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Abstrakt

Prace je zaméfena na Mossbauerovu spektrometrii s casovym rozliSenim, kdy tato
technika je rozsitenim standardni Mossbauerovy spektroskopie. Pomoci ¢asového rozliseni je
dosazeno vyrazného zazeni spektralnich Car a tak tato méfici technika nachazi Siroké
uplatnéni v oblasti materidlového vyzkumu.

V hlavni ¢asti se prace vénuje navrhu a nasledné konstrukcei jednotlivych ¢asti celého
zafizeni. Jsou zde popsany klicové komponenty sestavy a zplsob jejich optimalniho
nastaveni. Dale se v praci fesi zpracovani signald ziskanych z detektorli zafeni gama a jejich
vysledné pouziti ve sledovani koinciden¢nich udalosti nezbytnych pro ¢asové rozliSeni.

V zévérecné Casti se prace vénuje riznym moznostem méfeni Mdssbauerovych
spekter s Casovym rozliSenim, se zaméfenim na optimalizaci ¢asové oblasti, kdy je dosazeno
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Abstract

The thesis is focused on the Mdssbauer spectroscopy with a time resolution, where
this technique is an extension of standard Mdssbauer spectroscopy. Using the time resolution
the narrowing of the spectral lines is achieved. This measurement technique is widely used in
the field of material research.

In the thesis the design and subsequent construction of various parts of the entire
apparatus are described. There are also specified the key components of the experimental
device and the method of their optimal settings. Subsequently, a data processing of obtained
signal from gamma-ray detectors is described, including its final application in the
coincidence events monitoring which is crucial for reaching the time resolution.

In the final section there are discussed the various options of time differential
Maossbauer spectra measurements. It is focused on optimizing the time domain, to achieve the

narrowing spectral line.
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1  Uvod

Cilem této dizertacni prace je predstavit a popsat vybrané ¢asti studovanych témat, na
kterych se autor vyznamnou mérou podilel béhem svého doktorského studia. Ptedkladana
prace vychazi z autorovych publika¢nich vystupl jak v impaktovanych, tak v recenzovanych
casopisech. Nejzasadnéjsi autorovy publikace jsou v pfiloze této prace, vtextu jsou na
jednotlivé publikace uvadény odkazy. Prace je celkové zaméfena na Mossbauertv
spektrometr s asovym rozliSenim, vénuje se popisu jeho kli¢ovych Casti a jejich maximalni

optimalizaci.

Prvni ¢ast prace je veénovana popisu rtznych typli experimentalnich uspotfadani
Mossbauerova spektrometru, se zaméfenim na jednotlivé komponenty, jejich princip a
dileZitost. Tato ¢ast prechdzi v popis moznosti realizace Mdssbauerova spektrometru a jejich
nasledné pouziti v materidlovém vyzkumu. Na to navazuje popis Mdssbauerova spektrometru
s Casovym rozliSenim, jako jedné ze specialnich modifikaci Mdssbauerova spektrometru.
Nasledné je podrobné popsan jeho fyzikalni princip, konstrukce a ukédzka mozné modifikace

spektrometru na emisni konfiguraci s Casovym rozliSenim.

Dalsi ¢ast je zaméfena na optimalizaci navrhu detekéni soustavy, kdy tato Cast je
klicova pro realizaci celé¢ konstrukce. Z hlediska efektivity méfeni je naprosto nezbytné
dosahnout co nejlepsi detekci gama-fotont v okoli jejich zdroje. Pro tento ucel byl navrzen
zcela unikatni detektor, optimalizovany pro méfici sestavu s Casovym rozliSenim. Navrzeny
detektor obklopuje zdroj gama-fotoni v maximéalnim mozném objemu. Pouzité detektory jsou
zde podrobné popsany, jak zhlediska konstrukce, tak vlastnosti a charakteristik. Popis
detektorii je uzavien kapitolou o softwarovém zpracovani signalli, ziskanych digitalizaci

signall z detektorli zafeni gama.

Posledni ¢ast je zaméfena na nalezeni koincidenénich pari gama-fotoni a jejich
zpracovani pii méfeni doby Zivota, na prvni excitované hlading >’Fe. Déle je popsano, jak se
tato informace pouzije pro rozdéleni do ¢asovych spekter, pi1 méteni Mossbauerovych spekter
s Casovym rozliSenim. Naméfend koincidenéni spektra jsou znazornéna a popsana v posledni
kapitole. Pfedvedend spektra jsou ¢itana se zaméfenim na maximalizaci z(Zeni spektralnich

car.
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V této praci je tedy popsano nékolik vylepseni, kterych bylo dosazeno v oblasti
Mossbauerovy spektrometrie. Jde o vylepSeni jak v oblasti jeho konstrukce, tak v oblasti
softwarovych feSenich pro zpracovani signalu a ovladani celé sestavy. VSechna tato vylepSeni

jsou jiz aplikovana v materialovém vyzkumu v naSich laboratotich.

Fotografie vyvinutého Méssbauerova spektrometru s casovym rozlisenim.
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2  Mossbauerova spektroskopie

Mossbauerova spektroskopie je zaloZzena na tzv. Mossbauerové jevu, ktery vroce
1958 experimentalné prokazal a teoreticky zdivodnil R. L. Mdssbauer. Za tento objev mu
byla ud€lena Nobelova cena za fyziku v roce 1961[1]. Tato méfici metoda je zaloZzena na jevu
bezodrazové rezonancni emise a absorpce zafeni gama v pevnych latkdch. Ma velmi Siroky
potencial v materidlovém vyzkumu, kdy Mdssbauertiv efekt miizeme pozorovat na vice nez
20-t1 1zotopech prvkl. Tabulka pouzitelnych prvki je uvedena v [2], znich je nejcastéji
pouzivano Fe, Sn a Au. Jednd se o prvkové selektivni méfici metodu, kdy selekce je
provedena vybdrem zatice', odpovidajiciho pro dany prvek. Nutnosti je provozovat tuto
méfici metodu v laboratofich schvalenych statnim afadem pro jadernou bezpeénost (SUIB).
Fyzikdlni princip metody je podrobné popisovan v né€kolika knihach, napt. [2]-[4].
Z namé&fenych spekter mizeme pomoci jejich vyhodnoceni ziskat parametry hyperjemné
interakce sledovanych atomi: isomerni posuv, kvadrupdlovou interakci a magnetickou
interakci. Pro vyhodnoceni naméfenych spekter je moZné pouZzit néktery zkomeréné

dostupnych softwarti, naptiklad: Confit [5], MossWinn [6]°.

Isomerni posuv (0), téZ nazyvany jako chemicky posuv, nese informaci o valen¢nim
stavu sledované komponenty ve spektru a také o jeho spinovém stavu. Zména isomerniho
posunu je zplusobena interakci elektrického naboje jadra s elektronovymi obaly. Ke zméné

isomerniho posuvu dochdzi také v ptipadé zmény teploty vzorku.

Kvadrupélova interakce (4Ey), nese informaci o lokalni symetrii okoli sledovaného
jadra. Je pfimym projevem interakce kvadrupdlového momentu jadra a nehomogenniho

elektrického pole elektronového okoli.

Magneticka dipdlova interakce (Bj), pfinasi informaci o magnetickém chovani
studovaného materidlu. Pfi méfeni za rOznych teplot miZeme pozorovat magnetické
pfechody. Jedna se o interakci mezi magnetickym dipolovym momentem jadra a

magnetickym polem.

! Viechna méfeni v této praci byla provadéna na jadrech *Fe.
? Pro vyhodnoceni viech spekter v této praci bylo vyuzito softwaru MossWinn 4.2.
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2.1 Experimentalni usporadani Méssbauerova spektrometru

V Mossbaueroveé spektroskopii  existuje velkd ftada moznych experimentdlnich
uspofadani tzv. Mossbauerova spektrometru (MS). Tato uspofadani se 1i$i v rozlozeni Ctyt
zékladnich komponent, pohybového zatizeni, zatice, absorbéru (vzorek) a detektoru (piipadné
detek¢ni soustavy). NejCastéji pouzivané uspofadani je v transmisnim moédu. Transmisni
uspofadani je schematicky znazornéno na obrazku 1. Pro méfeni spekter je nutné doplnit

systém o elektroniku pro tizeni pohybu a zpracovani signali, tomu se bude podrobné vénovat

podkapitola 2.2.
... Absorbér
Zaric
Pohybové
v -—i} Detektor
zafizeni il

Obrazekl1. Blokové schéma transmisniho Mossbauerova spektrometru.

VSechny typy experimentdlnich  uspofadani, kterymi  jsou  vybaveny
laboratote RCPTM (Regiondlni centrum pokrocilych technologii a materiall), jsou popsany
v [7], Priloha A. V transmisnim typu geometrického uspotadani MS je mozZné sestavu snadno
modifikovat pro jiné typy méteni [8]. Modifikace se provadi upnutim absorbéru (vzorku) do
riznych komor pro udrzeni konkrétnich nastavenych a sledovanych podminek. Mezi tyto
podminky patii teplota [9], externi magnetické pole [10]—-[12], pritok plynu [13], tlak [14]
atd. Z experimentdlniho hlediska je velmi zajimavé plsobit na vzorek pomoci teploty. Pro
méteni pi1 vysokych teplotach (nad 300 K) se pouzivaji vysokoteplotni picky. Vysokoteplotni
méfeni umoziuji sledovat materidlové transformace, ke kterym dochazi za urcitych teplot.
Tato méfeni jsou Casto provadéna s konkrétni atmosférou (napt. oxida¢ni nebo redukcni).

Experimenty mohou byt provadény i pii kontrolované vlhkosti [15].
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Pro méfeni za nizkych teplot se pouziva rtiznych druhti kryostatt, které se obecné déli

na dva zadkladni druhy a to podle zpiisobu dosazeni nizké teploty.

Prvnim typem je kryostat s uzavienym cyklem, kde pomoci opakované¢ zmény tlaku je
odvadéno teplo z prostoru chlazené¢ho vzorku. Tento typ konstrukce se vyznacuje snadnym
nastavenim rtznych teplot a nizkymi néroky na obsluhu. Nevyhodou u téchto zatfizeni je
pienos vibraci zuzavieného cyklu na studovany vzorek. Prenesené¢ vibrace mohou
nezadoucim zplisobem ovlivnit méfené¢ mossbauerovské spektrum, zpisobuji ve sledovanych

spektrech rozsifeni spektralnich Car [16], [17].

Druhym typem je kryostat plnény kryokapalinami, kdy ke chlazeni je pouzit kapalny
dusik (teplota 77,4 K) nebo kapalné hélium (teplota 4,2 K). U tohoto typu kryostati jsou
vibrace minimdlni. Hlavni nevyhodou je narocnost na obsluhu téchto zafizeni (nutnost
pravidelného zajisténi, udrzovani a plnéni kryokapalin). U heliovych kryostatl jsou takeé
vysoké potizovaci naroky na kapalné helium a jsou zde vyS$i naroky na vakuovou izolaci
kryostatu. Naproti tomu kryostaty plnéné kapalnym dusikem jsou z hlediska provoznich
nakladii pomérn¢ nenarocné. Chlazeni dusikem je mozné provadét pomoci dusikovych par,
nebo pomoci teplo vodivého trnu, ktery propoji vzorek a kapalny dusik. Tohoto principu bylo
vyuzito pti konstrukci naseho kryostatu, ktery je schématicky znazornén na obrazku 2. Tento
typ konstrukce kryostatu byl nasi skupinou registrovan u Ufadu pramyslového vlastnictvi
Priloha B a na dané téma, byla sepsana publikace [18] Priloha C. Tato publikace se vénuje

popisu parametra kryostatu pii pouziti v Mdssbauerove spektroskopii.

— ™

o Kapaﬁny o
_ dusik -

Teplovodivy trn —___ . _

Vzorek \\ > j//Vakuové komora

Detektor Pohybové zatizeni

Obrazek 2. Blokové schéma kryostatu plnéného kapalnym dusikem s transmisnim

Maossbauerovym spektrometrem (prevzato z [18]).
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2.2  Casti Mdéssbauerova spektrometru

V ptedchozi podkapitole bylo popséno, ze nedilnou soucasti kazdého spektrometru
jsou pohybové zatizeni, zafi¢, absorbér a detekéni soustava. Tyto Ctyii hlavni soucasti mohou
byt rtizné uspotadany. Uspotadani je odvozeno od typu vzorku a vlastnosti, které na ném
chceme studovat. Nedokonalost, nebo nevhodné nastaveni téchto kli€¢ovych komponent, se

vzdy projevi negativné v kvalité naméten¢ho spektra.

2.2.1 Pohybové zarizeni

Pro MS je nutné modulovat energii gama fotonli, ¢ehoz je dosazeno pomoci
Dopplerova jevu. Pohybové zatizeni je tedy vyuzivano pro modulaci energie vyzafovanych
gama-fotonti ze zafiCe. Principialné je nutné zajistit pohyb zafiCe vici absorbéru. Je tedy
mozné kmitat jen absorbérem a zafi¢ nechat ve stabilni poloze. Pii1 pouziti tzv. rezonan¢niho
detektoru miize byt pohybovano jak zari¢em, tak detektorem pro dosazeni zizeni spektralnich

¢ar [19]. Pro generovani pohybu je mozné pouzit dva zakladni rezimy.

Konstantni rychlost je pouzivana v primyslovych aplikacich, kde jsou pozadavky na
meéfeni prevazné ve form¢ porovnani poméru dvou spektralnich komponent. Pii méfeni neni
snahou vykreslit celé spektrum, ale pouze se zaméfit na zajimavé oblasti. Pro spravnou
aplikaci je vSak nutné nejprve zméfit celé spektrum a nasledné je mozné se zaméfit na
zajimavé body. Nasledna méfeni (pfi konstantni rychlosti) pouze v urcitych bodech jsou

mnohondsobné rychlejsi. S vyhodou bylo tohoto rezimu vyuzito v publikaci [20].

Konstantni zrychleni je vyuZivano v laboratofich jak na zcela nezndmych vzorcich
tak 1 na znamych vzorcich. V tomto méficim reZimu dochazi k ¢itani a vykresleni celého
spektra, coz zvySuje délku méteni (oproti rezimu konstantni rychlosti). Vyhodou je moznost
vidét celé spektrum, vcetné piipadnych postrannich komponent a také jeho statistickou

kvalitu. Proto v naSich experimentech vyuZivame pouze rezim konstantniho zrychleni.

Pro samotnou konstrukci pohybového zafizeni je nejcastéji  vyuZivano
elektrodynamického principu. Konstrukce se sklada zpermanentnich magneti a civek.
K pohybu je vyuzito napéti, které je na civky piivadéno a nasledné pomoci civek je i
sledovano pro kontrolu pohybu zpétnou vazbou. Pohybova zatizeni na tomto principu byla
popsana v [5], [21], kdy v publikaci [21] se autor zaméfuje na konstrukcni zatizeni

optimalizované pro méfeni v externim magnetickém poli.
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Dalsi z moznosti dosazeni pohybu je pomoci deformace piezo-krystalii, tomu jsou
vénovany napiiklad ¢lanky [22], [23]. V téchto pfipadech byva zafi€ napafen piimo na piezo-
krystalu. Vyhodou tohoto typu feseni je maly rozmér, moznost pracovat 1 za nizkych teplot a

pfipadné 1 v externim magnetickém poli.

2.2.2  Zaric a absorbeér

Z hlediska méfeni miize byt studovan bud’ nezndmy zafi¢, nebo neznamy absorbér.
Nejcastéjsi pouziti v materidlovém vyzkumu je studium neznamého absorbéru za pouziti
znamého zariCe. Pro tyto UcCely se pouzivd znadmy zafi¢ s jednou spektralni ¢arou v nasem
ptipadé *’Co. Studovany absorbér mize byt v riizném stavu (napiiklad: prasek, tenky film,

zmrazeny roztok, blok materialu, atd.).

V ptipad¢ studia zatfiCe se jednd o metodu nazyvanou Emisni Mdssbauerova
spektrometrie (EMS)’. Pro toto m&feni je nutné studovany material obohatit radioaktivnim
izotopem, ktery prejde radioaktivni pfeménou na jadro studovaného atomu. Pro tyto vzorky je
jako absorbér pouzivan material, ktery ma jedinou spektralni komponentu a tou je singlet.
Absorbér byva pro tyto ucely optimalizovan z hlediska obohaceni a tloustky, aby §itka jeho
spektralni ¢ary byla co nejuzsi a efekt méteni byl co nejvétsi. Napiiklad se pouziva material
KoMgFe(CN)g.

2.2.3  Detekcni soustava

Detekce v Mossbaueroveé spektrometrii je velmi naroc¢nd, jelikoz detekované gama-
fotony maji z energetického hlediska nizkou troven 14,4 keV. Zaroven dochazi ze zdroje k
emisi gama-fotonil s vyssi energii 122,1 keV, které¢ mohou detektor saturovat. Pro detekci se
pouziva n€kolik typii detektorli, zaloZenych na rGznych principech [4], kdy se pro jejich
spravnou funkci vyzaduji obvykle napajeni vysokym napétim a nésledné zpracovani a zesileni

vystupnich signali pomoci ptedzesilovace a zesilovace.

