skupiny. Detekéni spektrometrickd sestava C¢itd polovodicovy
prouzkovy detektor DSSSD doplnény o bokové detektory, jejichZ konstrukci si Ize predstavit
jako kvadr bez vrchni stény, kterd slouzi jako otvor pro pfilétajici produkty syntézy a zbyla
neodseparovana jadra. Na obrdzku 2 je oteviend detekéni komora separatoru DGFRS-II,

primarni detekéni ¢ast spektrometru.

6 PID reguldtor patfi mezi spojité regulatory, sloZeny z proporciondlni, integracni a derivaéni ¢asti.

7 Plati: 1 torr = 1 mm rtutového sloupce = 133,322 Pa

Pfesny prevod hodnoty v torrech na hodnotu v pascalech je dan definici fyzikalni atmosféry (téz zvané
standardni atmosféra), kterd byla plvodné definovana jako 760 mm rtutového sloupce a na 10. konferenci
CGPM byla definovana jako 101 325 Pa, z toho vychazi 1 torr = 101325/760 Pa = 133,322 368 Pa.



Obrazek 2 Konstrukce detekéni komory DGFRS-II s detektorem DSSSD (vlevo) a kfemikovymi

bokovymi prouzkovymi detektory (vpravo).

Metodologie detekce je popsdna ve spoluautorském ¢&lanku® (pfiloha A). Specidlni
systém nastaveny na prah detekce podle ¢asu a energie vyhodnocuje v realném case
potencidlniho kandidata na supertézky prvek metodou aktivnich korelaci, popsanych
v uvedené publikaci z pfilohy A. Pokud jsou danad kritéria naplnéna, spektrometr posle pokyn
systému havarijniho vypnuti signalem k zablokovani svazku z urychlovace. Tim se zajisti
méreni bez pozadi zplsobeném dopadajicim svazkem z urychlovace a stépnymi produkty
vznikajicich pfi ozafovani. Interval je moZzno definovat podle pfedpokladané doby detekce
ocekdvané rozpadové fady (minimum 30s az 5 a vice minut). Navic vyvinuty algoritmus
prabéZné monitoruje déni na spektrometru a automaticky prodluzuje dany interval
preruseni svazku, dokud se nenabere dostatecna statistika (mnoZstvi detekci) anebo se
signaly z rozpadajicich jader neztrati v Sumu , pozadi” elektroniky. Posléze je automaticky
odblokovan svazek na elektrostatickém deflektoru v misté injekce ionl do cyklotronu a

experiment pokracuje dale, ¢ekajici na dals$i kandidaty. Tyto principy jsou dobfe popsany ve

& Tsyganov, Y. S., Polyakov, A. N., Kazacha, V. I, Schlattauer, L., & Zhang, Z. (2018). Development of the Active
Correlation Method: Theoretical-Methodological Aspect. Z. Zhang, 49(6), 1036—-1045.



spoluautorskych publikacich viz pfiloha B, pfiloha C, pfiloha D. Vyvoj systému havarijniho

vypnuti autorem a jeho nasazeni do provozu je uveden v kapitole 5.

Cilem této prace je prezentovat publikaci z UspéSného experimentu syntézy nového
detekovaného izotopu ?8°F| a jeho pfislusné rozpadové fady, na kterém se autor prace
spolupodilel, viz kapitola 1.1, a kterd poskytne i vysvétleni technické realizace daného
experimentdlniho pracovisté. Soucasné je cilem prace prezentovat nové pfistupy v navrhu a
realizaci nékterych podsystém fizeni a sbéru dat u obou separdtord DGFRS-I a DGFRS-II.
Konkrétneé se jedna o autorem této prace navrzené nebo spolu navrzené podsystémy, které
splnily kritéria pro nasazeni do dlouhodobého provozu. Pro snadnou dohledatelnost a
navaznost na projektové dokumentace a publikované védecké zdroje jsou Casti prace
ponechany v odpovidajicich si jazycich. Toto je zvoleno také z ddvodu snadné orientace mezi

dokumenty a naslednou lehci dohledatelnost informaci navazujicich na prezentované celky.



1.1)  Vysledky z provedeného experimentu “Ca+**°Pu v letech 2016-2017

Do této studie autor prekladané prace pfispél zejména nasazenim nového, vyvinutého
systému automatického méreni energie svazku urychlenych ion0 z urychlovace U-400.
Méreni probihalo kontinualné plvodnimi elektrodami vzdalenymi od sebe 3680mm na
stanovisti separatoru DGFRS-I, kde byl experiment provddén. Systém byl pfidan jako
redundantni, a vysledky méreni a automaticky generovany elektronicky denik byly nakonec
pouzity pro vyhodnoceni dat z experimentu, jelikoZ se ukazaly jako relevantni. Autor prace
se aktivné Ucastnil dale uvedeného experimentu a béhem pripravy na néj mimo jiné provadél
odladéni daného systému. Na nasledujici strané je uvedena spoluautorska publikace
vysledkd daného experimentu publikovana v ¢asopise Physical Review C. Plny text publikace
je uveden vplné verzi disertacni prace, zde se nachdzi abstrakt publikace. Casti
I. Introduction a ll. Experiment dobfe poslouZi pro zorientovani se v problematice, kterou se
zabyva tato prace. Zaroven kapitola /ll. Results popisuje objev nového izotopu flerovia a jeho
rozpadové fady a tudiZ se jednd o zajimavé vysledky experimentdlni prace. Uvedeny text
poslouzi jako prehledovy clanek k problematice syntézy supertézkych prvk( a jejich
charakterizaci.