Proporcionalni detektory (plynové) vyuZivaji vlastnosti ionizujicitho zateni, kdy

v detektoru dochazi k ionizaci plynové ndpln€é. lonizovany plyn zprostiedkuje vodivé

* EMS je mozné provozovat pouze v laboratofich, které maji specialni povoleni (SUJB) pro praci s otevienymi
Zafici.
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propojeni katody a anody. Na vystupu detektoru pozorujeme proudové impulzy. Tyto
detektory dosahuji velmi kvalitniho energetického rozliSeni a také vynikaji z hlediska
linearity. Je moZné je pouZit v experimentech v externim magnetickém poli, bez nutnosti toto
pole stinit. Jejich hlavni nevyhodou je starnuti plynové naplné, relativné nizka detek¢ni
ucinnost a také relativné velka mrtva doba, coZ se u vysSich aktivit zafice miiZze projevit velmi
negativng. Tento typ detektoru byva v MS nejCastéji pouzivan u experimentli v externim

magnetickém poli, protoze nevyzaduje stinéni.

Polovodicové detektory pracuji na principu, kdy dopadajici gama-fotony vytvofii pary
elektronti a dér, které zprosttedkuji priichod proudu polovodicem. Tyto detektory dosahuji
vysokého energetického rozliSeni. Mezi jejich nevyhody patii nezbytnost chlazeni pro

eliminaci tepelného Sumu.

Scintila¢ni detektory jsou nejpreferovanéjsi moznosti pro MS. Vyuzivaji scintila¢ni
krystaly, které prevadi gama-fotony na zablesky fotond ve viditelné oblasti spektra, pomoci
luminiscence. Nasledné jsou zablesky fotonli detekovany pomoci fotonasobice. Ve srovnani
s ostatnimi typy detektorti maji nizsi energetické rozliSeni. Pro jejich vyuziti v oblasti 14,4
keV je nutnd vyroba velmi tenkych scintilaénich krystali, coZ je technologicky naro¢né.
SniZenim tloustky je také sniZen vliv gama-fotond o energii 122.1 keV, které jsou °'Co
emitovany pii prechodu ze druhé na prvni excitovanou hladinu. Jejich hlavni vyhodou je
dlouhodobd stabilita (i kdyZ nekteré typy scintilacnich krystali mohou ¢asem degradovat).
Nevyhodou je, Ze neni mozné tyto detektory pouzit pifi experimentech v externim
magnetickém poli v zavislosti na fyzikalnim principu fotonasobie. V oblasti vylepSeni
scintilacnich detektort pro MS bylo publikovano velké mnozstvi praci, napt. [24], [25].
V naSich experimentech je vyuzivdno pfevazné scintilacnich detektoru s krystaly Nal:Tl a
YAP:Ce.

2.3 Typy reSeni Mossbauerova spektrometru

Pro méfeni spekter je kromé optimalniho navrhu jednotlivych casti Mossbauerova
spektrometru, nezbytna i optimalni regulace signalu pro pohybové zafizeni, zpracovani
signalll z detektoru a nasledné ¢itani a uloZeni spektra. Pro feSeni téchto tloh je mozné vyuzit

dvou riiznych ptistupti.
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2.3.1 Hardwarové reseni Mossbauerova spektrometru

Konstrukce hardwarového feSeni MS obnasi vyvoj jednotlivych elektronickych casti
spektrometru (diskrimina¢ni jednotka, fidici jednotka, generator signdlu rychlosti a rozhrani
pro PC) [26]. Pro tyto ¢asti je nutné navrhnout a odladit jednoucelové elektronické desky.
Vyhodou tohoto typu koncepce je nizka cena pii opakované vyrobé¢ a absence mrtvé doby
zafizeni. Mezi nevyhody patii narocnéjSi proces modifikace jednotlivych ¢asti systému.

Blokové schéma hardwarového spektrometru je zndzornéno na obrazku 3.

.... Absorbér
Zaric

Pohybové
LA @ Detek
zafizeni Pl etektor

Generator | Registrace | |  Diskriminacni
rychlosti spektra jednotka

PC
Nastaveni méreni a
zobrazeni spekter

Obrazek 3. Blokové schéma hardwarového feseni transmisniho Mossbauerova spektrometru,

kdy jednotlivé bloky jsou realizovany jednoucelovymi deskami ploSnych spojt.

V hardwarovém feSeni reprezentuje pocitac pouze rozhrani pro uzivatele, kdy ptes PC
dochazi k nastaveni spektrometru, spusténi meéfeni, zastaveni méfeni a k prabéznému
zobrazovani spekter. Do pocitace jsou spektra pouze zdlohovana v pribéhu méteni, v ptipade
selhani PC spektrometr pokracuje v ¢itani spektra. Po opétovném ptipojeni PC miizeme Citané

spektrum vy¢ist a dale s nim pracovat.

2.3.2  Softwarové reseni Mdssbauerova spektrometru

Koncepce Mdssbauerova spektrometru konstruovaného za pouziti softwarového

(virtudlniho) feSeni je zalozena na vyuziti komeréné dostupnych multifunkénich méficich
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karet a vytvofené¢ho robustniho softwaru. Této problematice je vénovano né€kolik publikaci
[7], [27]-[29]. V naSich laboratofich vyuzivame vyhradné karty vyrabéné firmou National

Instruments.

Koncepce feSeni je zalozena na velmi propracovaném softwaru, ktery nahrazuje
jednoucelovy hardware. Problematika tohoto pfistupu je podrobné rozpracovana v [30].
Nevyhodou tohoto typu konstrukce jsou pofizovaci nédklady na multifunk¢éni karty a moznost
vzniku mrtvé doby pii zpracovani dat. Eliminaci mrtvé doby na 0 % jsme se intenzivné
vénovali a na toto téma byla sepsana publikace [31] Priloha D. Mezi hlavni vyhody tohoto
feSeni patii velmi rychld a snadnd moZnost modifikace softwaru. Cely systém je moZné velmi
snadno optimalizovat, pfipadné rozsifit pro dalSi funkce. Vytvofeny, pfipadné upraveny,
software je mozné snadno aktualizovat na vSech spektrometrech v laboratofi, které jsou na
tomto konceptu postaveny. Pfi stavbé nového spektrometru sta¢i zapojit pozadované
multifunkéni karty do pocitate a nahrat software. Schéma Mdssbauerova spektrometru

zalozeného na softwarovém feseni je znazornéno na obrazku 4.

.... Absorbér
Zaric
Pohybové
zafizeni _ﬁ Digrekeai
Synchronizacni a iz g g
. Registracni Diskriminacni
Kottt n jednotka I jednotka uE
jednotka ) )

Obrazek 4. Blokové schéma softwarového feSeni transmisniho Mdssbauerova spektrometru,

kdy jednotlivé bloky jsou realizovany pomoci multifunk¢nich karet a softwaru.

Pocita¢ v piipadé softwarového teSeni hraje naprosto kli¢ovou roli. Jsou do né¢j
zapojeny multifunkéni karty pro detekci signalu z detektorli a pro generovani signalu
pohybovému zatizeni. Hlavné je v ném obsluzny software, klicovy pro spravnou funkci karet
a tedy spravny chod celého spektrometru. V piipadé selhani funkce pocitace dojde k ukonceni

méfeni.
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2.4 Aplikace Mossbauerovy spektrometrie

Maossbauerova spektroskopie ma velky potencial pii pouziti v materialovém vyzkumu
diky Siroké Skale ziskanych informaci o studovaném vzorku, které jsou ziskany z hyper-
jemnych parametrii popsanych v uvodu kapitoly 2. Tato kapitola je zaméfena na védecké
oblasti, ve kterych byla pouzita Mdossbauerova spektroskopie. Zaméfuje se na vyzkum a
publikace, kde byla vyuzita mossbauerovskd data a jejich vyhodnoceni pii charakterizaci

studovanych materiald.

2.4.1 Vliv substituce Nd na strukturalni a magnetické viastnosti nikl feritu

V publikaci zaméfené na studium nikl feriti (NiFe,O4) dopovanych neodymem [32],
bylo pouzZito pro -charakterizaci nékolik analytickych metod vcetné Mdssbauerovy
spektrometrie. Z analyzy Mdssbauerovych spekter, ktera jsou znazornéna na obrazku 5, bylo
vyvozeno, Ze atomy neodymu (Nd”* ionty) nahrazuji atomy niklu (Ni*" jonty) v oktaedrickych
pozicich. K tomu dochazi pravdépodobné kvili jejich iontovému poloméru, ktery je blizko
mezni velikosti oktaedrickych pozic. Pti vys$Sich koncentracich se ve vzorku vyskytla faze
NdFeOs, coz odrazi omezujici kapacitu mfizky NiFe,O4 a jeho moznost krystalické struktury
zaClenit ionty Nd. Koncentrace atomli neodymu byla jiz tak vysokd, ze neni mozné nahradit

viechny ionty Ni*" v oktaedrickych pozicich.
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Obrazek 5. Mdssbauerova spektra nikl ferit dopovanych neodymem, pro rizné koncentrace
neodymu (u kazdého spektra uvedeno v procentech). Méteni probéhla za pokojové teploty,
bez externiho magnetického pole.

Sextetova komponenta oznacend O — NiFe,04 oktaedrickd upotadani.

Sextetova komponenta oznacend T — NiFe,O4 tetraedrickd uporadani.

(Ptevzato z [32])
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2.4.2  Charakterizace viastnosti chalcedonu, achatu a zultanitu

Studie se zaméfila na charakterizaci tii minerdlti ziskanych v Turecku (chalcedonu,

achatu a zultanitu) [33], Priloha E. Diky vysledkim ziskanym pomoci Mdssbauerovy

spektroskopie byla v této studii potvrzena existence ,,0strovi* s obsahem Zeleza v krystalové

struktute vSech tfi zkoumanych materiali. Studované ostriivky jsou zndzornény na obrazku 6

s odpovidajicim naméfenym mdssbauerovskym spektrem. Dale byly prostudovany jejich

magnetické vlastnosti. Bylo prokdzano, Ze tyto Zelezo obsahujici ,,ostrivky* maji vliv nejen

na magnetické vlastnosti materialu ale 1 na dielektrické vlastnosti

a) 100,0

3
@ 99,8 4
€
é 99,74 -+ Data
. I ;it tet
exte
99,6 Dublet Zultanit
Singlet 300K,0T
A o o i i e i B i i e
10-8 6 -4 -2 0 2 4 6 8 10

Rychlost (mm/s)

Transmise (%)

Transmise (%)

99,8

Si

Fee®
~=  Data Achat
—Fit 300K,0T
L) l L) l T I T ' T l T l T I L)
4 -3 -2 41 0 1 2 3 4

Rychlost (mm/s)

4 -3 -2 1 0 1 2
Rychlost (mm/s)

bo, & o 5 o ’W\?'{,‘?ﬂ * o @ o m‘:'%:- £ ﬁuw%-.y\,u
100‘0 _"‘—‘{Q%?’\}LYQ;'. ‘)u"ﬁ.&u g % =
99,9 -
99,8 -
1 © PData " Chalcedon
Fit 300K,0T
99;7 1 1T 1T 1T 1T 1 rrr

3 4

Obrazek 6. Namétrena mossbauerovska spektra pii pokojoveé teploté bez externiho

magnetického pole a) spektrum zultanitu, b) rozlozeni zelezo obsahujicich ostrivkl

v zultanitu, ¢) spektrum achatu, d) spektrum chalcedonu. (Pfevzato z [33])
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2.4.3 Redukce nanocastic Fe(lll) na Fe(ll) pomoci roztoku zeleného caje

V této studii zaméfené na redukci nanocastic Fe(11l) na Fe(Il) sehrala Mdssbauerova
spektroskopie za nizké teploty kliC¢ovou roli, pravé z hlediska schopnosti urceni valen¢niho
stavu sledované¢ho materidlu. Ve studii bylo prokézéno, ze polyfenoly obsazené v zeleném
¢aji provadi redukci Fe(Ill) na Fe(Il). Méfeni byla provadéna v riznych casech reakce (1
minuta az 24 hodin), kdy se reakce zastavila zamraZenim pomoci kapalného dusiku
v pozadovaném Case a nasledn¢ se provadéla nizkoteplotni métfeni pii teploté 100 K [34],

Priloha F. Na obrazku 7 jsou znazornéna spektra méfena pii riznych ¢asech navrzenych pro

popis celé kinetiky transformace,
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Obrazek 7. Mdssbauerova spektra métena v ¢ase od zacatku reakce a) 1 minuta, b) 60 minut,

¢) 24 hodin. (Ptevzato z [34])
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3  Maossbaueriiv spektrometr s casovym rozliSenim

Maossbauerova spektrometrie s Casovym rozliSenim, v anglické literatuie oznacovana
jako TDMS (Time Differential Mdssbauer Spectroscopy), je experimentalni metoda zaloZena
na transmisni Mossbauerové spektroskopii (proto je téz nazyvana jako TDTMS). Tato metoda
k informaci o rezonan¢nim jevu piidava také informaci o Case, tedy dob¢, po jakou zstalo
sledované jadro excitované na prvni hladin€é. NaSe experimentéalni uspotadani také dovoluje
snadnou Upravou modifikovat sestavu na emisni Mdssbauerovu spektroskopii s casovym

rozliSenim (TDEMS).

3.1  Princip TDMS

Jako zdroj gama-fotonti v naSich experimentech byl pouzit °’Co zabudovan
ve rhodiové matrici®. Jadro °"Co piechazi s 99,8 % pravd&podobnosti pomoci elektronového
zéchytu na °'Fe v excitovaném stavu s energii 136,5 keV, coZ je druha excitovana hladina.
Pro samotny rozpad, tedy piechod na zékladni hladinu, jsou mozZné dvé cesty. Na obrazku 8 je

znazornéno rozpadové schéma *’'Co.

Prvni, méné pravdépodobnou cestou je okamzity pfechod na zakladni hladinu a
vyzafeni gama-fotonu o energii 136,5 keV, tyto gama-fotony jsou pro méieni TDMS
nezajimavé a je snahou je pfi méfeni eliminovat. Druhou, mnohem pravdépodobnéjsi cestou
je rozpad pies prvni energetickou hladinu. Tento pfechod je sloZzen ze dvou krokl a byva
vyuZit 1 v jinych typech koinciden¢nich experimentid [35]. Pfi pfechodu z druhé hladiny na
prvni hladinu je vyzéafen gama-foton o energii 122,1 keV a nasledné, po setrvani na prvni
excitované hlading, klesne na zékladni hladinu a je vyzafen gama-foton o energii 14,4 keV.
Doba, po kterou ziistane na prvni hlading, je definovana jako doba zivota jadra. V piipadé
ziskani informace o dob¢ zivota, tedy o Case, mizeme efektivné filtrovat gama-fotony
s presnéji definovanou energii (tato moZnost vychazi z Heisenbergovych relaci neurcitosti).
Gama-fotony s lepSim energetickym rozliSenim jsou tedy pozorovany pro dlouhé doby zivota

na prvni hlading [36].

*Radioaktivni zdroj °’Co je pro nase ugely dodavan firmou Ritverc™.

26



57CO

Gama foton NNV
Konverzni elektron — — —
Elektronovy zachyt \ 99,8
57 ,
Fe 2. Uroven
122,1 keV
136,5 keV e 97.7
87,1 875 | AN
Tl =723
N2 112,3 ’ .
Z= ! 1. Uroven
12,9
14,4 keV 1011
87,7 { ~~ Zakladni stav
89,9 ™

Obrazek 8. Rozpadové schéma >'Co pouzivaného pro MS. Pravd&podobnosti prechodii jsou
vztazeny k jednomu rozpadu °’Co, kde hodnota reprezentuje pravdépodobnost emise

v procentech [37].

TDMS bylo jiz pouzito v mnoha ruznych experimentalnich studiich. Prvni
experimentalni vysledky publikoval Holand a kolektiv v [38], nasledné byly tyto vysledky
popsany teoreticky [39]. Napiiklad v [40] byly diky TDMS pozorovany dalsi spektralni
komponenty v Co(phen);(ClO4)-2H,0, podobné v [41], [42], kde byly pomoci TDMS
studovany Co(103),, CoSeO4 a CoSeO4-. Kokh a Realo studovali posun ve spektralnich ¢arach

u zelezem dopovaného ZnS [43].

3.2 Konstrukce TDMS

V né€kolika publikacich byly popsany rizné typy konstrukce TDMS/TDEMS [44]-
[47]. VSechny tyto spektrometry byly konstruovany formou hardwarového ptistupu a
vyuzivaly bézné¢ dostupné detektory pro detekci gama-fotonti o energii 122,1 keV. Detekce
téchto gama-fotonli je pro koinciden¢ni méfeni zasadni a je nutné maximalizovat jejich
detek¢ni u€innost v prostoru kolem celého zafiCe. Zarovenn nemizeme omezit pohyb zafice
pro modulaci zafeni pomoci jeho kmitani v ose vic¢i detektoru gama-fotonli o energii 14,4
keV. Kajcsos a spol. [46] a Albrecht a spol. [45] vyuzili ve svoji konstrukci detektory s co
nejveétsi rovnou plochou a zaroven je umistili do co nejkrat$i mozné vzdalenosti. V tomto typu

provedeni vznikd ale okolo zati¢e nemaly prostor, kde nedochéazi k detekci gama-fotonti o
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energii 122,1 keV. Tyto detekni ztraty se projevi nezadoucim zpisobem nejen ve statistické
kvalit¢ cCasovych spekter, ale také nezadoucim zpiisobem ovlivni spravnost piifazeni

detektovanych gama-fotonti od jednoho sledovaného jadra.

NaSe koncepce TDMS je zalozena na virtudlni instrumentaci, tedy softwarovém
feSeni. Konkrétné programové feSeni zajiStuje: fizeni pohybu zati€e, vyhodnoceni signalu z
detektorti a vysledné ¢itani do ¢asovych spekter. Software byl vytvofen v programovacim
prostfedi LabVIEW™ od firmy National Instruments [27], [28]. Pro digitalizaci signalu byla
pouzita métici karta NI PCI-5152 (National Instruments). Mé&fici karta obsahuje dva méfici
kanaly, kdy kazdy pracuje v 8 bitovém rozliSeni a dokédze signaly vzorkovat na obou kanalech
1 GS/s. Pro generovani signalu pohybovému zatizeni, byla pouzita karta NI USB-6215, ktera
je bézné pouzivana pro Mdssbauerovy spektrometry [27], [28]. Karta pro generovani signalu
je doplnéna o analogovy PID regulator [5]. Tento PID regulator je také mozné feSit promoci
virtudlniho ptistupu [48]. Blokové schéma experimentalniho uspofadani je zndzornéno na

obrazku 9. Na dané téma byla sepsana publikace, Priloha I-zatim v recenznim rizeni.

f
VN
zdroj
—I— PC
Det DSP systém
122 LabVIEW
| Pohybové & Det VN Chl
zafizeni [ [ ™ 14 zdroj
Det Digitizér
e
22 |5 > . ch2 | NiPci-5152
um
— D> —
VN
zdroj i
1 Generator
NI USB-6215

Obrazek 9. Blokoveé zndzornéné experimentalni uspotfaddani sestavy TDMS.

3.3 Modifikace TDEMS

Celou méfici sestavu je mozné snadno modifikovat na TDEMS, tedy emisni
Mossbauerovu  spektrometrii s Casovym rozliSenim. Vyhody modifikované sestavy na

TDEMS vyuzili naptiklad autofi publikace [36]. Pfi této Upravé je studovan nezndmy zaric a
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je pouzit referencni absorbér. Uprava je znazornéna na obrazku 10, kdy tento obrazek

roz$ifuje obrazek 9.

a) TDMS b) TDEMmS Znsmy

R "
Stusdovany Aktivni absorbér
vzorek

57¢ vzorek
| ° / | /

Obrazek 10. Blokové znazornéné a) TDMS a b) TDEMS.

Pro tuto modifikaci je nutné zajistit kvalitni upevnéni neznamého emisniho vzorku a
studovany vzorek nahradit zndmym absorbérem. Z hlediska softwaru a provozu méfeni

k Zadnym dal$im zménam v uspotadani sestavy nedochazi.
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4 DetekCni Cast

Pti konstrukci sestavy TDMS je nutné zajistit, krom¢ detekce gama-fotonii o energii 14,4
keV, také maximalni moZny pocet registrovanych gama-fotoni o energii 122,1 keV. Pro tento
ucel je mozné vyuzit néktery z typa detektort, popsanych v podkapitole 2.2.3. Pfi navrhu
sestavy jsme zvazovali vSechny moznosti, ale jelikoz na trhu neni detektor optimalizovany
ptimo pro TDMS, musel byt vyroben na zakézku dle naSeho navrhu. Na obrazku 11 jsou

znazornény oblasti, ve kterych je nutné detekovat dané gama-fotony.

vzorek

Pohybové
Shybowe ‘ 14,4 keV
zarizeni

Obrazek 11. Oblasti zajmu detekce vyzafovanych gama-fotona o energii 122,1 keV a 14,4

keV v okoli zéatiCe pti zachovani moZznosti zaticem pohybovat.

V oblasti detekce gama-fotonli o energii 14,4 keV se oproti béznému uspotradani
transmisnitho MS nic neméni. Z hlediska detekce gama-fotonli o energii 122,1 keV je snaha
maximalizovat detekci v co nejvétSim prostorovém uhlu okolo zafice, jak je znazornéno na
obrazku 11 zelenou barvou. Zaroven je nutné zachovat moznost pohybovat zati¢em v ose se
vzorkem pomoci pohybového zafizeni. Jak bylo diskutovano v podkapitole 3.2, pfi jinych
konstrukcich bylo vyuzivano komeréné dostupnych detektorti s velkou plochou. Tyto
detektory se umistovaly do co nejmensi vzdalenosti od zatice. Koncepce takového provedeni
je schématicky zndzornéna na obrazku 12 a). Toto feSeni je z hlediska poctu detekci
nedostatecné a nasi snahou bylo jej vylepsit. V publikaci [49] autofi diskutuji velkou ztratu
spravnych koincidenci. Pro maximalizaci detekovaného okoli zéafi€e je mozZné detektor

realizovat se scintilaénim krystalem studnového typu. Na obrazku 12 b) je tato varianta
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znazornéna, kdy je dosazeno velkého pokryti prostoru okolo zafice. Mezi hlavni nevyhody
tohoto provedeni patii slozita konstrukce pro pohyb vzorku vici zéafi¢i a také pfi pouziti jen
jednoho fotondsobice miize pii vysSich aktivitach dojit k saturaci detektoru pro detekci gama-

fotont o energii 122,1 keV.

Detektor122,1 keV
Pohybové b)
zafizeni

Absorbér

Detektor
14,4 keV

Detektor 14,4 keV

Pohybové
zafizeni

Detektor122,1 keV

Absorbér

Detektor 14,4 keV

Obrazek 12. Moznosti uspofaddani detekcni soustavy a) dva priblizené detektory, b) detektor

studnového typu, c) detektor s tunelem a zafi¢em umisténym uvnitt.

Naproti tomu varianta, zndzornéna na obrazku 12 c), kde je zafi¢ umistén mezi dva
detektory gama-fotonii o energii 122,1 keV, jejichz scintilaéni krystaly jsou rozdélené
napafenou vrstvou, stfedem je vybrousSen tunel pro vsunuti a moznost pohybu zéfiCem.
Takové provedeni kombinuje vyhody piedchozich dvou navrhli a eliminuje jejich nevyhody.
Velmi kvalitné pokryva prostor okolo zatice, oproti dvéma rovnym detektorim a také je
sniZzena saturacni hodnota detektoru na polovinu, oproti provedeni s detektorem studnového

typu. Provedeni znazornéné na obrazku 12 c) bylo pouzito pii zaddni naseho detektoru do
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vyroby. Tato detek¢ni soustava byla dle naseho navrhu vyrobena firmou CRYTUR, spol.
s.r.0. (Turnov, CR).

4.1 Detekce gama-fotont o energii 14,4 keV

Pro detekci gama-fotonli o energii 14,4 keV byl pouzit scintilaéni detektor. Tento
detektor vyuziva jako scintilacni krystal tenky Nal:Tl (jodid sodny, dopovany Thalliem) se
svétlo odraznou vrstvou pro zvySeni poctu viditelnych fotonti, které dopadnou do
fotonasobice. Tento krystal byl zvolen pro jeho velkou svételnou vytéznost a také pro kvalitni
odliSeni energii 14,4 keV od nezaddouciho charakteristického zafeni o energii 6,3 keV, které
’Co vyzafuje. Scintiladni krystal je ptipevnén svétlo-vodivou pastou na jednopalcovy
fotonasobi¢ R6095 (HAMAMATSU). Fotonasobi€ je zapojen do fiditeIného zdroje vysokého
napéti C9028-01 (HAMAMATSU), s integrovanou patici.

Zdroj vysokého napéti je Fiditelny pomoci rozhrani I°C, pies vytvofeny software pro
nastaveni detektoru. Signal z detektoru je zesilen ve dvou za sebou umisténych zesilovacich.
Prvni zesilova¢ (pfedzesilova¢) méa pevné zesileni 80x%, druhy zesilova¢ je nastavitelny
v rozsahu az do zesileni 81x. Toto zesileni je ovladano pies software pro nastaveni detektoru.
Zesileni je fizeno pomoci digitalniho potenciometru ADS5252 (Analog Devices), ktery v sobé
obsahuje moZnost fizeni pres komunikadni rozhrani I°C [25]. Software pro nastaveni
detektoru je vytvofen vLabVIEW a vyuzivi USB/I’C pievodnik pro komunikaci
s detektorem. Cely detektor je pIné fiditelny a je mozné jej nastavit pro co nejlepsi
energetické rozliSeni. Pfi nastaveni detektoru je snahou maximalizovat odstup pro méfeni
zajimavych gama-fotoni od ostatnich signali. Na obrazku 13 je zndzornéna amplitudova

analyza signalu z tohoto detektoru.
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Obrazek 13. Amplitudova analyza signalu z detektoru gama-fotoni o energii 14,4 keV, kde

cervend kiivka znazorfiuje méteni s Cu filtrem a ¢ernd méteni bez filtru.

Oblast naseho zajmu je v grafu na obrazku 13 vymezena naméfenymi kiivkami od
kanalu 50 po 115. Gama-fotony o energii 6,3 keV jsou v ptedni (saturacni) oblasti obrazku
13. Podrobny popis detektoru a jeho vlastnosti je soucésti publikace [25] Priloha G. Na
konstrukci a vlastnosti tohoto detektoru byl zaregistrovan uZitny vzor. Vysledny signal
z detektoru obsahuje zesilené impulzy s kladnou polaritou, které jsou pfipraveny pro nacteni a
naslednou digitalizaci méfici kartou. Zpracovani signalu zajiStuje systém, ktery je popsan

v podkapitole 4.3.

4.2 Detekce gama-fotonti 122,1 keV

Detekéni soustava pro detekci gama-fotoni o energii 122,1 keV je navrzena a
sestavena jako kompaktni méfici jednotka. Tvar detektoru byl navrZzen pro maximalizaci
poctu detekci v celém prostoru okolo zafiCe, jak bylo popsano na pocatku kapitoly 4.
Detekéni cast je slozena ze dvou detektorti, oznatenych A a B. Kazdy znich obsahuje
scintila¢ni krystal YAP:Ce (YAIOs; perovskite dopovany cerem) o celkovém vné&jSim
rozméru: prumér 50 mm a délka 20 mm. Tyto krystaly jsou k sobé ptiloZzeny pies napatenou
odraznou hlinikovou vrstvu, jsou tedy navzajem opticky oddéleny. Mezi krystaly je

vybrousen pti¢ny tunel o priméru 17 mm, viz obrazek 12 c). Tento tunel zajiSt'uje moZnost
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pohybu se zafi¢em na jedné strané¢ a zaroven detekci gama-fotoni o energii 14,4 keV na
strané druh€. V tunelu je umisténa hlinikova vlozka tloustky 0,5 mm, pro odfiltrovani gama-
fotonll o nizSich energiich (ty hlinikovou sténou neprojdou). Detektor je tedy optimalizovan
na detekci gama-fotonti o energie 30 keV az 1 MeV. KaZzdy z krystall ma vlastni
fotonasobi¢, délic napéti, zdroj vysokého napéti a je magneticky stinén. Cela detekéni
soustava je umisténa v jednotném kompaktnim pouzdie. Kazdy z detektori A a B ma svij
vlastni (BNC, Canon D9) konektor pro sledovani signdlu a pro nastaveni trovné vysokého
napéti. Celd detek¢ni soustava vazi 2 kg, je 456 mm dlouhd, o priméru 65 mm, je

schematicky zndzornéna na obrazku 14.

Zdroj vysokého napéti

Fotonasobic¢

Ty€ pro pohybové zafizeni
Krystal

YAP:Ce

Obrazek 14. Schematické zndzornéni v fezu vnitiniho uspotadani detekéni soustavy.

Pouzité scintilacni krystaly jsou navrzeny tak, aby dosahovaly maximdlni detekcni
uc¢innosti ve sledované energetické oblasti. Z hlediska geometrie v modelovém ptipadé
umisténi bodového zétice do stfedu tunelu, detektor by pokryl 94,82 % prostoru okolo zaticCe.
Pti navrhu tloustky scintilaCnich krystali bylo vyuzito znalosti absorpcnich vlastnosti,
znazornénych na obrazku 15. V grafu je vynesena Uc¢innost absorpce scintilacniho krystalu

YAP:Ce, v zavislosti na jeho tloustce.
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Obrazek 15. Zavislost absorpce gama-fotoni o energii 122,1 keV na tloust'ce scintila¢niho

krystalu YAP:Ce.’

Scintila¢ni krystaly jsou svétlo-vodivou pastou opticky spojeny s fotonasobici R1306
(HAMAMATSU), které jsou napojeny pies napétové délice na zdroje vysokého napéti.
Vysoké napéti zajiStuje zdroj C4900-51 (HAMAMATSU), ktery je fiditelny urovni
piivadéného napéti vrozsahu 0 V az 5 V a vysledna uroven je 250x vyssi. Schéma délice

zajistujiciho optimélni napajeni dynod je zndzornéné na obrazku 16.
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Obrazek 16. Schéma elektrického zapojeni délice a elektrod fotondsobice

(RI-R9= 330 kQ; R10= 1 MQ,; C1-C3= 10 nF; C4= 4,7 nF; C5= 3,3 nF).

3 Zavislost absorpce gama-fotonti o energii 122,1 byla dodana firmou CRYTUR, spol. s.r.o. (Turnov, CR).
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Vystupy z obou fotondsobict detektorti A a B jsou zesileny stejnym zesilovacem, jako
vystupy z detektoru pro detekci gama-fotonid o energii 14,4 keV. Diky tomu je dosazeno
stejného rozsahu amplitud a tvarti impulz pro vSechny sledované signdly. Pro zpracovani
signalu méfici kartou je nezbytné, aby signdl z obou detektorit A 1 B byl detekovan jednim
méticim kanalem. Pro tyto Gcely byl navrZzen sumacni prvek, jeho schéma je zndzornéno na

obrazku 17.

#

Detektor A 1.5 kQ 1.5 kQ

— 1 1.5 kQ
— L

1.5kQ

Detektor B 1.5 kQ

? AD8038 11 ;1 0s038 | Vystup

Obrazek 17. Schéma elektrického zapojeni sumacniho ¢lenu signal z obou detektort A 1 B

Do sumacni jednotky jsou piivadény jiz zesilené signaly a jsou zde pouze pomoci
superpozice slozeny dohromady. Vystupni signal je pfipojen na méfici kartu, kterd provede
naslednou digitalizaci signalu. Findlni vyhodnoceni signalu provede software popsany
v podkapitole 4.3.

Pti provadéni amplitudové analyzy jsou do sumatoru signalu postupné piivadény
signaly zdetektoru A a detektoru B. Naméfené amplitudové analyzy jsou porovnany
z hlediska pozice piku tplné absorpce, odpovidajicimu energiim 122,1 keV. V piipadé roz-
posunuti je mozné jednotlivd ramena nezavisle zesilovat a posun minimalizovat. Tato situace
je znazornéna na obrazku 18, kde je na jednom rameni detektoru jina poloha piku uplné
absorpce. Po kompenzaci toho posunu je naméfena findlni amplitudova charakteristika na

vystupu ze sumacni jednotky.
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Obrazek 18. Amplitudova analyza signalt z detektori gama-fotonti o energiil22,1 keV, kde
zelena kiivka je métfena pred upravenim zesileni a zndzoriuje data z detektoru A, modra
kiivka znazoriiuje data z detektoru B a Cervena kiivka zndzornuje signal na vystupu sumatoru

(po uprave zesileni detektoru A).

4.3  Zpracovani signalu z detektort

V experimentech jaderné fyziky je pouzivana velkd Skala detekénich systémi,
zaloZzenych na riznych principech. Neékteré typy vhodné pro MS byly jiz diskutovany
v podkapitole 2.2.3. Vystupem z detektoru je signal obsahujici impulzy, kdy tyto impulzy
maji vétSinou amplitudu odpovidajici energii dopadajiciho zafeni do detektoru. U téchto
detekovanych impulzl jsou pro méfeni zasadni dvé informace a to o Case ptiletu gama-fotonu
do detektoru, o amplitudé¢ impulzu, kterd odpovidd energii detekovan¢ho gama-fotonu a o
Case priletu gama-fotonu do detektoru. Pfesna hodnota amplitudy umoZznuje kvalitng;si
diskriminaci podle energie a tedy spravny vybér platnych impulz. Na urceni doby pfiiletu
gama-fotonu do detektoru jsou v koinciden¢nich métenich kladeny extrémni naroky a je
pozadovana maximalni pfesnost. Problematice pfesného urceni amplitudy impulzi a doby
priletu gama-fotonu do detektoru se vénuje velké mnoZstvi publikaci [50]-[56]. Zpracovani
signalu z detektoru lze provadét dvéma pristupy, hardwarové, nebo softwarové, jak bylo

popsano v podkapitolach 2.3.1 a 2.3.2.
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Pt1 pouziti konceptu virtualni instrumentace, tedy softwarového feSeni, dostdvame z
detektoru pouze zesilené nezpracované signdly. Tyto signily jsou pomoci méfici karty
digitalizovany a veSkeré zpracovani signali provadi pocitac. Volbou a nastavenim méftici
karty ovlivnime rychlost vzorkovani méteného signdlu a jeho amplitudové rozliSeni. Pro
softwarové zpracovani signalii z detektorii je nezbytné, vhodné navrhnout algoritmus pro
zpracovani signalu, kdy hlavni pozadavky jsou rychlost algoritmu a pfesnost urceni doby
priletu gama-fotonu do detektoru. Tématem optimalniho vyhodnoceni tvaru signdlu z
detektoru se zabyva nckolik studii [50], [52], [57], [58]. Analyze amplitud signalu a jejich
dob¢ pfiletu se vénuje také [59]. Systémim se zaméfenim na dobu pfiletu a vyuzitim

v koincidenc¢nich systémech se vénuje [51].