Pfedstaveni daného systému automatického méreni energie urychlenych ionl z urychlovace

U-400 a DC-280 zmifiovaného vyse je v kapitole 2.

PHYSICAL REVIEW C 97, 014320 (2018)

Neutron-deficient superheavy nuclei obtained in the **'Pu + “Ca reaction
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We present new results from investigations of the ***Pu + **Ca reaction at a projectile energy of 250 MeV.
Three new decay chains of 2%3Fl were detected with decay properties mostly consistent with those measured in
carlier studies. An additional chain was observed where the nuclei may decay through energy levels different
from those of the other six chains registered so far. The cross section of the 2**Pu(**Ca,3n)**Fl reaction was
measured to be 0.5870%3 pb, which is a factor of about 4-5 lower than that measured in the previous experiment
at 245 MeV beam energy [V. K. Utyonkov et al., Phys. Rev. C 92, 034609 (2015).]. consistent with expectations.
The origin of an additional chain consisting of a recoil. & particle. and fission event is analyzed. The assignment

of 25 short-lived SF events observed in this experiment is also discussed.

DOI: 10.1103/PhysRevC.97.014320
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2 Systém meéreni energie svazku z urychlovace

Experimentalni stanovisté DGFRS-I i DGFRS-II provadi srazkové reakce s fixnim teréem
a ma vlastni méreni energie urychlenych iond tésné pred dopadem na reakéni terc. Systém
méreni energie urychlenych iont z urychlovace U-400 probiha na stanovisti DGFRS-I pomoci
dvou elektrod® a podsystému doby priletu®.

le zftejmé, Ze pohybuijici se iony proleti danou trajektorii za jednotku ¢asu. Z ¢asu a
pevné vzdalenosti mezi elektrodami mdzeme vypocdist rychlost, pficemz energie je svazana
s rychlosti. VSechny ostatni veli¢iny jsou pro dany vypocet konstantou. lony urychlované na
energie v rozsahu 100 MeV az 300 MeV jiz spadaji svou rychlosti do oblasti, kde je treba
pouzit relativistickou korekci vypoctu. V soucasné dobé oba systémy, jak pro urychlovac
U-400 stanovisté DGFRS-I, tak i pro urychlova¢ DC-280 stanovisté DGFRS-II, vyuZivaji
relativistického vypoctu energie urychlenych ion dopadajicich na radioaktivni terc¢. Pouze
technicka realizace se lisi. V prvnim pripadé pro stanovisté DGFRS-I se jedna o zapojeni podle

obréazku 3.

Pick-Upl Pick-Up 2 Beam
¥ —BE———>
«ORTEC» «ORTEC»
VT 120 VT 120 N
TDS224
pe K=
HCFD 584 CFD 584+
50 OmEl Q 50 Om
KB 005 TAC/SCA 567 ITA 24k
N/

Obrazek 3 Schéma systému kontrolniho méfeni energie svazku na stanovisti DGFRS-

Prevzato od Sukhov A.M.

% Elektrody jsou od sebe 3680mm v piipadé DGFRS-1 a 3238mm v pfipadé DGFRS-II.
9 D3le jen jako zkratka TOF, pfevzato z anglického Time of Flight
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Zde elektrody shirajici naboj vytvori elektricky impuls zesileny pfedzesilovaci Ortec
VT120 na urovné vhodné k prenosu prenosovou soustavou. Jedna se o radové milivolty az

stovky milivolt pfi 5 puA z U-400 po zesileni. Tyto signdly se poté rozvétvi na osciloskop, pro:

1) Rucni méreni pomoci kursor( a kontrolu kvality svazku pomoci vizualizace ¢asového

pribéhu signald z elektrod po predzesilend.

2) Moduly vyuzivajici metodu constant fraction discrimination (Ortec CFD 584 na

obrdzku 3).

Pripravené signaly je mozno poslat do modulu ORTEC TAC/SCA 567, kde se méri ¢asovy rozdil
pfichodu nabéznych hran signdlu. Vysledkem rozdilu je pfevod ¢asu na amplitudu. Jinymi
slovy, ¢im vétsi rozdil v ¢ase, tim vétsi amplituda. Vyslednou amplitudu prevedeme do
Cislicového tvaru pomoci AD prfevodniku PA 24k. Ten je spolecné s kontrolérem sbérnice
CAMAC KK-12 pripojen k PC, kde dochazi k monitorovani tvaru signalu pomoci IP kamery
pfipojené do sité, snimajici obrazovku osciloskopu a zaroven uzivatelsky panel programu,
ktery ¢te data z AD prevodniku PA 24k a pocita dvakrat za sekundu stfedni hodnotu energie
svazku. Videoprenos je téz distribuovan pro operatora urychlovace U-400, ktery na zakladé
casového pribéhu signalu nastavuje urychlovac¢ pro idealni kvalitu svazku. Vizualizace a

uzivatelsky panel takového reseni je zobrazen na obrazku 4.