Pro precizni analyzu signalu z detektoru byl vytvofen algoritmus v programovacim
prostiedi LabVIEW. Algoritmus se zamétuje na kliCovy parametr impulzu a to na jeho dobu
ptiletu [60], Priloha H. Tento algoritmus byl nazvan FPPA (z anglického ndzvu ,,Fast Pulse
Processing Algorithm®). Dale je také optimalizovany pro eliminaci dvou na sebe nactenych

impulzi (tzv. pile-up efektu). Systém detekce je zndzornén na obrazku 19.
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Obrazek 19. Systém analyzy signalu z detektoru v Case. Cerna kiivka zndzornuje
zaznamenany signal. Cervena kiivka znazorniuje jiz vyhodnoceny signdl s ur¢enim amplitudy

a doby pftiletu gama-fotont. (Pfevzato z [60])

Signal je rozd€len pomoci urovné, ta je v obrdzku 19 zndzornéna jako parametr C, na
dva moZné stavy I pod trovni a II nad Grovni. V bod€ A, coz je bod prekroceni trovné

smérem nahoru, je do paméti uloZena informace o poloze (dobé pftiletu) gama-fotonu.
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Nasledné po zpétném piekroceni pod prah nastaveného parametru C, na obrazku znazornéno
bodem B, je do polohy bodu A uloZena informace o maximalni amplitudé, které signal dosahl

béhem faze II. Proces detekce je schematicky znadzornén na obrazku 20.
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Obrazek 20. Blokovy diagram zpracovani signdlu pomoci FPPA. (Pfevzato z [60])

Tento detek¢ni algoritmus nevynikd pouze rychlosti zpracovani, ale také v ptipadé
dvou Castec¢né na sebe superponovanych impulzi jsou oba rozliSeny. V ptipade pouziti funkci
zalozenych na prokladdani tvarem, mohou byt impulzy chybné povazovany za jeden. U metod
proloZeni impulzu typickym tvarem, zvlasté u nizSich vzorkovacich frekvenci, dochazi také

k velmi neptfesnému urceni doby pfiletu gama-fotonu.

V publikaci [60] byl tento algoritmus porovnavan s funkci obsaZzenou v
prostiedi LabVIEW pro detekci piku v signdlu, kterd pracuje na zaklad¢ prokladani impulzt
typickym tvarem. Tato funkce je zndma pod zkratkou WPkD (z anglického nazvu Waveform
Peak Detection).

Pro charakterizaci byly algoritmy porovnany =z hlediska amplitudovych analyz
méfenych za stejnych podminek. V namétenych spektrech byly sledovany parametry piki
6,3 keV a 14,4 keV, vyzafovanych >’Co. Pro rozpoznani relevantnich fotond byly pouZity
filtry (hlinik a méd’), které byly vkladany pred detektor. Vysledna spektra amplitudovych

analyz jsou zobrazena na obrazku 21.
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Obréazek 21. Spektra amplitudové analyzy °’Co a) méfeno algoritmem FPPA b)

meéteno algoritmem WPkKD. (Prevzato z [60])

V ptedlozenych spektrech na obrazku 21 je patrné, Ze diky precizn€jSimu urceni

amplitudy u algoritmu FPPA dosahujeme lepsiho energetického rozliSeni. Pti aplikaci

algoritmli je tedy mozné pifesné€ji urcit a nastavit diskriminacni okno oblasti, zajimavé pro

dané meéfeni. V zadni ¢asti obou piedkladanych spekter, kde dochazi k saturaci zpiisobené

detekci gama-fotonl o energii 122,1 keV je patrné, ze u funkce WPkD dochazi k rozmazani

saturaCnich impulz. Na obrazku 21 jsou také znazornéné oblasti se sumou poctu detekci

v dané oblasti.

Pro dalS$i porovnani navrZzeného algoritmu FPPA a WPKD bylo pouZito méfeni

transmisnitho Mdssbauerova spektra. Jako vzorek byla pouzita kalibrani folie a-Fe. Na

obrazku 22 jsou zobrazena namétena spektra.
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Obrazek 22. Namétena spektra vzorku a-Fe a) s pouZitim navrZzeného algoritmu FPPA

b) s pouzitim funkce WPkD. (Ptevzato z [60])

Ob¢ prezentovana spektra na obrazku 22 byla znormovana na stejny Cas. V piipadé
pouziti funkce FPPA jsme dosahli o 13,6 % vétSiho nartistu poctu platnych detekovanych
impulzi. Tento parametr také zadsadnim zplUsobem ovlivnil efekt méfeni, kdy s FPPA bylo
dosazeno o 14,3 % lepsiho efektu méteni (z 8,4 % na 9,8 %). Pti vyhodnoceni spekter bylo
také prokazano zuzeni spektralnich ¢ar o 6,3 % u funkce FPPA (z 0,33 mm/s na 0,31 mm/s).

Toto zuzeni spektralnich ¢ar bylo pfisouzeno preciznéjSimu urceni doby ptiletu gama-fotonu
do detektoru.
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5 Vyhodnoceni koinciden¢nich signali

Ziskany signal z detektoru je nacten méfici kartou do pocitace, kdy v pocitaci ziskame
tento signal ve formatu datového pole. Datové pole obsahuje dvé fady Cisel, kdy kazda tada
reprezentuje digitalizovand data z jednoho kanalu méfici karty. Tato ziskana data jsou méfici
kartou nacitany paralelné a neni mezi nimi zddny casovy posuv. Nami pouZivand méftici karta
NI PCI-5152 popsana v podkapitole 3.2 dokaZe na-vzorkovat milion vzorkii po jedné
nanosekundé, pro dva méfici kandly soucasné. Veskeré dal§i zpracovani a vyhodnoceni

provadi software.

5.1 Analyza koinciden¢nich gama-fotont

Pro spravné nalezeni koinciden¢nich gama-fotonil je nezbytné kvalitni vyhodnoceni
ziskané¢ho signalu. Tuto analyzu provadi algoritmus popsany v podkapitole 4.3, ktery
digitalizovany signal ptfepracuje pro dalSi zpracovani. Redlny naméteny signal je zndzornén
na obrazku 23 a) pro oba kandly, kdy algoritmus urci pro kazdy impulz dobu pftiletu, jeho
amplitudu a nésledné provede diskriminaci. Pokud impulz splituje diskrimina¢ni podminky, je
v ptipad¢ detektoru pro detekci gama-fotoni o energii 14,4 keV piepracovana jeho amplituda

na hodnotu jedna a veskery dalsi signal na hodnotu nula.

Takto upraveny signal je pfipraveny pro dal§i zpracovani b&znym virtudlnim
Mossbauerovym spektrometrem, ktery Citd impulzy do integracniho spektra bez cCasové
filtrace. Gama-fotony o energii 122,1 keV jsou zpracovany stejnym algoritmem, kdy
sledovana amplituda je v bodé& priletu nahrazena hodnotou dva, jak je zndzornéno na obrazku
23 b). Transformované signdly zndzornéné na obrazku 23 b) jsou nasledné slozeny do
jednoho signalu na obrazku 23 c), kdy v celém datovém poli jsou pouze hodnoty nula, jedna a
dva. Pole obsahujici pouze hodnoty jedna a nula (dolni ¢ast obrazku 23b)) je paraleln€ pouzito
pro Citdni bézné¢ho sumacniho Mdssbauerova spektra. DalSim krokem je urCeni vzdalenosti
(Casu) mezi témito impulzy oznacené jako t na obrazku 23 c). Spoustéci udalost pro hledani je
impulz 122,1 keV transformovany na Cislo dva. Za timto impulzem je oblast pro urceni
koincidence, kterou je mozné nastavit (omezit) typicky na hodnotu 200 ns. Software ¢eka na

ptipadnou hodnotu jedna (gama-foton o energii 14,4 keV) v signalu a ur¢i hodnotu 1. Uréena

42



hodnota 1 je pouzita pro rozfazeni gama-fotoni 14,4 keV do jednotlivych koinciden¢nich

spekter, nebo pro méteni doby Zivota studovaného zatice.

a)

Amplituda (K)

Amplituda (K)

=

Amplituda (K) Amplituda (K)

(@]
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Obrazek 23. Posloupnost detekce signalu a nalezeni koinciden¢nich part a) digitalizovany

signal z detektort, b) piepracovany signal, ¢) signal piipraveny pro nameieni doby Zivota na
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5.2 Méreni doby Zivota na prvni excitované hladiné

Ziskana hodnota t nese informaci o dob¢ Zivota jadra sledovaného atomu na prvni
excitované hlading, jak bylo rozepsano v podkapitole 3.1, v€etné znazornéného rozpadového
schématu °’Co. Dobu Zivota je mozné méfit s riznou vzorkovaci rychlosti, kdy na obrazku 24
je zobrazena namétfend doba Zivota srozliSenim jedné nanosekundy. Naméiena data jsou
fitovana pomoci tif zndzornénych exponencial v obrazku 24. Sed4 exponencidla znazoriiuje
nahodné pary nekoincidencnich gama-fotonii. Tyto nekoinciden¢ni gama-fotony jsou
obsazeny vzdy v méfenich doby zivota, kdy principidlné¢ neni mozné u vSech gama-fotont
spravné piifadit koincidenéni par. Modra exponenciala oznaduje dobu Zivota jader °'Fe, kdy
doslo k nalezeni koincidenéniho paru gama-fotonti. Z namétenych dat byla urcena stfedni

doba Zivota téchto jader na 142 ns.
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Obrézek 24. Méfena data doby Zivota *'Fe, kde zelena kfivka odpovidé nafitovéani
métenych dat exponencialou, modra kiivka odpovida koincidenénim gama-fotonim a Seda

nahodnym koincidencim.

Meéieni doby Zivota je pii samotné konstrukci Mdssbauerova spektrometru s casovym
rozliSenim velmi uzite€ny nastroj z hlediska ovétfeni a kalibrace Casové osy. V dusledku
rtiznosti detektort a jejich napojeni na meéfici kartu dochazi v obou linkach k riiznému

zpozdéni signalt. Toto zpozdeéni je mozné softwarové nebo délkou linky kompenzovat diky
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ziskané poloze bodu s ¢asem nula z vyhodnocenych dat méfeni doby zivota. Na obrazku 24 je

casova osa posunuta do bodu nula na zékladé€ tohoto vyhodnoceni.

5.3 Rozdéleni do spekter podle T, doby Zivota

Proces meéfeni Mossbauerovych spekter s ¢asovym rozliSenim vyzaduje navrZeni
optimélniho nastaveni Casovych intervald, ve kterych budeme jednotliva spektra Citat. Nase
experimentalni uspofadani vyuzivd méftici kartu popsanou v podkapitole 3.2, ktera nabizi
moznost méfeni s rozliSenim az na jednu nanosekundu. Nabizi se tedy moznost provadét
méfeni s Casovym rozliSenim pro jednotlivd spektra po jedné nanosekundé. Tak jemné
rozliSeni neptinasi zddné nové informace, naopak dochézi k nartistu mrtvé doby v disledku
vysoké vzorkovaci rychlosti a pfesunu velkého mnozstvi dat v pocitaci. Také velky pocet

¢itanych spekter vede k del§imu trvani méfeni pro ziskani optimalni statistiky.

Triftshauser pouZil v publikaci [49] ¢ty Casova okna 443, 43—-86, 86—146 a 146200
ns. Watanabe a kolektiv pouzili v [42] ¢asova okna 0-20, 20-75 a 75-140 ns. Nase méteni
byla provadéna s ¢asovymi okny 0-25, 26-50, 51-75, 76—-100, 101-125, 126—-150, 151-175
a 176200 ns a také 0-50, 51-100, 101-150 a 151-200 ns. Toto rozfazeni do jednotlivych

spekter je provadéno na zakladé€ hodnoty t.

Z hlediska zkraceni doby méfeni je efektivnéj$i provadét méfeni v menSim mnozstvi

casovych oblasti, ziskame tak lepsi statistiku.
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6 Méreni Mossbauerovych spekter s ¢asovym rozliSenim

Realizovand méfici aparatura byla pouzita pro méfeni v reZimu TDMS pro nékolik
vzorkli. Za ucelem testovani vlastnosti aparatury a sledovani projevii ¢asového rozliSeni pro
rtizné komponenty. Snahou bylo nalezeni optimalniho ¢asového okna pro maximalni vyuZiti
potencialu ¢asového rozliSeni. Pro méfeni byly pouzity 3 vzorky, kdy kazdy obsahoval pouze

jednu spektralni komponentu (singlet, dublet a sextet).

6.1 Singlet v rezimu TDMS

Prvni méfeny vzorek® byl K;MgFe(CN)s, ktery byl jiz od vyroby obohacen *’Fe a
Giroveti obohaceni byla 0,25 mg/cm”. M4 jedinou spektralni komponentu a tou je singlet. Na
obrazku 25 je zndzornéno sumacni transmisni mdssbauerovské spektrum tohoto vzorku.

Znazornéné spektrum je ¢itdno soucasné se spektry v rezimu ¢asového rozliSeni.
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Obrazek 25. Vzorek K;MgFe(CN)s méteny v konfiguraci transmisniho Mdssbauerova

spektrometru bez Casové filtrace.

Vzorek K;MgFe(CN) byl dodan firmou Ritverc.
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Studovany vzorek ma isomerni posun -0,09 mm/s a §itku ¢ary 0,33 mm/s pi1 méfeni

bez ¢asového rozliSeni.

V ptipadé méfeni spekter s casovym rozliSenim dojde pro rtiznd ¢asova okna k zméné
Sitky spektralni ¢ary. Ve spektrech znazornénych na obrazku 26 je mozné pozorovat zuZzovani
cary v zavislosti na zvétSujicim se 1. Nasledné jsou presné hodnoty hyperjemnych parametri

vypsany v tabulce 1.

Na okrajich spektralnich ¢ar lze pozorovat typicky efekt zvinéni zejména pro kratsi
casoveé zpozdéni. Vzniklé viny se vyskytuji v disledku selekce ¢asového intervalu, ktery je
spojen s Fourierovou transformaci spektralniho tvaru v energetické (rychlostni) doméng.
Proto spektra spiSe nez jednoduchy Lorentzovsky tvar [39] vykazuji tvar sin (x) / X, ktery je
Fourierovou transformaci pravouhlého pulsu [61]-[63]. Ve spektrech na okrajich ¢ar jsou

pozorovatelné viny, kdy jejich tvar odpovidé zvolenému casovému oknu.

Mgéfena spektra v nasledujicich podkapitolach, byla provadéna pomoci zatite °'Co

s aktivitou 1 MBq.
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Obrazek 26. Vzorek K;MgFe(CN)s mefeny v konfiguraci Mdssbauerova spektrometru

liSenim.
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Tabulka 1. Vyhodnoceny isomerni posuv a §itka ¢ary spekter s Casovym rozliSenim
znazornénych na obrazku 26. Pro vSechna spektra byla jako kalibrace pouzita folie a-Fe.

Casové —
okno (ns) 0-25 26-50 51-75 76-100 101-125 126-150 151175 176-200 >ooiom
spektrum
Sitka
gry 057 046 035 031 027 025 024 023 033

(mm/s) +0,01 +0,01 +£0,01 =+0,01 +0,01 +£0,01 +£0,01 +£0,01 +0,01

POMEML T 0,00 -0,00 0,09 009 0,09 0,09 -009 -009  -0,09
posuv

(mm/s) +0,01 +0,01 +£0,01 =+0,01 +0,01 +£0,01 +£0,01 +£0,01 +0,01

Na obrazku 27 je vykreslena zavislost zmény §itky ¢ary na ¢asovém okné. V levé ¢asti

je hodnota Sitky spektralni ¢ary vyssi pro kratké Casy a nasledné se jeji hodnota snizuje.
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= pad R ) 51-75 ns
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Obrazek 27. Zavislost §itky ¢ary u vzorku KyMgFe(CN)g na ¢asovém rozliseni. Seda

cara znazornuje Sitku spektralni ¢ary pro sumacni spektrum.

U casového intervalu pro Tt 176 az 200 ns byla zméfena Sitka cary 0,23 mm/s, oproti
integralnimu spektru, u které¢ho je §itka cary 0,33 mm/s, se tedy jedna o ztzeni o 30 %. Tyto

data jsou soucasti dokoncené¢ publikace a jsou ptevzata z Prilohy I
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6.2 Dublet v rezimu TDMS

Dals$im studovanym vzorkem byl Na,[Fe(CN)sNO] Nitroprusid sodny, ktery ma pouze
jednu spektralni komponentu a tou je dublet. Na obrazku 28 je znazornéno sumacni spektrum

tohoto vzorku.
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Obrazek 28. Vzorek Nay[Fe(CN)sNO] méfeny v konfiguraci transmisniho Mossbauerova

spektrometru bez Casové filtrace.

Soucasné byla provadéna casova filtrace a byla Citdna Ctyii koincidenéni spektra.
Koincidenéni spektra jsou znazornéna na obrazku 29. Tato méfend spektra jsou Citana
v Casovych intervalech 0-50, 51-100, 101-150 a 151-200 ns. Snizenim poctu soucasné
¢itanych spekter bylo dosazeno snizeni ¢asu méfeni. Casovéa okna byla rozdélena v navaznosti
na zavislost zobrazenou na obrazku 27, kdy v asovém intervalu 151-200 ns dochazi

k maximalnimu zuZeni $ifky spektralni ¢ary.
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Tabulka 2. Vyhodnoceny isomerni posuv, kvadrupolové Stépeni a Sirka Cary spekter
s ¢asovym rozliSenim, zndzornénym na obrdzku 26. Pro vSechna spektra byla jako kalibrace
pouzita folie a-Fe.

< sumacni
cas (ns) 0-50 51-100 101-150 151-200 spektrum
Sitka Sary 0,42 0,28 0,23 0,20 0,30
(mm/s) +0,01 + 0,01 + 0,01 + 0,01 +0,01
. . -0,25 -0,25 -0,25 -0,25 -0,25
isomerni posuv
(mm/s) +0,01 + 0,01 + 0,01 + 0,01 + 0,01
e s 1,62 1,62 1,62 1,62 1,62
kvadrupolové
Stépeni (mm/s) +0,01 + 0,01 + 0,01 + 0,01 + 0,01

Z hyperjemnych parametri vypsanych v tabulce 2 je patrné, ze pro Casové okno
151-200 ns doslo k zGzeni spektralni ¢ary na 0,20 mm/s, oproti tomu u sumacniho spektra
byla §itka ¢ary 0,30 mm/s. Vysledné zizeni pro toto ¢asové okno je 33 % oproti sumacnimu

spektru.
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6.3

Pro méfeni jsme pouzili vzorek nula mocného Zeleza a-Fe, které ma pouze jednu

spektralni komponentu a tou je sextet. Sumacni spektrum je zndzornéno na obrazku 30.

Transmise (%)

Obrazek 30. Vzorek a-Fe méfeny v konfiguraci transmisniho Mdssbauerova spektrometru bez

Me¢fteni v rezimu TDMS bylo provadéno pro ¢tyfi ¢asova okna a to v intervalech 0-50,

51-100, 101-150 a 151-200 ns. Namétena spektra jsou zobrazena na obrazku 31.

Sextet v rezimu TDMS
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Obrazek 31. Vzorek a-Fe méfeny v konfiguraci Mdssbauerova spektrometru

s ¢asovym rozliSenim.
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Tabulka 3. Vyhodnoceny isomerni posuv, kvadrupolové stépeni, magnetické dipolové
interakce a Sifka ¢ary spekter s Casovym rozliSenim znazornénym na obrazku 30. Pro vSechna
spektra byla jako kalibrace pouzita folie a-Fe.

¥ sumacni
¢as (ns) 0-50 51-100 101-150 151-200 spektrum
0,45 0,32 0,25 0,21 0,34
Sitka ¢ary (mm/s) +0,01 +0,01 +0,01 +0,01 +0,01
. . 0,00 0,00 0,00 0,00 0,00
isomerni posuv
(mm/s) +0,01 +0,01 +0,01 +0,01 +0,01
M ick4
agneticka 33,0 33,0 33,0 33.0 33.0
dipolova
interakce (mm/s) + 0,03 + 0,03 + 0,03 +0,03 +0,03

Z hyperjemnych parametrti vypsanych v tabulce 3 je patrné, ze pro Casové okno
151-200 ns doslo k zGzeni spektralni ¢ary na 0,21 mm/s, oproti tomu u sumacniho spektra
byla §itka ¢ary 0,34 mm/s. Vysledné zazeni pro toto ¢asové okno je 38 % oproti sumacnimu

spektru.
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r 4
7 Zavér
V réamci piedlozené dizertacni prace byla popséna realizace sestavy Mossbauerova
spektrometru s ¢asovym rozliSenim. Tato konstrukce je vytvofena na konceptu virtualni
instrumentace. Virtualni instrumentace v dané sestavé zajiStuje celou posloupnost méficiho

fetézce, od nacteni dat z detektorti, az po samotné Citdni a ukladani spekter. Pro tento typ

experimentu je realizace zaloZend na softwarovém feSeni naprosto unikatni.

Pti vlastni konstrukci popsané sestavy bylo realizovano n¢kolik vylepSeni, ktera byla
uspeésné implementovana do béznych Mossbauerovych spektrometrd, pouzivanych v naSich
laboratofich. Naptiklad moznost méfeni za nizkych teplot v zalévacim kryostatu, ktery je
pInén kapalnym dusikem. Také byly provedeny a publikovany vylepSeni v oblasti snizovani
mrtvé doby virtualnich spektrometri. Z hlediska detekéni oblasti byl navrZen algoritmus pro
rychlé¢ a piesné softwarové zpracovani signali z detektorti zareni gama. Algoritmus je
zaméfen na piesné urCeni amplitudy a doby pfiletu gama-fotonu, coz je klicové
v koinciden¢nich experimentech. Tato vylepSeni byla publikovéana a ptipadné zaregistrovana
na ufadu primyslového vlastnictvi. Na nosné publikace a patenty je v textu odkazovano a jsou

umistény v ptilohach préce.

Z hlediska  konstrukce sestavy byly jednotlivé mechanické komponenty
optimalizovany, ptipadn¢ byly nové navrzeny a zakazkoveé vyrobeny. Nejzasadnéjsi Casti je
detek¢éni soustava pro detekci gama-fotoni o energii 122,1 keV, kterd byla navrzena
s maximalni moZnou optimalizaci pro tuto experimentalni sestavu. Tato detekéni soustava
zasadnim zpiisobem ovliviiuje moznosti a u¢innost celé métici aparatury a to jak z hlediska
samotného méfeni TDMS, tak moZnosti aplikovat sestavu v dalSich typech koinciden¢nich

experimentl.

V zévérecné Casti jsou predvedeny vlastnosti experimentdlni sestavy pii méfeni
spekter v rezimu TDMS. Jsou zde také diskutovany moznosti a vyhody méfeni pfi riznych
rozsazich €asovych (koincidencnich) oken z hlediska doby a ptfesnosti méteni. Nasledné je na
jednotlivych spektrech demonstrovan vliv Casové filtrace. Nejvyraznéj$im efektem je zuzeni
spektralni ¢ary pro Casova okna 150 — 200 ns. Kdy oproti béznému nekoinciden¢nimu méfeni
je spektralni ¢ara z(iZzend az o 38 %. Z hlediska konstrukce a nasledné aplikace sestavy TDMS

byly vSechny vytycené cile dosazeny.
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Setup of Mossbauer Spectrometers at RCPTM

J. Pechousek, D. Jancik, J. Frydrych, J. Navaiik and P. Novak

Regional Centre of Advanced Technologies and Materials (RCPTM), Department of Experimental
Physics, Faculty of Science, Palacky University, 17. listopadu 12, 771 46 Olomouc, Czech Republic

Abstract. Setup of Mdossbauer spectrometers (MS) for structural, phase, and magnetic
characterization of iron- or tin-containing samples is presented. This comprehensive line of *’Fe
and '”Sn Mbssbauer spectrometers covers transmission spectrometers (TMS) for room-
temperature (RT) measurements, temperature dependent measurements and measurements in an
external magnetic field. An RT Conversion Electron/Conversion X-ray Mossbauer technique
(CEMS/CXMS) is also available. The main concept of the RT MS is a table-top spectrometric
bench with a control unit based on special-purpose hardware or standard PC platform. The first
way offers a compact design and PC independent spectra collection system. The second setup, a
PC-based system, which uses commercial devices and LabVIEW software, offers easy
customization and enables advancement in spectrometer construction. The both types of control
systems are able to operate special parts (velocity transducers, gamma-ray detectors) of unusual
spectrometric benches. The standard velocity axis range is up to £20 mm/s with a maximum
nonlinearity of 0.1%. Applicable measuring conditions of presented TMSs cover a cryogenic
temperature range from 1.5 up to 300 K and high temperature range from RT up to 1000 °C.
With in-field low-temperature MS, we are able to analyze samples normally in the external
magnetic fields up to 8 T (in temperature interval from 1.5 up to 300 K). In addition, special
modes of measurements can be applied including backscattering gamma-ray geometry or
measurement in an inert or controlled-humidity atmosphere. Technical details and construction
aspects of spectrometers are presented.

Keywords: Mossbauer spectroscopy, Mdssbauer spectrometer.
PACS: 07.05.-t, 07.07.Mp, 07.85.Nc, 29.30.Kv, 76.80.+y

INTRODUCTION

Laboratory of Mossbauer spectroscopy at Regional Centre of Advanced
Technology (RCPTM) is equipped with several Mdssbauer spectrometers. A setup of
seven MSs is daily used as a comprehensive line of “’Fe and ''”Sn Mdssbauer
spectrometers which also covers temperature dependent measurements and
measurements in an external magnetic field.

Main concept of the RT TMS exploits a table-top spectrometric bench with a
control unit based on special-purpose hardware or standard PC platform. First way
offers a compact design and PC independent spectra collection system [1]. This design
can be termed as HW-based TMS or MS96 (revised at 1996). The second setup, a PC-
based system, uses commercial devices and control application fully developed in the
LabVIEW software [2]. This design can be termed as SW-based MS or VI (Virtual
Instrument).

Currently, three MS96 TMSs are used in parallel with three VI TMSs based on
USB (multifunction card and high-rate digitizer) or PCI (function generator and high-

Mossbauer Spectroscopy in Materials Science - 2012
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rate digitizer) devices. Both types of control systems are able to operate special parts
(velocity transducers, gamma-ray detectors) of unusual spectrometric benches.

Moreover, there is one spectrometer with an RT CEMS/CXMS/TMS measurement
capability. This model denoted as CEMS2012 is based on continuous gas flow
counter. Its construction utilizes both computer based PXI system as well as special-
purpose hardware.

All spectrometers are able to utilize both common isotopes, i.e., STFe and '”Sn, in
the standard velocity axis range up to £20 mm/s with a maximum nonlinearity of
0.10%.

TRANSMISSION MOSSBAUER SPECTROMETERS

Below, a line of TMSs including measurements in a broad temperature interval and
in an external magnetic field is presented.

RT Mossbauer Spectrometers

The design of this RT spectrometer offers compact framework, having small
dimensions and mass (420x180%150 mm in dimensions, 9 kg in mass), which can be
driven by both types of control system. Compact design of RT Mdossbauer
spectrometer of MS96 type is depicted in Fig. 1.

Zample

Source| | holder | [Dise of eollimators
| o

i d " Detector with pream plifier
e and hight voltaze power supply
| | | |
Welocity generator Control 04
and driver unit unit
-

FIGURE 1. Schematic drawing of RT Mdssbauer spectrometer of MS96 type.

In all RT spectrometric benches, standard double-loudspeaker-type “mini” velocity
transducers [3] and fast scintillation detectors (a photomultiplier with a YAP
scintillation crystal) [4] are used.

In this configuration, an average nonlinearity of the velocity scale for all RT
spectrometers which use “mini” transducer is 0.02% and the maximum nonlinearity
reaches 0.05% (measured with an o-Fe standard foil in + 13 mm/s velocity interval).

Real picture of the spectrometric bench is shown in Fig. 2. Maossbauer
spectrometers based on VI concept use the same bench (transducer, collimators,
sample holder, and detector); however, lower units (velocity, control, and SCA) are
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not implemented as they are replaced by mentioned commercial available devices with
a personal computer.

In addition, special modes such as backscattering mode and measurements in an
inert atmosphere are also available depending on the issue studied. For these purposes,
one of TMS is kept all the time in the glove box filled with nitrogen atmosphere.

Al

FIGURE 2. Picture of RT TMS.

Low-Temperature Mossbauer Spectrometer

A standard low-temperature MS consists of closed-cycle helium refrigerator
equipped with the Mossbauer spectrometer. A CCS-850 cryostat of Janis model is
designed to operate at temperatures from 12 to 300 K. The system is equipped with
vibration isolation bellows and mounting flange assembly. This assembly is designed
to absorb vibrations generated by the refrigerator.

In-Field Low-Temperature Mossbauer Spectrometer

This Mdssbauer spectrometer utilizes a Spectromag system (Oxford Instruments).
Spectromag is a superconducting split-pair, horizontal field magnet system and
provides an access to a sample in a variable magnetic field/low temperature
environment.

With an in-field low-temperature (IFLT) MS, it is possible to analyze samples
normally in the external magnetic fields (parallel orientation of the external magnetic
field with respect to the gamma-rays propagation) up to 8 T (in the temperature
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interval from 1.5 up to 300 K). Moreover, this spectrometer is able to record spectra in
a wide velocity axis range up to £ 55 mm/s.

A velocity driving system of this spectrometer uses a more robust design of the
velocity transducer with a digital PID controller [5,6]. Real picture of the IFLT MS is
shown in Fig. 3.

In this configuration, an average nonlinearity of the velocity scale is 0.10% and the
maximum nonlinearity reaches 0.16% (measured with an a-Fe standard foil in + 13
mm/s velocity interval).

FIGURE 3. Picture of the IFLT MS.

High-Temperature Mossbauer Spectrometer

In this spectrometer, a common RT TMS is modified — a sample is placed into the
furnace instead of the holder. Other parts of the spectrometer are identical as in the
case of RT TMS (see Fig. 4 and 5).

Available temperature ranges from RT up to 1000 °C with inert atmosphere
(nitrogen) possibility. Depending on requirements, spectra are possible to collect at a
given time period for a desired time interval, thus being suitable for studying fast
transformation processes (involving oxidation, humidity, etc.) [7].
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FIGURE 4. Spectrometric bench for high temperature MS with the furnace used instead of the sample
holder.

heating

sample mantle

temperature
control/measurement

sample
tube

power
supply
connection

gas outlet gas inlet ——>

FIGURE 5. Schematic view of the furnace with sample position depicted. Sample is placed in the
quartz glass tube between the quartz wool as a sandwich.

CEMS/CXMS/TMS SPECTROMETER

RCPTM  Mossbauer laboratory also  possesses and provides RT
CEMS/CXMS/TMS spectrometer (see Fig. 6) denoted as CEMS2012, which is based
on a VI concept and industrial PXI system (devices work as a function generator and
high-rate digitizer) [8]. The apparatus is equipped with a proportional continuous gas
flow counter for accumulation of integral CEMS or CXMS spectra and with a
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scintillation counter for simultaneous TMS recording. A Penning mixture of He+10%
CH,4 and Ar+10% CHy serves as a counting gas for CEMS and CXMS, respectively.

The spectrometer design was revisited during the year 2012. Partial improvements
include a more efficient pre-amplifier and redesigned CEMS/CXMS counter. New
design of the counter includes a multiwire anode holder with a more accurate
geometry, a new collimation system with adjustable sample-to-source distance, and
Kapton windows with a precise O-ring sealing. It has a beneficial impact on higher
counting rates or shorter counting times.

FIGURE 6. (a) CEMS2012 spectrometer and (b) detail of opened shielded chamber with a TMS
detector on the left side of the chamber and CEMS/CXMS counter in the middle.

SUPPLEMENTS

One of VI TMS is used for “experimental” work, where new methods and
techniques for spectrometric parts development and data manipulation are applied and
evaluated.

Currently, a new design of electronic units for Mossbauer spectrometric bench is
under construction. The goal of this project is to develop Mdssbauer spectrometer,
which will meet the requirements of up-to-date laboratory equipment. New parts will
be constructed as special-purpose devices with embedded features for test and control
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functions (more autonomous units with self-diagnostic tasks, computer server, data
storage, backup devices, etc.).

Another project, having been already started in the laboratory, deals with a time-
differential Mossbauer spectrometer (TDMS) in which the Mossbauer effect of the
14.4 keV transition as well as the time sequence of the 14.4-122 keV -y cascade
following the electron capture of >’Co is registered. TDMS measurements, however,
have a number of experimental difficulties to be handled such as long measuring times
and requirement of simultaneous good energy and time resolution. Virtual
instrumentation technique with LabVIEW was chosen for this purpose since it is a
powerful tool for solving different types of tasks implemented in TDMS.

The last planned project which we would like to mention here focuses on
adaptation of a CEMS/CXMS/TMS spectrometer for Mdssbauer measurements at
cryogenic temperatures between RT and liquid nitrogen (LN,) temperature. The first
step to achieve this is to develop a universal system for automated LN; filling (see Fig.
7).
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FIGURE 7. System for automated LN, filling: (a) valve scheme, (b) electric scheme, and (c) real view.
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Viceucelovy zalévaci kryostat s multifunkéni mérici celou

Oblast techniky

Technické feSeni spadd do oblasti méfici techniky, a to nejen v oblasti spektroskopie. Tyka se
konstrukce zalévaciho kryostatu s pokro¢ilou méfici celou.

Dosavadni stav techniky

Kryostatické systémy se dnes b&€zné vyuZivaji jak v materidlovém, tak lékafském vyzkumu. Je-
jich konstrukce je popséana naptiklad:

V patentu JP H02171573 je popsana konstrukce specialniho kryostatu s kapalnym dusikem. Ten-
to kryostat je navrZen tak, aby sniZil uniky tepla a zefektivnil chlazeni, av8ak slouZi pouze pro
uchovavani vzorki, nikoliv pro jejich méfeni.

V patentu DE 102013219453 je popsana konstrukce kryostatu uzpisobeného pro provadéni mé-
feni magnetické rezonance. Jeho nevyhodou je vSak fakt, Ze vzorek se do néj spousti shora na
dlouhé ty¢i, které slouZi jako drzak vzorku. Neni tak umoznén pfimy pfistup ke vzorku.

V patentu UA 64099 je popsana konstrukce vicepla§tového kryostatu uzpisobeného pro méfeni
Maéssbauerovskych spekter. Jeho vyhodou je chlazeni pomoci kapalného Hélia, coz dovoluje
dosdhnout velmi nizkych teplot, nevyhodou je viak skutenost, Ze prostor vzorku je pfili§ maly
na to, aby k nému bylo moZno umistit naptiklad nizkoteplotni CEMS detektor.

Nedostatkem znamych feSeni je pfedevsim zplsob vkladani vzorku, které se provadi jejich zasu-
nutim shora na dlouhé ty¢i, coZ komplikuje manipulaci se vzorkem. Znamé4 Feleni jsou tak kon-
struovana jednoucelové, a nabizi vét§inou pouze moznost vzorek chladit. Méfici cela je tak velmi
malé a neni moZné do ni vloZit dal$i zafizeni - chladi se pouze vzorek.

Utelem predkladané ptihlasky uZitného vzoru je tedy feseni viceudelového zalévaciho kryostatu,
jehoZ méfici cela je dostatené velkd k tomu, aby do ni byly umistény dalsi pfistroje, detektory a
elektronika. Pfistup k meéfici cele je zespodu a pfi vyméné vzorku tak neni nutné otevirat télo
vlastniho kryostatu, soucasné je cela dostatecn€ velka, aby umoznila spolu s vzorkem vloZit i
dalsi pfistroje (napfiklad celé detektory, elektroniku, atd.), coZ zasadni mérou rozsifuje moZnosti
samotného méfeni. Predkladany kryostat je tak multifunkéni zafizeni, pfi€emz si ale zachovava
viechny vyhody zalévacich kryostati, tedy velmi jednoduchy a levny provoz.