Obrdazek 4 Automatické méreni energie svazku DGFRS-I, plvodni systém, navrhnuto

Sukhov A.M a Tsyganov Y. Ts. pfevzato od Tsyganov Y. Ts.
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2.1) Nova technicka realizace TOF pro DGFRS-I a DGFRS-I

Z vyse uvedenych davodU byl autorem prace navrhnut systém zaloZzeny na platformé
NI LabVIEW?!!, vyuZivajici stavajici infrastrukturu. Zména v hardware byla pouhd zaména
starého osciloskopu za modernéjsi digitalni Tektronix MDO3014 s podporou vzdalené

konfigurace, ¢teni dat z paméti a ovladaci pro programovaci jazyk LabVIEW.

Pick-Upl Pick-Up 2

Beam
. ? .o L] Eﬁz’. >
«ORTEC» «ORTEC»
VT 120 VT 120
Tektronix
MDO 3014
| LabVIEW TOF application
Local LAN Remote panels web server
IVI session

http clients

Obrazek 5 Navrzeny podsystém méreni energie svazku na DGFRS-II

Z obrazku €. 5 je moZno vypozorovat, Ze zakladni myslenka méreni energie svazku
zUstala zachovéana. Stéle zde vyuzivame metodu doby prlletu (TOF), predzesileni signald
z elektrod pomoci osvédcenych rychlych predzesilovaci ORTEC VT 120 a vizualizace
Casovych pribéht signall pomoci osciloskopu. Zde nicméné doslo kinovaci a zaméné
osciloskopu za osciloskop s podporou webového rozhrani, vzdaleného fizeni, s ovladaci
konsorcia IVI*? kompatibilni s NI LabVIEW. Konkrétné se jednalo o osciloskop Tektronix MDO
3014. Tento osciloskop se vzorkovaci rychlosti 5 GSaS ma rozhrani USB i Ethernet, pficem?
umoznuje plnou vzdalenou konfigurovatelnost, pristup do pameéti pristroje na dalku aj. Na

této myslence byl vyvinut prototyp aplikace pro méfeni energie svazku zaloZzeny na moznosti

NI LabVIEW je vyvojové prostiedi. Jedna se o je graficky software pro navrh aplikaci vyZadujici testovani,
méreni a fizeni. Jedna se o otevienou SW platformu umoznujici jednoduchou integraci systému tfetich stran
(zdroje, multimetry, prevodniky, atd.). LabVIEW je celosvétovym standardem pro méfici systémy.

12 Nadace na sjednoceni ptikazové sady na fizen{ ptistrojd. Lze pfeloZit jako zdménny virtudini pFistroj

z anglického: Interchangeable Virtual Instrument (IVI).
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konfigurovat pfistroj jak rucné, tak na dalku, a zarovenl umoZnit vyménu dat meazi
osciloskopem, serverem, na kterém bézi aplikace pro vypocet a jejimi klienty, kterymi jsou

pult urychlovace a dozorny.

Vzhledem k faktu, Ze na impuls z elektrody pfi ¢astici *8Ca i *°Ti pfipadd pres 100 bodu
z AD prevodniku osciloskopu'® a ¢asovy pribéh se blizi limitné Gaussové funkci, je zfejmé,
Ze je dodrzen vzorkovaci teorém. Tento navrh byl autorem této prace zrealizovan a Uspésné

nasazen do praxe.

2.2) Vymeéna dat a redlnd data

Vymeéna dat probiha mezi osciloskopem po siti Ethernet a serverem, na kterém bézi NI
LabVIEW s aplikaci pro méreni energie. Ovladac byl vyuzit TKDPO4k, ktery spada do NI IVI
univerzalnich ovladacl pro osciloskopy Tektronix série 3000 a 4000. Ovlada¢ umozniuje
pomoci vzdaleného fizeni nastavit vSechny parametry zpracovani signalu, jako jsou
nastaveni vertikalni osy, horizontalni osy, primérovani, spousténi a Uroven spousténi apod.
Osciloskop je nastaven na 100 000 bodt akvizice, které drzi v prabézné FIFO paméti. Tuto
pameét v omezené mire pro snizeni toku dat a zatizeni systému osciloskopu lze prenaset jen
z Casti. Dostatecné by bylo pfi 5 GSaS brat vyrez okolo 500 bodl. Coz dava vyrez v casové
ose cca 100 ns a zatizeni sité véetné redundance pro komunikaci cca 200 kb/s pfi zajisténi
bezproblémové odezvy osciloskopu na povely na prednim panelu pfistroje. Pfi ¢teni plné
pameéti byl uZivatelsky komfort vyznamné omezen a prodlevy dosahovaly 1 az 3 sekundy.
Vzhledem k tomu, Ze signaly ze sbérnych elektrod jsou vidy v intervalu 10 ns az 40 ns, tak je
pfi spravné nastaveném spousténi osciloskopu zaruceno, ze TOF signaly jsou vidy

v pracovnim okné.

13 Rychlost AD pfevodniku je 5 GSaS na strané osciloskopu. Vedeni mezi pfedzesilovadem a osciloskopem je
pro obé vétve stejné délky a je kompenzovano na odrazy pomoci impedancniho pfizplsobeni. Tvar signalu je
zavisly na geometrické konstrukci elektrod a rychlosti prebéhu daného zesilovace VT120. Vzhledem k faktu,
Ze pozorujeme rozdil ¢asu mezi signaly, je mozné pretvarovani zesilovacem zanedbat do té miry, dokud dava
jednoznacny signdl zpracovatelny dale. Teplotni stabilita zesilovace je feSena temperovanim mistnosti na
stalou teplotu. | pfi teplotnim driftu se pfedpokladd, ze oba signdly se zméni stejné a vysledny rozdil minim
Casovych prabéhl bude stale nula.

14 7 anglického first in first out — prvni dovnitf prvni ven je druh zdsobniku dat v tomto pfipadé pribézna

pameét, kterd se plni vzorky z AD prevodniku osciloskopu. Ovladac pfistupujici z vnéjsi sité do této paméti Cte
data z dané paméti od nejstarsich po nejnovéjsi.
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2.3)  Vyvinuty SW + NI webserver + LV DSC + integrace do celku

Vyvinuté feseni zahrnuje hlavni aplikaci, kterd bézi na hlavnim serveru DGFRS-II pro
fizeni experimentu. Ten je zdroven zodpovédny za distribuci proménnych (hodnot
parametr() pro fizeni celé experimentalni haly DGFRS-II i komunikace s klienty (dozorna, pult
operatora urychlovace). Vyména dat probihd za pomoci tzv. sdilenych proménnych na bazi
NI DSC. Tato aplikace se spousti po startu pocitace a zahrnuje moznost upravit vzdalenou
konfiguraci osciloskopu po spusténi pro pfipad zmén. Pokud do 3 sekund po spusténi
programu nebo serveru uZivatel neprovede jakoukoliv akci, program sam zasle osciloskopu
vzdalené nastaveni a pfepne se do rezimu méreni, kdy ocekava platné signaly ze sbérnych
elektrod. Elektronicky denik a predavani vypocitanych dat se piSe pravé tehdy, pokud
meérena energie je nenulova. Obrdzek 6 znazorfiuje Celni panel podsystému pro vzdalené

nastaveni parametrd osciloskopu.

Tektronix DPC MSO 2000 4000 Series TOF 224 - O

File Edit Operate Tools Window Help
= =

Obrazek 6 Celni panel podsystému pro vzdalené nastaveni parametr{ osciloskopu.
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Parametry vzdaleného nastaveni osciloskopu podsystému TOF na DGFRS-II jsou ¢teny
po spusténi automaticky z konfiguracéniho souboru. Tato konfiguracni zalozka se pouZziva
pouze pro zmény v konfiguraci. Napfiklad pokud se vice jak o dva fady zméni amplituda
signalu vlivem jinych experimentalnich pozadavkd na fadoveé jinou luminositu svazku z U-400
nebo DC-280. Aplikace v béiném provoznim rezimu s validnimi signaly, které prosly

automatickou inspekci, je zobrazena na obrazku 7.

[ Tektronix DPO MSO 2000 4000 Series TOF 224 — [m]
File Edit Operate Tools Window Help

3

Sering | M llcg | Expen + Disgnastics

Cursors is showing minimum experimental data point

Amplitude

-0.08- | | i |
76.66666667E-9 100E-9 120E-9 155.9420291

Time

- _ Hg ol |
Actual kinetic energy 270.7879 MeV signal 1 I

IN RANGE signai 2 I

Average kinetic energy :271.34 | MeV J :::

. Alarm sound ON
Energy interval

Min |255.05 Center |271.54 . Max 278.05 " MeV

Time of flight average |22.71 ns Waiting for acceptable data ||
Readingdata|
Data properly fitted | F|

Obrézek 7 Celni panel provozniho stavu méfeni energie svazku TOF na serveru.

Na obrazku 7 vidime aplikaci za provozu, kde vypocet probiha kontinualné (on-line).
PFi experimentu uvedeném v kapitole 1.1. bylo pouZito pramérovani na strané osciloskopu
8x. Dale byl pocitan klouzavy primér ze sta méreni pomoci pribéiného FIFO zasobniku
namérenych hodnot z osciloskopu. Smérodatna odchylka méfeni byla +1 MeV od ustaleného

stavu urychlovace U-400 pfi energii 250 MeV béhem 24 h. Kontrolni nezavislé méreni

spadalo do nejistot vystaveni energie svazku pfimo na urychlovaci U-400.
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Dale byla provedena validace aplikace pomoci dvoji kontroly, kde vypocet probéhl
odectenim z displeje osciloskopu a ddle ru¢nim vypoctem. Validni data zapisuje ve formatu

ASCII elektronicky denik aplikace a pribézna uloZend data je moino za béhu aplikace

prohliZzet na ¢elnim panelu zobrazeném na obrazku 8.

Tektronix DPO MSO 2000 4000 Series TOF 224 - O
File Edit Operate Tools Window Help

Obrazek 8 Aplikace méfeni energie svazku - zapis dat.