Podstata technického feSeni

Predkladané technické feSeni pfedstavuje vyznamné vylepSené feSeni zalévaciho kryostatu, urce-
ného jak pro pouZiti v materidlovém vyzkumu, ale také pro univerzalni pouziti. UmoZiuje chladit
nejen zkoumany vzorek, ale také naptiklad cely detektor. Mérfici cela je dostatecné velka k tomu,
aby pojala nejen vzorek, ale i celou méfici sestavu.

Schematicky nakres zafizeni je uveden na obr. 1. Sklada se ze dvou zakladnich &asti a to z Dewa-
rovy nadoby 1, ve které je uchovavéana chladici latka (napfiklad kapalny dusik) a z vakuotésné
méfici cely 2, ktera je tvofena plastém 7 a je pfipevnéna na spodni ¢asti Dewarovy nadoby. De-
warova nadoba 1 a vakuotésnd méfici cela 2 jsou pak propojeny teplovodivym mostem 3, ktery
se timto prochladi na teplotu chladici latky (teplovodivy most 4 je tepelné izolovan od vnéj§iho
plasté Dewarovy nadoby, aby se tim nezrychlovalo vypatovani chladici latky). K tomuto teplo-
vodivému mostu se pak ptipevni drzak vzorku 5. Takto je zajisténo prochlazeni zkoumaného
vzorku. Aby nedochézelo ke kondenzaci vzdusné vlhkosti na chladnych ¢astech, je cela komora
pfed méfenim evakuovana. Tim se také razantné snizi odpafovani chladici latky. Méfici komora
je také vybavena okénky 6, které slouZi jako vstup/vystup elektrickych vodicii, méficich plynd a
podobné. V pripadé spektroskopickych méfeni pak také mohou slouZit jako vstup a vystup zéfeni
atd.
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Mozné varianty feSeni

Ptedkladané feseni je pouze jednou z variant jak toto zafizeni sestavit. Pfedeviim drzak vzorku
miiZe byt proveden riznymi zpusoby. Drzék vzorku miZe byt opatien termo¢lanky (nebo jinymi
citlivymi prvky), diky nimZ je moZno pfesné sledovat teplotu vzorku. Dale také miZe byt rozsi-
fen o topna t&liska, kterd v kombinaci s termo&lanky umoZni nejen teplotu sledovat, ale i fidit.
Samotny drzak vzorku je pak moZno osadit detektorem, nebo i jinou elektronikou. Takto mu-
Zeme napiiklad realizovat specialni nizkoteplotni spektroskopickd meéfeni (jako je naptiklad
Conversion Electron Mdssbauer spectroscopy, CEMS). Drzék vzorku také miiZe byt opatien
dalsi, vakuotésnou méfici celou. Timto zplsobem tak miZeme provadét nizkoteplotni méfeni za
specialnich atmosférickych podminek (smés plynt, jiny tlak, atd.).

Méfici cela také miize mit jiny tvar, nebo rozméry. MiiZe byt také opatfena libovolnym poctem
vstupl/vystupt (okének a otvorll). Nemusi byt umisténa jen zespodu, ale tfeba i z boku Dewa-
rovy nadoby.

NAROKY NA OCHRANU

1.  Zalévaci kryostat s Dewarovou nddobou, vyznaéujici se tim, Ze obsahuje tem-
perovanou méfici celu.

2. Kryostat dle ndroku 1, vyznaéujici se tim, Ze celaje umisténa na spodni strané
nadoby.

3. Kryostat dle naroku 2, vyznadujici se tim, Zechlazenije realizovano tepelnym
mostem mezi kapalnym obsahem nadoby a méfenym vzorkem.

4.  Me¥ici cela zalévaciho kryostatu dle naroku 1, vyznaéujici se tim, ZejesloZena
z plasté (7), vakuové tésnych okének (6), hrotu s drzidkem vzorku (5) ktery je teplovodivé spojen
s tepelnym mostem (3) a odnimatelné spodni ¢asti umoZiiujici pfistup do cely.

5.  Meéfici cela zalévaciho kryostatu dle naroku 4, vyznacujici se tim, Ze je pfistup
ke vzorku zespodu.

6.  M¢fici cela zalévaciho kryostatu dle naroku 5, vyznacdujici se tim, Ze vnitini
prostor méfici cely je oddélen od vnitiniho prostoru Dewarovy nadoby, coZ umoziiuje manipu-
laci se vzorkem bez otevieni Dewarovy nadoby.

7.  Méfici cela dle naroku 4, vyznacdujici se tim, Zeje vybavena okénkem pro pri-
chod méficiho paprsku do vnitintho prostoru méfici cely pfi zachovani vakua ve vnitinim pro-
storu cely.

8.  Meéfici cela dle naroku 4, vyznadujici se tim, Ze je vybavena okénkem s pri-
chodkami pro protaZeni vodi¢i a/nebo rozvodi plynii a/nebo méficich sond a/nebo jiného pfislu-
$enstvi do vnitiniho prostoru méfici cely pfi zachovani vakua ve vnitinim prostoru cely.

9.  Teplovodivy most mezi Dewarovou nddobou a méfici celou, vyznaéujici se tim,

Ze je tepeln¢ izolovan od vnéjsiho plast€ Dewarovy nadoby.

10.  Mc¢fici cela dle naroku 4, vyznadujici se tim, Ze je drzdk vzorku rozebiratelné
propojeny s teplovodivym mostem.
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11.  Méfici cela dle ndroku 4, vyznacujici se tim, Ze drzdk vzorku obsahuje de-
tektor pro Conversion Electron Mdssbauer Spectroscopy a umoziluje tak provadét nizkoteplotni
Conversion Electron MGssbauer Spectroscopy méfeni.

12. Méfici cela dle ndroku 4, vyznac€ujici se tim, Ze drzék vzorku obsahuje topny
¢len umoziujici fidit teplotu vzorku.

1 vykres
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Obr. 1: Schematicky ndkres.
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Liquid Nitrogen Cryostat for the Low-Temperature
Mossbauer Spectra Measurements
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Science, Palacky University, 17. listopadu 1192/12, 771 46 Olomouc, Czech Republic.

? Corresponding author: petr.novak02@upol.cz

Abstract. In materials research, especially in the case of nanomaterials, the option of performing the low-temperature
Mossbauer spectroscopy measurements is very desirable. For this purpose, a new design of low-temperature
Madssbauer spectrometer, working in the transmission mode, is introduced. The main part of the presented device is
composed of a cryostat (Dewar flask). The next part of the cryostat includes a vacuum chamber with the sample
holder connected to the Dewar flask by a heat conducting rod and Mdssbauer spectrometer attached onto cryostat.
The measurements are performed at a temperature of liquid nitrogen, i.e., 77 K. The price and maintenance of the
cryostat is very low acquired with very easy and useful environment for the operator.

Keywords: Low-temperature Mdssbauer spectrometer, Mdssbauer spectroscopy.
PACS: 07.20.Mc, 76.80.+y.

INTRODUCTION

Mossbauer spectroscopy represents a crucial analytical tool which completes magnetization measurements
and provides information about the chemical nature, structural and magnetic properties or valence and spin states
of the probed Mdossbauer-active atom. Mdssbauer spectroscopy measurements can take place at room
temperature or if the setup is appropriately constructed, at low temperatures as well. Low-temperature
measurements, especially in materials research, bring on many positives, i.e., characterizing the
superparamagnetic materials in magnetically ordered state (below the blocking temperature), resolving spectral
components or analyzing the liquid samples in a frozen state, etc. [1-3].

With respect to this requirement, achieving the high quality spectra is more expensive and time consuming in
comparison with room-temperature experiments. Hence, the goal of the researchers is to perform analyses easily
and with low costs. Fortunately, during the last decades, costs for the development of special instruments and
price of liquid nitrogen decreased. In this concept, one can develop a cryostat to achieve static temperature using
liquid nitrogen with the final temperature equal or little above the 77 K, which is, in many cases, sufficient
temperature to monitor various physical and chemical effects and phenomena occurring in (nano)materials.

In principle, there are two main approaches how to reach low temperatures: (i) usage of cryogenic liquids and
(ii) utilization of physical (thermodynamic) processes. The latest involves employment of the closed-cycle type
of cryostat (refrigerator). However, these systems need a temperature unit control, compressor unit and many
other accessories. In addition to high costs and energy consumption (including the necessary cooling system of
the compressor) of such systems, significant vibrations frequently occur. Generally, Mdssbauer spectroscopy is a
technique, which is very sensitive to ambient vibrations originating from the instruments and accessories of
vacuum and cooling systems.

Development of a refrigeration system using a cryogenic liquid is the main aim of this work. A cryostat
operating at the stable temperature of liquid nitrogen, i.e., 77 K, offers a possible way how to easily perform low
temperature analyses, moreover without extra vibrations. This system can be used in cases when it is necessary
to stop the chemical reaction at a given time [3]. Additionally, the cryostat can be equipped with the temperature
control system with the heater, which allows achieving a higher temperature than the temperatures of the
cryogen liquids. One can consider a disadvantage of the presented cryostat in the evaporation of the cryogenic
liquid (liquid nitrogen), which needs to be filled when the level of liquid nitrogen decreases under the certain
level in the Dewar flask (approximately 2 liters).

Mossbauer Spectroscopy in Materials Science - 2014
AIP Conf. Proc. 1622, 67-71 (2014); doi: 10.1063/1.4898612
©2014 AIP Publishing LLC 978-0-7354-1259-0/$30.00
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Madssbauer laboratories, established at the Regional Centre of Advanced Technologies and Materials
(RCPTM) at the Palacky University in Olomouc, Czech Republic, have focused on operation and development
of Madssbauer spectrometers for many years. So far, many spectrometers and their accessories have been
developed, and were sold to other laboratories worldwide or are operating at the RCPTM laboratories [4]. There
are two main concepts in the development process of the Mossbauer spectrometers. The first concept is based on
the utilization of virtual instrumentation technique and combines fast multifunction cards and software solutions
in LabVIEW environment [5]. This concept is characterized by easy modifiability of the control system. Is it
possible to customize or improve each individual part of the spectrometer control unit or measurement process,
i.e., detector signal processing with the pile-up elimination [6], or reducing the system dead time [7]. The second
strategy is based on the uniform hardware platform, which is directly assembled. This platform has very low
demands on the computer and also low costs. These spectrometric systems are utilized in many types of
Maéssbauer spectrometers [4].

EXPERIMENTAL DETAILS

Transmission °’Fe Mossbauer spectra were recorded employing a MS96 Mdssbauer spectrometer [4],
operating in a constant acceleration mode and equipped with a *’Co(Rh) source. The acquired *’Fe Mssbauer
spectra were evaluated using the MossWinn software program [8]. The isomer shift values were referred to a-Fe
foil sample at room temperature. Room-temperature °'Fe Mossbauer spectra were recorded in the same
configuration as the low-temperature spectra. Compared sample were measured at 77 K, using a CCS-850
cryostat (Janis Research) and helium closed-cycle cooling system.

The evaporation of liquid nitrogen was measured with the laboratory weight of KERN EOB 150K100NL
type. Vacuum quality was measured by the LAVAT vacuum meter (Pirani vacuum gauge vprl).

DESIGN AND FEATURES OF THE CRYOSTAT

The design of the presented liquid nitrogen cryostat is based on the commonly used Dewar flask with low
part customized (see Fig. 1). The internal volume of Dewar flask is about 11 liters of liquid nitrogen and the
amount of evaporated nitrogen is equal to ~2 kg/day. The main setup of the presented spectrometer is shown in
Fig. 1. As it is clearly evident from Fig. 1, there is a special heat conducting rod at the bottom of the container,
which goes through the vacuum shield of the flask into the vacuum chamber with the sample. The sample is
mounted in the sample holder connected with the heat conducting rod. The rod is thermally isolated from the
body of the Dewar flask by the laminate as well. There is a vacuum chamber at the bottom of the Dewar flask
covering the sample rod with the sample holder. This chamber also includes circular Mylar windows allowing
the propagation of gamma-rays through the sample in the transmission geometry.

— =

Liquid
~ nitrogen

Heat conducting rod _ _

~J

Sample holder Vacuum chamber

Detector Transducer

FIGURE 1. Scheme of the cryostat.

The bottom demountable part of the rod is designed for easy manipulation with the sample (i.e., mounting
and exchange). The sample chamber construction allows two modes of operation; the first mode is based on
achieving the vacuum before measurement and then continually during the measurement, while the other mode
achieves vacuum only once before the measurement. Both modes prevent the chamber against the humidity,
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nevertheless, the evacuation during the measurement results to a slightly better vacuum and moreover, liquid
nitrogen is evaporated more slowly. The real photo of the working cryostat at the laboratory is shown in Fig. 2.

FIGURE 2. Real setup of the experiment.

SAMPLE MANIPULATION

Evaporation of the liquid nitrogen is related to the quality and stability of vacuum in the cryostat. The
cryostat has two separate vacuum sections. The upper part of the flask is permanently evacuated as a shielding of
common Dewar flask. For the lower part of the cryostat, a special requirement must be followed during the
exchange of the sample. For easy opening of the chamber, it is necessary to fill the space with inert nitrogen gas
to balance the pressure inside the chamber with the atmospheric pressure outside. When the sample is replaced,
the chamber has to be evacuated again to prevent the condensation of humidity on the sample (and in the
chamber).

MOSSBAUER MEASUREMENTS

During the evaporation of liquid nitrogen in the Dewar flask, some additional vibrations can occur in the
system, which affects the Mdssbauer hyperfine parameters. To identify this effect, the two °’Fe Mdssbauer
spectra of the calibration sample (a-Fe) were recorded. The lower Mdssbauer effect (about 7 %) is probably
caused by the thickness of a-Fe foil used. The first spectrum (see Fig. 3a) was recorded at room temperature and
without the presence of liquid nitrogen. Hyperfine parameters were calculated together with the linewidths of the
spectrum (see Table 1). The second measurement was performed with the presence of liquid nitrogen at a
temperature of 77 K (see Fig. 3b). Then, we compared the Mossbauer hyperfine parameters and linewidths of
these two measurements.

It is obvious from Table 1 that the >’Fe Mossbauer spectra significantly differ in the values of the isomer shift
and linewidth. The difference in the isomer shift values is expectedly caused by the second-order Doppler shift.
The higher value of the linewidth at 77 K is caused by the presence of vibrations. We assume that the main
possible source of the vibrations is vacuum pump, which continuously evacuates the sample space (chamber).
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The evaporation of liquid nitrogen and a presence of boiling bubbles at the sides of the Dewar flask and around
the rod used for the heat conduction could be considered as another source of the vibrations.

a) b)
100 peties 100 lasias
{ = c
= 2
3 8
g 95 g 95
(= =
S i
= =
Signal Signal
o-Fe 300K o-Fe 77K
90 1 1 1 90 1 1 1
-10 -5 0 5 10 -10 -5 0 5 10

Velocity (mm/s) Velocity (mm/s)

FIGURE 3. Mossbauer spectra of a-Fe foil measured at (a) 300 K and (b) 77 K.

TABLE 1.Values of the Mdssbauer hyperfine parameters, derived from the least-square fitting of the Mossbauer spectra of
the a-Fe foil, where ¢ is the isomer shift, AE,, is the quadrupole splitting, By is the hyperfine magnetic field, I"is spectral line
width (determined as full width at half-maximum), 7 is the temperature of the measurement, LC stands for liquid cryostat,
and CC stands for the closed-cycle system.

Sample Component 0£0.01 AE(+0.01 B+ 0.3 I'+0.01 T Type
(mm/s) (mm/s) (T) (mm/s) (K)
a-Fe Sextet 0.00 -0.01 329 0.28 300 LC
a-Fe Sextet 0.13 -0.01 333 0.33 77 LC
a-Fe Sextet 0.13 —-0.01 33.2 0.30 77 CC

To demonstrate the utilization of the presented cryostat in practice, we performed a measurement with the
same calibration sample (a-Fe) on commonly used closed-cycle cryostat [4]. The Mossbauer spectrum is
depicted on Fig. 4 with derived values of the Mdssbauer hyperfine parameters listed in Table 1. The values are
almost the same in magnitude in comparison with our cryostat, differing slightly in the value of the spectral
linewidth. This almost negligible difference is well-balanced by the price of the presented cryostat, as well as by
a cheaper operating.

100 &
<
=
kel
7
g 95
=
o
}_
Signal
a-Fe 77K
90 1 L 1
-10 -5 0 5 10

Velocity (mm/s)

FIGURE 4. ’Fe Mossbauer spectrum of a-Fe foil measured at 77 K, measurement on helium closed-cycle
system.

CONLUSIONS
In the present work, we introduced a new type of liquid nitrogen cryostat for low-temperature Mossbauer
spectroscopy measurements. We bring some new aspects to the developments of such devices, including

optimization of mounting of the sample into sample holder. Moreover, in terms of long measurements, lower
costs of the cryostat as well as of the liquid nitrogen could be appreciated by many users. For the future
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development process, we will mainly focus on the reduction of vibrations, caused by the vacuum pumping
system, and reduction of the spectrum linewidth. This type of vibrations can be easily eliminated by the use of
proper vacuum lines and isolation. For better user operation, the system will be accompanied by the liquid level
control system for monitoring and automatically refilling the liquid nitrogen into the Dewar flask from the outer
container.
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COMMUNICATIONS

MOSSBAUER SPECTROSCOPY SYSTEM WITH
INCREASED PERFORMANCE AND FLEXIBILITY
—— UTILIZATION IN MATERIAL RESEARCH

Jit{ Pechousek “— Petr Novik *— Jakub Navaiik *
Pavel Kohout — Libor Machala

A new concept of Mssbauer spectrometer used for material research is presented. Performance of this computer based
measurement system was carefully analyzed and programming code of the application step by step optimized. By implemen-
tation of parallel data processing the control application with zero dead-time of measurement was developed.