V zadani projektu bylo provadét zapis dat kazdych 5 minut. Soubor s denikem je ve formatu
ASCll a obsahuje vse, co je uvedeno v bilém poli tabulky aplikace. Souc¢asné se Udaj o velikosti

sV

energie svazku prendsi do aplikace pro kontrolu parametr( separatoru, kde, pokud dany
parametr vyjde z pracovniho okna, bude spustén vizudlni i hlasovy alarm. Zaroven je
pfenasen i tvar signdlu pro vizualni kontrolu kvality nastaveni urychlovace jak pro potfebu

hlavniho experimentatora, tak pro operatora urychlovace.
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3. Spektrometrie na DGFRS-II

Spektrometrie stanovisté DGFRS-Il  vychazi z30let zkuSenosti se syntézou
supertézkych prvkl na DGFRS-I [1,2]. BEhem let 2017-2019 doslo k zakoupeni a realizaci i
¢aste¢nym modifikacim a zméndm projektu spektrometrie pro separator DGFRS-II, ktery
vznikal jako ndvazny klon spektrometrie DGFRS-I s dil¢imi inovacemi predstavenymi ve
spoluautorskych publikacich, viz pfilohy A,B,C,D,E a jejich reference. Tato kapitola je zde
uvedena pro obecny popis, veskera odbornd data jsou uvedena v danych publikacich anebo
budou publikovdana po ustaleni konfigurace vsech, jak HW, tak SW, ¢asti fetézce. Detekéni
spektrometrickd sestava ¢itd polovodicovy prouzkovy detektor DSSSD'® doplnény o bokové
detektory, jejichZ konstrukci si mUZzeme predstavit jako kvadr bez vrchni stény (pohled ze
strany pfilétajicich jader viz obrazek 2). Chybéjici sténa kvadru slouzi jako otvor pro pfilétajici
produkty syntézy a zbyld neodseparovana jadra. Na obrazku 9 je oteviena detekéni komora

separatoru DGFRS-II, primarni detekéni ¢ast spektrometru.

Pfilétajici jadra

Obrdazek 9: Oteviena detekéni komora spektrometru DGFRS-II

1> Micron model BB17 obsahuijici 48 pFednich a 128 zadnich aktivnich prouzkd.
Aktivni plocha detektoru je 47.97 mm x 127.97 mm.
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Dale obrazek 10 (vlevo) zobrazuje sestavenou plynotésnou detekéni komoru DGFRS-II
rozsitenou o PID regulaci prGtoku plynu pro spravnou funkci proporcionalni dratkové
komory. Vlevém spodnim rohu mulzieme vidét predzesilovace MESYTEC MPR-16

v konfiguraci vystupt 7 mV/MeV/kanal.

Obrazek 10 (vpravo) predstavuje realizaci dratkové komory davajici signal dE1 a dE2.

(

Obrdazek 10 Detekéni komora DGFRS-II véetné predzesilovac(, PID regulace plynu i

proporcionalni dratkové komory.

Pro zjednoduseni predstavy zapojeni detektorové komory DGFRS-Il je uvedeno blokové

schéma klicovych prvkd na obrazku 11.

Detektor _
DSSSD + side + Piedzesilovate Z‘_lvolefle Spektrometrie
veto + dratkova MPR-16 zesilovace s PIXIE + CAMAC
komora. pfenosem 2:1

A 4

Vizualizace a
zpracovani (PC)

Obrazek 11 Blokové schéma spektrometrického podsystému.
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Systém spektrometrie na bazi digitizér( v primyslovém standardu PXI, ktery mél autor
této prace na starosti fyzicky sestavil, nakonfiguroval a optimalizoval parametry sbéru dat,
viz obrazek 12 levy stojan.

Vyvinuty spektrometricky podsystém pracuje pfi dané konfiguraci s detekci az 1000
udalosti na kanal pfi rozliseni 30 keV na kazdy spektrometricky kanal na skale 800 keV az
250 MeV. Celkem je zde 242 spektrometrickych signal(. Plus jsou zde dva signaly z dratkové
komory. Spektrometrie je postavena na ovéfenych digitizérech na standardu PXI, dfive
pouZzivanych na DGFRS-I. Zde se jednalo o 13 ks XIA PIXIE-16 100 MSaS/12 bit v jedné PXI
skfini. V modernizovaném systému na DGFRS-Il jsme se rozhodli zvysit rozliSeni 4x uzitim
digitizér XIA PIXIE-16 100 MSaS/ 14bit. Pro obsluhu detekéni komory o 242 kanalech bylo
treba zakoupit a nakonfigurovat 17 ks XIA PIXIE-16 100 MSaS/14bit 16ti kanalovych
digitizér(i ve dvou c¢asové synchronizovanych skfinich standardu PXI. Tyto mnohokanalové
analyzatory umoznuji na Urovni hardware zapnout funkci zdznamu casového pribéhu
signalu na kazdém zadaném kandle. Je tedy mozZné zapisovat napfiklad ze vSech prednich
prouzkd DSSD (Micron model BB17) i ¢asovy pribéh signdlu pro pozdéjsi rucni inspekci
potencialné zajimavych udalosti, zatimco na zadnich prouZcich nds zajima primarné pozice
a energie.

Tim, Ze prouzky jsou v detektoru na sebe kolmé, dostavame tak protinajici se sit a
muzeme si posléze vytvofit kartézsky systém souradnic, kam Castice priletéla, kdy a s jakou

energii a lze délat korelace priletu mezi proporcionalni dratkovou komorou aj.
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Obrdazek 12: Prvni implementace plné funkcionality spektrometrie DGFRS-II.
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Na obrazku 12 vpravo je systém ve standardu CAMAC postaveny na digitizérech
ADP-16 firmy Tekhinvest. Tento Usek je zodpovédny za metodu aktivnich korelaci a tudiz
v on-line rezimu tidi blokaci urychlenych ion( z urychlovace DC-280. Nize se nachazi dvojné
zesilovace spektrometrickych signdl( (obrazek 12 pravy stojan prvni skiin zespodu) pro
identickou distribuci kazdého spektrometrického kanalu do obou elektronik. Tyto aktivni
dvojné zesilovaCe s prenosem 2 jsou vlastni vyroby, které pod vedeni A.Voinova byly
navrzeny a vyrobeny na nasem pracovisti. Autor této prace je pomahal testovat a posléze

byla spolu s tymem oZivena celd spektrometrie.

Vyhoda tohoto ,duadlniho” zapojeni je vzajemnd kontrola naméfenych dat: Tudiz
zvySeni redundance, rdzné osoby provozujici analyzu dat, jiné algoritmy i HW
implementace®®. Navic elektronika na bazi CAMAC v soucasné dobé vydava signél blokujici
urychlené iony z urychlovace DC-280 v pripadé, Ze je metodou aktivnich korelaci zjisténa
pfitomnost kandidata na supertézky prvek, viz spoluautorskd publikacel’ (pfiloha A).
Blokovani svazku je zpracovano pres systém havarijniho vypnuti (kapitola 6) a dale predano

na elektrostaticky deflektor na stupni injekce urychlovace DC-280.

Spektrometrii na DGFRS-I a DGFRS-II jsou dale vénovany spoluautorské publikace

[9], [10], [11], [12] a navazné clanky, viz reference danych publikaci.

16 Jiny Uhel pohledu na realizaci spektrometrického Fetézce DGFRS-II nabizi spoluautorskd publikace pfiloha E.
7 Tsyganov, Y. S., Polyakov, A. N., Kazacha, V. |., Schlattauer, L., & Zhang, Z. (2018). Development of the
Active Correlation Method: Theoretical-Methodological Aspect. Z. Zhang, 49(6), 1036—1045.
https://doi.org/10.1134/51063779618060035
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4. Monitorovaci a ridici systém DGFRS-II

Jednotny fidici a kontrolni systém technologickych parametrd DGFRS-II je navrzen jako
vicelrovnovy systém na bazi NI LabVIEW. Tim je diky své architekture vzdy schopen zajistit
automatizované uvedeni do bezpecného stavu v pfipadé poruch na elektrické siti nebo na
strané klienta Ci serveru. Pro klicové systémy jako jsou systémy uzavirani pneumatickych
ventild nebo bezpecnostnich sekci bylo zvoleno redundantni fizeni stavovou logikou za
pomoci relé. Takovy systém pracuje nezavisle na vypadek pocitacové sité nebo jakékoliv

poruchy ze strany PC a zajistuje uvedeni separatoru do konzistentniho bezpecného stavu.

Pult operatora ridiciho vSechny technologické parametry separdtoru DGFRS-Il béhem
experimentu vyjma PID regulace pratoku vodiku v hlavnim objemu separatoru zobrazuje

obrazek 13 a obrazek 14.

Obrazek 13 predstavuje pult fizeni vakua a bezpecnostnich sekci DGFRS-II a byl vyvinut
ve spolupraci se skupinou automatizace FLNR pod vedenim Pashchenko S.V. Systém pro

poplachy a elektronicky denik vyvinuty autorem prace je ve spodni ¢asti obrazku.

Obrazek 14 predstavuje pult fizeni technologickych parametrd a experimentu na
stanovisti DGFRS-II. Realizovano skupinou automatizace FLNR pod vedenim Pashchenko S.V.
Vlevé spodni ¢asti je mozné vidét klienta méfeni energie svazku cyklotronu a fizeni
experimentu pomoci bloku havarijniho vypnuti, viz Kapitola 6. Oboji navrzeno autorem této
prace.

Oba pulty z obrazk( 13 i 14 predstavuji klienty serveru DGFRS_Host, ktery distribuuje
vSechny proménné mezi operatorem experimentu, jednotlivymi technologiemi, mistnostmi,
operatorem urychlovace DC-280, webovym klientem uréenym pro dohled, nikoliv fizeni, ze
sité internet.