Keywords: Mossbauer spectrum, Mossbauer spectrometer

1 INTRODUCTION

Measurement efficiency of the modern spectroscopy
systems is determined by the quality of the hardware used
to acquire signals and by the software used to analyse
data. Up-to-date systems process data with zero data
amount loss. In this paper, a new concept of Mossbauer
spectrometer used for material research is presented.

The Mossbauer effect is based on recoilless nuclear
emission and resonant absorption of gamma-rays in the
sample. The Mdossbauer spectra acquisition is performed
by gamma-ray intensity measurement together with ra-
dioactive source motion control causing the Doppler shift
of the gamma-ray photons [1,2]. Méssbauer spectrome-
ter consists of spectrometric bench (radioactive source,
velocity transducer, sample holder, and gamma-ray de-
tector), measurement hardware, and control application.
The spectrometer has to perform tasks such as gamma-
ray pulse-height analysis, reference velocity signal gener-
ation for the motion of the source, proportional integral
derivative (PID) control of the relative velocity between
the source and the absorber, and Mdossbauer spectra ac-
cumulation. Mainly the synchronization between the de-
tector signal acquisition and the source velocity motion
processes is of crucial importance in this system. High
precision execution of the detector signal analysis and the
source movement control tasks is reflected in the quality
of the system.

Employing Virtual Instrumentation (VI) concept (im-
plemented in National Instruments, NI, LabVIEW™
programming environment) for developing measurement
instruments, a unique Mossbauer spectrometer has been
built [3-8]. Besides the commercial products, we use other
own developed units (gamma-ray detectors, signal ampli-
fiers, velocity transducers ... ). For many years, we ap-

ply the VI concept in the design of our spectrometers,
and with new functions, techniques, and processes imple-
mented in LabVIEW, the system is improved continually.

The improved Mossbauer spectrometer measurement
system offers a new approach to Mossbauer spectrometer
construction. By detailed analyses and optimization we
designed a high-performance system, which is generally
able to save the measurement time. VI solution signif-
icantly increases the system performance and flexibility
reflected in easy customisation for using cryostats, fur-
naces and other equipment necessary for a complex sam-
ple analysis.

The process of the dead time decreasing of the fully-
LabVIEW based Méssbauer spectrometer [4] is presented
by the use of advanced fetching options in software
driver, FIFO (first-in-first-out) memory programming
techniques, and trigger occurring analysis. A selected
utilization of the spectrometer is presented in the last
section.

2 MOSSBAUER SPECTROSCOPY

Transmission Mossbauer Spectroscopy (TMS) is used
for structural, phase, and magnetic characterization of
mostly iron containing samples (commonly Fe, Sn, Ni,
Zn, Eu etc.). Mossbauer Spectroscopy (MS) is a highly
element selective method and in details it provides de-
termination and quantification of phase composition of
samples including amorphous and nanocrystalline; deter-
mination of valence and spin states of iron atoms, differen-
tiation of structure positions of iron atoms, stoichiometry
examination of cation substitution; magnetic state deter-
mination and local configuration of magnetic moments
of the atoms; measurement of temperature dependences,
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Fig. 2. Mossbauer spectrometric bench for room temperature
CEMS/CXMS/TMS measurements

measurement in external magnetic field; determination of
magnetic properties including temperatures of magnetic
transitions; and study of mechanism and kinetics of reac-
tions in solid phase, phase transformations. The spectro-
metric bench for room temperature TMS measurements
is presented in Figure 1.

This compact bench allows performing a precise analy-
sis of the samples in TMS mode. The main parts include a
gamma-ray detector, sample holder with collimators and
velocity transducer.

Conversion Electron Mossbauer Spectroscopy (CEMS)
and Conversion X-ray Mossbauer Spectroscopy (CXMS)
are a pair of methods, which help investigate Mossbauer
radiation in the backscattering geometry. Considering the
energy losses during non-elastic collisions in the examined
material is the scope of conversion electrons, or conver-
sion X-ray radiation (originating from the sample sur-
face of ~ 300 nm, resp. 1-10um thickness). Therefore,
this technique is suitable for studying thin films and sur-
face phase composition of the materials. The block dia-
gram of the spectrometric bench for room temperature
CEMS/CXMS/TMS measurements is in Fig. 2.
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All methods act as supporting methods in physics
of materials, nanotechnology, metallurgy, chemistry, ar-
chaeometry, geology, and mineralogy.

If cryostats and furnaces are included, it is possible
to analyse samples at different conditions, such as low
temperatures (ie from 1.5 up to 300 K) and high tem-
peratures (ie up to 1000°C, with a possibility of inert
atmosphere) and under an external magnetic field of up
to 8 T (in the low temperature mode) [8]. The samples
can be in the form of powder as well as thin films (plates).
In the case of bigger compact samples, a backscattering
mode of Md&ssbauer spectroscopy can be applied for char-
acterization of the surface of the sample.

3 SPECTROMETER AS AN INSTRUMENT
WITH ZERO MEASUREMENT DEAD TIME

Mossbauer spectrometer as a virtual instrument [4—
8] consists of spectrometric bench, measurement hard-
ware (Windows-based computer, high-speed digitizer,
and function generator), and application fully developed
in LabVIEW™ |

There are two main devices in this computer-based
spectrometer; the first one is the digitizer (NI PCI-5124),
and the second, the function generator (NIPCI-5401).
The function generator works as a master, and except
the periodic analog signal (reference velocity) on its sig-
nal output, it generates the digital trigger signal with the
same frequency on the synchronization output. This sig-
nal is programmatically routed via internal Real Time
System Integration (RTSI) bus line to control high-speed
digitizer which works as a slave. The gamma-ray detection
and analysis system uses high-speed digitizer. The spec-
tra accumulation process combines the radioactive source
velocity data with the corresponding gamma-ray inten-
sity transmitted thorough the sample (in the transmission
mode of measurement). The velocity signal frequency is
mostly up to tens of hertz (20-50 Hz).

Detector signal is digitized by the digital oscilloscope
with given sampling rate. Its value corresponds with pulse
length, activity of the source etc.; however, generally the
value of 10 MSs~! (mega samples per seconds) is suit-
able for common utilization [8]. With sampling rate value
and frequency of the velocity signal correspond also the
number of samples per one period of the velocity signal.
Those samples as one data block are then processed by
algorithms for pulse processing, amplitude analysis and
discrimination. Mentioned algorithms have to be as much
as fast possible to process data during one period of the
velocity signal. For example, in the case of velocity signal
frequency of 30 Hz, sampling rate of 10 MSs—! for de-
tector signal acquisition, one period takes approx. 33 ms
and 333333 samples.

The spectra accumulation process is based on the pe-
riodical summation of the appropriate data from each
repetitive movement period for hours or days. Each pe-
riod of the source movement is divided into 2,048 veloc-
ity /time intervals. The number of the detected photons
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accumulated during each time interval is saved into the
relevant velocity channel, see typical calibration spectrum
in Fig 3.

In the main LabVIEW code the generator software
instrument driver is used in easy setup way; after the
initialization and configuration processes, the signal gen-
eration is started. At the end of the generation, the abort
function is called and the instrument session is closed.

First version of the digitizer-based code was built as
simple as possible in a high-level setup. Unfortunately,
with this code the highest dead time value of the system
was achieved (more than 50 percent). The block diagram
is based on the basic programming flow for using digitizer
functions, initialization, configuration, reading the data,
and abort. Crucial triggering function is implemented in
the code. The trigger transfers a device from a nonsam-
pling into a sampling state. After initializing an acqui-
sition, the digitizer waits for the start trigger, and the
device starts acquiring data upon receiving the start trig-
ger. The pulse coming from a detector is acquired with
the internal function, which retrieves data that the digi-
tizer has acquired and returns a one-dimensional array of
binary 8-bit values.

J. Pechousek et al: MOSSBAUER SPECTROSCOPY SYSTEM WITH INCREASED PERFORMANCE AND FLEXIBILITY ...

After the performance analysis of this code, an ad-
vanced code optimized for fetching as fast as possible was
used; hence the device is basically setup to acquire data
forever. This fetching is complex and application is high
throughput. The application reads the available record
and stores in the digitizer onboard memory before fetch-
ing data. As a further improvement a FIFO was imple-
mented, and the fastest way with pushing data into a soft-
ware queue in one programmatic loop named DAQ (data
acquisition) and dequeueing it in second loop named DSP
(digital signal processing) was utilized. Both loops imple-
ment parallel behaviour. DSP loop waits for data from
DAQ loop, which transfers data into the FIFO memory.
In the case of slow behaviour of the DSP loop (DSP algo-
rithm is not able to process data in time), FIFO is filled
and data are processed later (after few periods) when
computer processor has lower usage.

A value of approx. 20 percent of the dead time was
reached, however, no all records the code is able to read
from the onboard memory even the DSP algorithm takes
approx. 10 ms to process data (see above mentioned ex-
ample).

After the trigger occurrence analysis, the length of
the records was slightly reduced of 5 percent at the end
of data block. The deleted portion of data is not used
generally for spectra accumulation. With this concept, all
triggered events were registered, and no detector signal
was lost, hence zero dead time was reached.

It is necessary to mention that zero dead time was
reached in the PCI version of devices, for clarity. In the
case of USB version of device where 50 percent of dead
time was reached, low-level programming method is not
able to implement since those functions are not supported
in the instrument drivers for this type of devices.

4 AN EXPERIMENTAL STUDY
WITH THE CEMS MODE

As a representative example of power of °"Fe Conver-
sion Electron Mossbauer Spectroscopy, we present a task
to determine amount of austenite (gamma-Fe(C) phase)
in the sample of stainless steel. Austenite is used to be
formed during a manufacture of stainless steel and its
higher content can affect mechanical properties of the
sample. The sample was too thick to analyse it by con-
ventional TMS, therefore CEMS was used. With respect
to expected homogenous phase composition within the
whole volume of the sample, CEMS measurement could
provide a characterization of all the sample, despite the
data were collected only from a thin surface layer (less
than 300 nm). The CEMS spectrum, represented by ex-
perimental points, overall fits, and individual fitted com-
ponents, is depicted in Fig. 5. Table 1 provides a summary
of the values of the Mdssbauer parameters and assign-
ments of individual components.

In Tab. 1 ¢ is the isomer shift, AFE; is the quadrupole
splitting, Byr is the hyperfine magnetic field, I' is the
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Fig. 5. Mossbauer (CEMS) spectrum of stainless steel sample

Table 1. Mossbauer parameters and relative contents of compo-
nents identified in the CEMS spectrum

Moéssbauer parameter
A(%) é AE, Byt T
Phase |Component 105 (mm/s) (mm/s) (T) (mm/s)
+0.01 £0.01 +0.3 =£0.01
alpha-Fe sextet 59.7  0.00 0.00 33.0 0.27
alpha-Fe sextet 24.9 0.01 0.01 30.5 0.57
austenite| singlet 15.5 0.00 - - 0.65

linewidth, and A is the area of the subspectrum. The re-
sults show that Md&ssbauer spectroscopy is able to discern
and quantify two different alpha zero valent iron (alpha-
Fe) based phases in the stainless steel. These two phases
are represented by two sextets with almost the same val-
ues of isomer shift and quadrupole splitting but differing
in the hyperfine magnetic field. In addition to the ma-
jor (alpha-Fe) phases, there are about 15.5% of gamma-
Fe, which is expected to be in a solid mixture with car-
bon forming the austenite phase. X-ray powder diffrac-
tion could also give a quantification of austenite phase,
however, not so precisely like Mossbauer spectroscopy.

5 DISCUSSION

Main advantage of the presented concept is utilization
of measurement hardware type. In this case, Windows-
based computer, high-speed digitizer, and function gen-
erator are used to realize signal acquisition. A control ap-
plication performing data analysis and spectra accumu-
lation with user friendly application was then developed.
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The main application is hardware-platform independent,
since it is usable with USB, PCI, PCle, PXI, and PXlIe
modules used for signal acquisition, and is able to apply it
in different Mossbauer techniques (TMS, CEMS, CXMS,
other backscattering, etc).

The control application was optimized for reaching
zero dead-time of measurement by implementation of par-
allel data processing and by using of fast pulse processing
algorithms.
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In this study, dielectric properties within 8—12 GHz microwave frequencies, inductively coupled plasma-atomic emis-
sion spectrometry, Fourier transform infrared spectrometry, synchronized two thermal analyses, and 3’Fe Mdssbauer spec-
troscopy analysis of chalcedony, agate, and zultanite samples from Turkey are presented. Agate and chalcedony show the
same nine vibrational absorption peaks obtained unlike zultanite from FTIR spectra in the 350 cm ™! to 4000 cm™! range,
&’ values of chalcedony, agate and zultanite derived at 10.5 GHz were 4.67, 4.41, and 7.34, respectively, € and &” values
of the studied samples at the microwave frequencies are related to the percentage weight of their constituent parts in their
chemical compositions. 37Fe Massbauer spectroscopy results confirm the existence of iron-containing islands in the crystal
structure of zultanite, agate, and chalcedony samples, equipped them with magnetic features typical for magnetic nanopar-
ticles including superparamagnetism. The presence of iron-containing islands significantly affects the magnetic, dielectric,
and optical properties of studied samples that are not observed for pure minerals without any foreign inclusions.
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1. Introduction

In natural minerals, the electrical properties of heteroge-
neous systems are an important research topic because they
are significantly affected by sample bulk concentrations, vari-
ations in the chemical compositions, water saturation, and
crystalline structures. In particular, various microstructures
are evolved in the crystal lattice of mineral systems during
their formation modify electrical features of heterogeneous
systems. In the microwave frequency region, most natural
minerals possess accurate dielectric values that are unchanging
according to frequency. For this reason, to monitor dielectric
properties of natural minerals in detail, microwave frequen-
cies are often employed.!!! For instance, the precise dielectric
properties of natural minerals at microwave frequency are re-
quired for their use in planning ground-penetrating radar sur-
veys for imaging subsurface and in mapping of the surface
deposited minerals.!>~! Microwaves are non-ionizing electro-
magnetic waves, the frequency of which covers the field of the
electromagnetic spectrum ranging from 0.3 GHz to 300 GHz.
Corresponding to the wavelengths ranging from 1 m to 1 mm
(between radio waves and infrared radiation).!

The dielectric constant of a material is defined as €* =
¢’ —je’, where j is the complex unit (i.e., (—1)'/2), &’ and &”
are the real and imaginary parts of the dielectric constant. An-
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other parameter commonly used to assess the dielectric loss is
the loss tangent (tand), which is determined as the phase dif-
ference between the alternating field and the reorientation of
the dipoles in the material, which is defined as tand = €” /¢’.1)

In this paper the dielectric properties of chalcedony,
agate, and zultanite minerals at microwave frequencies were
explored. Furthermore, ICP-AES, FTIR, and TGA/DTA prop-
erties of these minerals were investigated for the purpose of
associating those properties with their dielectric characteris-
tics. In addition, 3’ Fe Mossbauer spectroscopy was employed
for analysis of iron containing fractions present in the samples
identifying the evolution of magnetic phenomena typical for
magnetic nanoparticles, including superparamagnetism. The
presence of foreign iron-bearing inclusions significantly alters
the band structure of minerals resulting in the emergence of
the new physical features.

2. Materials and methods

Chalcedony, agate, and zultanite (Anatolian Diaspore)
mineral samples were obtained from natural sources in Turkey.
More specifically, the chalcedony sample comes from the
Saricakaya-Eskisehir region, the agate sample originates from
the i('jnii-Eski§ehir region, and the zultanite (known as Anato-
lian Diaspore before trademarked in 2005 as zultanite)¥! sam-
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ple comes from the Milas-Mugla region (see Fig. 1).

Fig. 1. (color online) Cross section of all minerals: (a) chalcedony, (b)
agate, and (c) zultanite.

Chemical analyses of the samples were conducted us-
ing inductively coupled plasma-atomic emission spectroscopy
(ICP-AES) for trace elements, and WST-SIM to determine ig-
nition losses. These analyses were performed and certified
with the code number 1212158284, under contract by the ac-
credited ALS Chemex Laboratory in Canada.

The dielectric properties (¢ and €” values) of the sam-
ples were monitored using a Hewlett—Packard 8410A Series
Vector Network Analyzer (VNA) for X-band frequencies (8—
12 GHz.) at room temperature. An X-band rectangular wave
guide used as the sample holder (WR 90 wave guide size:
22.86 mm x 10.16 mm).
mond wheel cutter to achieve plates with dimensions of about
22.8 mm x 10.16 mm and with a thickness of ~2.5 mm; the
surfaces of samples were polished to secure the best conduc-

Each sample was cut by a dia-

tivity. The measurement system was calibrated with open-
circuit and short-circuit calibration methods, € and &” values
were determined at the microwave region from measured val-
ues of magnitude and phase shift of the reflection parameter
(S11) and transmission parameter (S21) and by using the pro-
cedure improved by Hewlett Packard Corporation.[!