Projektovd dokumentace systému fizeni technologii DGFRS-II je internim dokumentem
laboratore, ktera ¢ita okolo 1400 stran vytvorena na miru skupinou automatizace FLNR pod
vedenim Pashchenko S.V. Se skupinou automatizace autor prace po dobu vyvoje a oZivovani
Uzce spolupracoval. Se souhlasem jsou uvedeny nutné casti pro zdakladni pochopeni

problematiky, napf. nutné pro kapitolu 6. Systém havarijniho vypnuti navrzeny autorem.
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Obrazek 13 Pult fizeni vakua a bezpecnostnich sekci. Systém pro poplachy a

elektronicky denik vyvinuty autorem prace je ve spodni ¢asti obrazku.
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Obrdazek 14 Pult fizeni technologickych parametr(i a experimentu. V levé spodni &asti je
mozné vidét klienta méreni energie svazku cyklotronu a fizeni experimentu pomoci bloku

havarijniho vypnuti, viz Kapitola 6. Oboji navrZzeno autorem této prace.
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Ze vsech 17 kli¢ovych parametr( separatoru DGFRS-II se pise kazdou minutu (nebo jiny
zvoleny interval) elektronicky denik ve formatu ASCII navrzeny autorem prace. Soucasti bylo
dodani i jednoduché aplikace, ktera umoziuje Cist dany format a vizualizovat historicka data
separatoru. Prvni verzi takové aplikace zachycuje obrazek 15. Aplikace umi nacist ze serveru
automaticky aktudlni pracovni sadu dat a vizualizovat je. Lze zde prepinat ve velkém grafu
zvoleny parametr a zobrazit jej. Zaroven jsou nékteré hlavni parametry vzdy fixné zobrazeny.
Aplikace je vhodna pro ziskani pfehledu, napfiklad co se stalo za posledni 3 hodiny, v minulé
sméné apod. Pro vyhodnoceni dat z experimentu se potom pouZivaji data z pfehledné

strukturovaného ASCII textového souboru.
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Obrdzek 15 Vizualizace deniku parametrd DGFRS-II navrZzeno autorem prace.
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5. Systém havarijniho vypnuti DGFRS-II

Vyvinuty modul ochrany DGFRS-II zajistuje sdruzeni
signall poruch separatoru na udrovni HW prvk( bez SW ¢i FW.
Jednd se o syntetizovanou TTL logiku na bazi Intel CPLD, kde na
vnitfnich spojich danych logickych celkd jsou buriky EEPROM.
Modul funguje nezdvisle v momenté pritomnosti napajeni a
sdruzuje sedm rdznych poruch separdtoru na matici OR a dava
prikaz elektrostatickému deflektoru na stupni injekce iond do
cyklotronu DC-280.

Poruchy jsou zejména neocekavané (Cislovano podle vstupl):
1) Poklesy proudu na hlavnim separacnim dipdlu
(modul komparatort), hlavni méfici vétev.
2) Poklesy proudu na hlavnim separa¢nim dipdlu,
zaloZni méfrici vétev.
3) Poklesy otacek radioaktivniho terce, hlavni méfici vétev
(modul komparatora).
4) Poklesy otacek radioaktivniho terce, zalozni méfici vétev.
Optozavora na disku terée (modul otaceni).
5) Poklesy otacek vstupniho okna, hlavni méfici vétev
(modul komparatora).
6) Poklesy otacek vstupniho okna, zdloZzni méfici vétev
(modul otaceni).
7) Poklesy proudu deflektoru svazku, ,rozmasky”
(modul komparatora).
Vzniklymi poruchami se do nékolika ms prerusi tok svazku
z urychlovace DC-280 na separator DGFRS-II.

Osmy vstup je vyhrazen pro odstavku svazku na zakladé
metody aktivnich korelaci zCAMAC spektrometru pro zajisténi
mereni rozpadovych fad bez pozadi ze svazku z cyklotronu. Tento
osmy vstup je pfipojen na vystupy STROBE pres detektor
sestupné hrany s pfetvarovanim na 100 ms. Takovy signal poté
zajistuje obnoveni svazku po ukoncéeni méfeni rozpadovych fad.

V opacném pripadé bez pfichodu STROBE si stavova logika
pamatuje poruchu a vse je zastaveno do prichodu operatora,
ktery musi pfijmout feSeni na zakladé stavu operatorskych panell
vizualizace parametrd DGFRS-II.

) L Systém havarijniho vypnuti zachycuji obrazky 16 az 18.
Obrazek 16. Navrzeny blok

Ochrany DGFRS-II
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Obrazek 18 Méfeni proudu hlavniho dipdlu v rozsahu OA az 1000A na bazi linearizovaného

hallova snimace LEM IN 1000-S. Pfesnost méfeni 0.0018 % z pIné Skaly.
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6. DGFRS-II prvni testy, vysledky srovnani

charakteristiky

Prvni testy separdtoru a nastaveni viech element( probihalo na reakcich “CAr+"3tYDb,
48Ca+"tYh, 48Ca+170Er, 48Ca+Pb pro rizné tlaky vodiku i hélia. Veskeré technické prostredky,
pristroje a zarizeni obstala pri 24/7 testech trvajicich mezi 8/2019 az 5/2020. Klicové k datu
tisku prace nepublikované vysledky parametrld nového separdtoru DGFRS-II uvadim

s dovolenim autora Utyonkov V.K. v obrazku 19 a 20.

Obrazek 19 vypovida o nejvyssi ucinnosti separatoru DGFRS-II pfi tlaku provozniho
plynu vodiku okolo 1Torr (133 Pa). Toto se potvrdilo pfi testovych reakcich
48Ca+"3tYb,48Ca+170Er, 0Ar+"tYb. Spektra takovych reakci v alfa $kdle jsou prezentovéna na

obrazku 20 na dalsi strané.

Prezentovand data, konkrétné obrazek 19 a 20 predstavuji dosud nepublikované
vysledky kolektivni prace. Zde uvadim s dstnim svolenim autora Utyonkova V.K., od kterého

autor této prace danou analyzu obdrzel.
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Obrazek 19 Zavislost pravdépodobnosti prichodu produktd syntézy na tlaku v separatoru.
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Obrazek 20 Vysledky spektrometrie na alfa skale pro dané reakce.
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Zaver

V této praci byly prezentovany vysledky z experimentu jaderné fuzni reakce ion( “8Ca
s teréem 2*°Pu na stanovisti DGFRS-I publikované v ¢asopise Physical Review C.

Dale byl kladen diraz na predstaveni podsystém fizeni a sbéru dat starého a nového
separatoru navrzeného autorem:

e Systém pro automatické online méreni energie svazku urychlenych iond z urychlovace
U-400 i DC-280 vyuzivajici metody doby prlletu (TOF) byl nasazen za pomoci vyvinutého
software na platformé NI LabVIEW, NI DSC, NI IVI, NI web Server.

e Navrzeny systém nouzového vypnuti v pfipadé poruchy na hlavnim dipélu ¢i otdacenim
radioaktivniho terce ¢i okna oddélujici vakuum od pracovniho plynu byl nasazen do
experimentdlni haly a Uspé&sné prosel testy na DGFRS-II.

e Systém dohledu vybranych kritickych parametr( separatoru byl naprojektovan a nasazen
na miru v NI LabVIEW. V pfipadé, Ze dand veli¢ina vyjde ze stanoveného pracovniho
rozsahu, ozve se hlas, ktery precte pfedem definovany text poruchy a dand veli¢ina za¢ne
blikat cervené. Nasazeno v provozu na DGFRS-II.

e Byl vytvoren elektronicky denik v NI LabVIEW, ktery zapisuje automaticky v nastavenych
casovych intervalech klicové technologické parametry experimentu. Nasazeno do
provozu na DGFRS-II.

e Autorem prace byl sestaven a uveden do provozu systém spektrometrie na bazi
digitizér( PXI s rozlisenim 30 keV pti Skale 800 keV az 250 MeV pfi poctu 242 nezavislych
spektrometrickych kanalu.

e Autorské a spoluautorské publikace jsou uvedeny plnym textem v kapitole 1.1. a
v pfilohach A az F.

e Autorem spoluvyvijeny hardware a software béhem staze v SUJV je déale prezentovan
formou pfiloh 1 az 15 v plném textu prace.

Lze konstatovat, Ze prvni testy separatoru a nastaveni vsech elementd probihalo na reakcich

40Ar+natyh 48Ca+natyp, 48Ca+170Er, 48Ca+Pb pro rdzné tlaky vodiku i hélia. Veskeré technické

prostfedky, pristroje a zarizeni obstala pri 24/7 testech trvajicich mezi 8/2019 az 5/2020.
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Diskuze

Na zakladé vysledkd téchto testl se ve fazi Uprav nachazi detekéni systém — zvétseni
plochy pro zajisténi dopadu vsech produktl na detektorovou plochu vzhledem k disperzi na
hlavnim magnetu a nemozZnost jakymikoliv prostiedky zaostfit vysledné produkty do plochy
detektoru na ose X. Aktivni plocha detektoru Micron BB17 je v soucasné dobé (47,97mm x
127,97mm). Tyto vysledky jsou prozatim internimi daty k datu tisku prace. Modifikace ¢ita
zvétsit komoru na (95,94mm x 255.94mm) aktivni plochy. To znamena pfridat 140
spektrometrickych kanalG do spektrometrie. Uprava konstrukce detektorové komory.
Vyména vstupniho okna za diferencidlni vakuovou soustavu sniZujici vysoké
vakuum urychlovale, které se pohybuje v Faddu 10 Torr na nizké vakuum 107 Torr pro
reakci pfimo s ter¢em. Vstupni okna z Ti folie se ukdzala jako nejslabsi ¢lanek Fetézce pro
jejich asté propaleni svazkem?®, kterému se nedalo nijak zabrénit pfes veskeré kombinace
nastaveni experimentalnich parametrd. Na obrazku 21 je ndzorné zobrazeny plan budoucich

experimentl po modifikaci, které se predpokladaji v roce 2021.
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Obrazek 21 Planovany budouci experiment po dokonceni viech modifikaci. Prepoklada se

syntéza nového prvku Z=120 pfi reakci 24°-2>1Cf+°°Ti. Obréazek ziskan s dovolenim autora

Utyonkova V.K.

18 Doba funkce vstupniho okna byla v intervalu (2 aZ 60) hodin, nez do3lo k poruseni jeho integrity.
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