The Fourier transform infrared (FTIR) absorption spec-
tra of the samples in the mid-infrared region were measured
at room temperature employing a Perkin Elmer FI-IR system.
Samples were pestled by mixing 1/100 weight of the studied
mineral and potassium bromide (KBr) in the mortar. All of
the measurements are reported in the spectral range of 350—
4000 cm ™!,

The thermal properties of the studied samples were eval-
uated on a Perkin Elmer Diamond TGA/TDA instrument. A
weighed amount of the sample to be analyzed was placed in
a cylindrical alumina crucible mounted on one of the alumina
rods, which were 2 mm in diameter. The sample was heated
from room temperature up to 1400 °C at a constant rate of
5 °C/min in a dynamic air atmosphere

The >’Fe Mossbauer spectra of studied samples were
measured at room temperature employing a MS2007
Mossbauer spectrometer based on virtual instrumentation
technique, ['%!!! operating at a constant acceleration mode and
equipped with a ’Co(Rh) source. The acquired Mossbauer

spectra were processed (i.., noise filtering and fitting) us-
ing the MossWinn software program. The isomer shift values
were referred to a-Fe foil sample at room temperature.

3. Results and discussion
3.1. Chemistry

Chemical analyses of chalcedony, agate silica (SiO;) va-
rieties, and zultanite aluminum oxide (Al,03) showed that the
loss on ignition (LOI) with respect to their silanol (SiOH) and
hydroxyl group water content amounts to 3.84%, 4.39%, and
15.0% for chalcedony, agate, and zultanite, respectively (see
Tables 1 and 2). It is obviously seen that the LOI value for zul-
tanite is significantly higher than that observed for chalcedony
and agate.

Table 1. Chemical analyses results of chalcedony, agate, and zultanite.

Chalcedony Agate Zultanite
ME-ICP06 SiO/% Detection limit: 0.01 89.8 91.2 1.28
ME-ICP06 Al,03/% Detection limit: 0.01 0.07 0.13 754
ME-ICP06 Fe;03/% Detection limit: 0.01 2.44 0.67 1.39
ME-ICP06 CaO/% Detection limit: 0.01 1.47 0.67 0.61
ME-ICP06 MgO/% Detection limit: 0.01 1.12 0.88 0.05

ME-ICP06 NayO/% Detection limit: 0.01 0.01 0.03 <0.01
ME-ICP06 K,0/% 0.01 0.02 0.03 0.01
ME-ICP06 Cr,03 /% 0.01 0.06 0.01 0.02
ME-ICP06 TiO,/% 0.01 <0.01 <0.01 0.09

ME-ICP06 MnO/% Detection limit: 0.01 0.02 0.02 0.01
ME-ICP06 P,05/% Detection limit: 0.01 0.01 0.01 0.04
ME-ICP06 SrO/% Detection limit: 0.01 <0.01 <0.01 <0.01
ME-ICP06 BaO/% Detection limit: 0.01 <0.01 <0.01 <o0.01
OA-GRAO5 LOI/% Detection limit: 0.01 3.84 4.39 15
ME-ICPO06 Total/% Detection limit: 0.01 98.9 98.0 93.9

Table 2. ALS Chemex Laboratory’s analysis codes.

ALS Code Instrument
ME-ICP06 whole rock package ICP-AES
OA-GRAOS loss on ignition at 1000 °C WST-SEQ

Description

3.2. FTIR spectroscopy

From the FTIR spectra, sample composition, structural
point defects, structural bonds, and information on coor-
dination number of ions and other mineral species can be
derived.l"”! FTIR measurements were conducted to indi-
cate vibration ranges of hydroxyl (in particular, the peak
from 4000 cm™! to 2500 cm ™! comes from O-H stretching
vibration),[!3! the water species both free and bound molecular
(H0), silica and alumina mineral building components and
contents, structural bonds and point defects, etc.['4~1%1 There-
fore, the initial included water in all mineral species can be
separated into three groups, i.e., the hydroxyl (OH) group lo-
cated at structural defects, surface hydroxyls hydrogen bonded
to each other (H—O-H), and free molecular water (H,O). In
addition, Al-O and Si—O stretching modes can be identified.
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Chalcedony and agate have nine vibrational absorption
peaks located in the range of 350 cm~!'—4000 cm™! (see
Fig. 2). The vibration peaks at 459 cm~!' and 562 cm™!
can be attributed to the vibration places of mineral host ele-
ments or impurities in the minerals. [14.15] 1y addition, Schmidt
and Frohlich!!'”) reported that the vibration peak at 555 cm™!
(very close or the same peak at 562 cm~!) can be as-
signed to Si—O vibrations from non-bridging oxygen apices
of SiQy tetrahedra. The peaks at 693 and 790 cm™' can
be attributed to symmetric stretch of Si—C,['8] the peak that
1893 cm~! can be attributed to symmetric C—O bond,!%18]
and the peak at 1086 cm~' can be assigned to the asym-
metric Si=0O=Si stretching.  Furthermore, the peaks at
2859 cm~ ! and 2928 cm ! correspond to the symmetric and
anti-symmetric vibration modes of CHj, respectively.!'”) The
peak at 3611 cm~! can be assigned to the vibration of free OH

stretching. 20211

2859 agate
100f 'i 028 4 calcedony
90l Svue. | o zultanite 693

Transmittance/%

3500 3000 2500 2000 1500 1000 500

Wavenumber/cm ™"

Fig. 2. (color online) FTIR spectra of chalcedony, agate, and zultanite.

Zultanite has several vibrational absorption peaks. The
peak at 580 cm~! may be attributed to the vibration places
of the mineral host elements, the peaks at 670, 753, 960, and
1077 cm ™! can be related to stretching vibrations associated
with a Si—O bond originated from donbassite and quartz impu-
rities in the zultanite (Anatolian Diaspore). The peaks at 1980
and 2106 cm~! are the second harmonic of two peaks at 960
and 1077 cm~!. At the same time Hatipoglu et al. reported
peaks at 950 and 2100 cm~!. These peaks are very close to the
given values in this work, and they are attributed to the vibra-
tion of an Al-O structure (AlOy).*?! In addition, there are two
broad peaks at 2918 and 3003 cm~!. These peaks can be re-

lated to the vibrations of OH groups in the water species.!?324]

3.3. Thermal analyses

The TGA technique was widely used to monitor the
CO; losses caused by decomposition of carbonates and wa-
ter (H,O) release from hydroxides. The DTA technique is a

solubility measurement./?>?>] Thermal decomposition charac-
teristics of the ore samples were initially determined by ther-
mogravimetric analysis (TGA), which is performed by record-
ing the changes in sample mass with respect to temperature.
Differential thermal analysis (DTA) enabled understanding of
heating profile in detail. Endothermic and exothermic parts
of the thermal decomposition of material in air/nitrogen at-
mosphere were analyzed by the measurement results. Thus,
chalcedony, agate, and zultanite were heated from room tem-
perature to 1400 °C at a constant rate of 5 °C/min.

To calculate the water contents in the form of H,O and/or
HO for all minerals, as defined in Brand et al.,[2%! the follow-

ing formula was used:>"]

H>0 (wt%) = [LOI (wt%) + 1.4829]/1.1771.

The average water contents in chalcedony, agate, and zultanite
samples were found to be 1.29, 1.30, and 1.39 wt%, respec-
tively.

From the TGA/DTA curve of chalcedony (see Fig. 3), itis
evident that there are two different mass losses at about 823 °C
and 892 °C; the total mass loss is ~3%. These mass losses
may be due to dehydration of silanol (SiOH) group water. 28]
The mineral is endothermic at room temperature to 1400 °C.
As can be further seen in Fig. 3, the buoyancy effect is ob-

served during heating process at 52-850 °C over the smooth

line.
40 ~937 °C 101
20 & exoterm
0 P = 1100
—20} buoyancy effect 823 °C endoterm
~52 °C °
i‘ —40¢t 8115(‘120(:9“11 199 Zi
< —60f 3
g 80 E 198 £
/- i‘\ ~892 °C
—100f ."
—120¢} § — 497
—140¢}
. . . . : 96
0 250 500 750 1000 1250 1500
Temperature/°C

Fig. 3. (color online) TGA/DTA analyses of chalcedony.

Agate TGA/DTA results are depicted in Fig. 4. Agate
shows a mass loss at ~784 °C; the total mass loss is ~37%.
The mass loss occurring at about 784 °C is due to the con-
densation of hydroxyl units and the formation of H,O."*%! The
deviation observed in the dotted blue lines corresponds to the
effect of buoyancy.

As seen in Fig. 5, zultanite shows a mass loss at ~520 °C;
the total mass loss is ~14.8% at 520 °C to 625 °C. This mass
loss results from dehydroxylation.[*?! Zultanite is exothermic
from room temperature to 1400 °C. The broad exothermic be-
havior may be attributed to the transformation of (AIOOH)

059101-3



Chin. Phys. B Vol. 24, No. 5 (2015) 059101

minerals. The sharp endothermic peak occurring at about

600 °C is probably due to dehydroxylation of the hydroxyl

water (AIOH) content in the crystals.?”!

40
~810 °C
201 819 1100
0 -/
—20} \ ~12t50 ’ 90
—40l ~58 °C exoterm
i‘ —eol endoterm Zi
é —80} o
A —100} B
—120¢} 70
drift with buoyancy
—140} <= effect
—160Ff 160
—180 . . . . .
0 250 500 750 1000 1250 1500
Temperature/°C
Fig. 4. (color online) TGA/DTA analyses of agate.
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Fig. 5. (color online) TGA/DTA analyses of zultanite.

3.4. Dielectric properties

The dielectric characteristics of chalcedony, agate, and
zultanite were studied using a VNA system (see Fig. 6), and
the results are shown in Fig. 7. The evaluated values of &' and
€” at 10.5 GHz are listed in Table 3.

VNA

Sll E

—

Fig. 6. (color online) Scheme of measurement of scattering parameters
(S11 and S»1). (MUT: material under test).

MUT

== zultanite _ " agate

=#== chalcedony

— o @ — 98— 9o —@
7
6l
5 P
// -
w4 W
0.15
3l
9 0.10
1 0.05
0 — — 0
8 9 10 11 12
Frequency/GHz

Fig. 7. (color online) Changes of €’ and €” of chalcedony, agate and zul-
tanite at X-band.

Table 3. €', ¢”, and tan§ values of chalcedony, agate, and zultanite at
10.5 GHz.

Mineral samples  Frequency/GHz 4 e tand
Chalcedony 10.5 4.67 0.129 0.027
Agate 10.5 441 0.126 0.028
Zultanite 10.5 7.34 0.003 0.0004

3.4.1. Dielectric properties of chalcedony and agate

Chalcedony and agate, according to their chemical anal-
ysis, have 89.3% and 91.2% SiO; ratio, respectively. Silica-
based chalcedony and agate € values were measured and were
found to be equal to 4.67 and 4.41, respectively, at 10.5 GHz.
microwave frequency. These results are comparable with the
results reported by Fawwaz et al.’*! and Xiangyun et al.3!
who measured the €' values at 0-18 GHz microwave fre-
quency.

The €' values of chalcedony and agate samples can be
more likely explained in terms of very high percentage of
Si0;, and less likely by a very low percentage of Fe,O3, CaO,
and MgO in the chemical composition.

The €” values of chalcedony and agate were found to be
0.129 and 0.126, respectively. These results are very similar
to those reported in the work by Fawwaz ef al. who studied
silica-based volcanic rocks for which £” value amounted to

0.08 and 0.1, respectively. !

3.4.2. Dielectric properties of zultanite

Zultanite shows a different chemical composition than
chalcedony and agate samples. (Al;03:75.4%, Fe,03:1.39%,
S10,:1.28%, LOI:15%). After an extensive literature search,
we found no studies related to zultanite dielectric properties
at microwave frequencies. Zultanite €’ value at 10.5 GHz was
found to be 7.34. This measurement is very similar to that of
Takubo et al. 3! who reported 7.7, 8.38, and 7.27 at | MHz. In
addition, Shannon et al.3*! reported ¢’ = 8.443 at 1 MHz fre-
quency for diaspore coming from Turkey. Zultanite observed
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€’ value is more related to the Al,O3 percentage weight in its

chemical composition and less related to the Fe,O3 and SiO».
Zultanite €” value equal to 0.003 is very close to zero

with tand = 0.0004. In the work by Shannon et al., the dias-

pore tand values were found to 0.0007, 0.0008, and 0.0009 at

1 MHz. frequency.3?!

3.5. Mossbauer spectroscopy of zultanite, agate, and chal-
cedony

In order to get a deeper insight into the physicochemical
properties of zultanite, agate, and chalcedony samples, >’Fe

Mossbauer spectroscopy was employed. It is an element se-
lective and local method when the iron nucleus acts as a probe
monitoring physical and chemical features of its surroundings
through hyperfine interactions of electric and magnetic nature,
i.e., interactions between nucleus of iron atom and its elec-
tronic shell and surrounding lattice (neighboring atoms, local
electric and magnetic fields).[>3 Thus, if iron atoms are intro-
duced into a non-iron containing material, then they convey
crucial information on the local characteristics that are hardly
derived by other techniques.

Table 4. Values of the Mossbauer hyperfine parameters, derived from the room-temperature Mossbauer spectra of zultanite, chal-
cedony, and agate sample, where § is the isomer shift, &g is the quadrupole shift, AEg is the quadrupole splitting, By is the hyperfine
magnetic field, and RA is the spectral area of individual spectral components.

Sample Component (6 £0.01) (eQ/AEq £ 0.01)/ (Bns £ 0.3)/ (RA £ 1)/ Assignment
mm-s~! mm-s~! T mm-s~!

Zultanite sextet 0.27 0.00 53.0 11 large iron islands
doublet 0.27 0.69 - 18 small iron islands
singlet 0.27 - - 70 middle-sized iron islands

Agate doublet 0.13 0.59 - 100 iron islands
Chalcedony doublet 0.13 0.58 - 100 iron islands

The >’Fe Mossbauer spectrum of zultanite sample,
recorded at room temperature and without an external mag-
netic field is depicted in Fig. 8(a); the values of the Mossbauer
hyperfine parameters derived from spectrum fitting are listed
in Table 4. The deconvolution of the Mdssbauer spectrum
gives three spectral components, i.e., a sextet, doublet, and
singlet. For all the three spectral components, the values of
the isomer shift fall in the range expected for Fe** ions in
a high-spin state (i.e., S = 5/2) in an orthorhombic crystal
environment.33] Their presence can be interpreted in terms of
formation of iron-containing islands in the structure of zultan-
ite (see Fig. 8(b)). In nature, it is frequently observed that
zultanite (or diaspore, AIOOH) contains iron as a result of
the Fe3*-for-AI’* substitution, the degree of which affects,
in particular, its optical and magnetic properties.**! These
iron islands behave in a similar manner as ultrasmall mag-
netic particles showing a magnetic moment known as a su-
perspin, 1.3%1 The superspin may lie along particular axes fa-
vored by particle magnetic anisotropy. If the uniaxial char-
acter of magnetic anisotropy is assumed, then two energet-
ically stable orientations of the superspin exist, i.e., up and
down orientations, separated by a magnetic anisotropy barrier
the high of which depends on the particle size and strength
of magnetic anisotropy (i.e., contributions of individual mag-
netic anisotropy terms such as magnetocrystalline anisotropy,
shape anisotropy, surface anisotropy, etc.).[®3 If the temper-
ature increases, for a definite particle size, then the thermal
energy may exceed the anisotropy barrier energy and the par-

ticle superspin starts to thermally fluctuate between these two
directions, spending a certain time in one orientation known
as a relaxation time, 7. These spontaneous thermally activated
reversals of particle superspin are described as superparam-
agnetic fluctuations and are, among others, related with the
time window (characteristic measuring time) of a given exper-
imental technique.3>-3! If this theory is adopted, then we may
assign a superspin, U, to each iron-containing island in the zul-
tanite structure. In each iron island, the magnetic moments of
all iron atoms (ions) cooperate with each other giving a mag-
netically ordered structure characterized by the superspin (see
Fig. 8(b)). The size of the iron island determines the height of
anisotropy barrier separating energetically favorable orienta-
tions of the island superspin and hence the amount of thermal
energy to overcome it. Thus, at room temperature, differently-
sized iron islands show different relaxation times, 7. For the
smallest iron islands, at 300 K, 7 is significantly smaller than
the characteristic measuring time, Tp,, of the Mossbauer tech-
nique (~ 1078 s). The island superspin shows superparam-
agnetic fluctuations (see Fig. 8(b)) contributing to the dou-
blet component. For iron islands with sizes corresponding to
T = Ty at 300 K (i.e., middle-sized iron islands, see Table 4),
an onset of superparamagnetic relaxation (see Fig. 8(b)) is ob-
served yielding a broad singlet component. For the largest iron
islands, at 300 K, 7 is significantly higher than 7,,; the island
superspin is blocked in one particular orientation favored by
the island magnetic anisotropy (see Fig. 8(b)), thus giving a
magnetically split spectral component. Thus, the appearance
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of sextet, doublet and singlet components can be understood
in terms of size distribution of iron islands in the zultanite
crystal structure and a corresponding distribution in the re-
laxation time. Note a high value of the hyperfine magnetic
field evolved in the largest iron islands, implying the pres-
ence of strong magnetic interactions of the exchange type be-
tween Fe’T ions mediated by oxygen anions. In other words,
the existence of differently-sized iron islands in the zultanite
structure significantly modifies the band structure of zultanite
equipping it with magnetic, dielectric, and optical features not
observed in pure zultanite.[**! The presence of mostly larger
iron-containing islands may cause significant reduction in the

e" value.
(a) 100.0
99.9 -
X
~
5 99.81
%
é 99.74 ¢ data
z ol — fit
© sextet
E 99671 doublet zultanite
1 singlet 300 K,0T
OS5 T T T T T T T T T T 7T T 71

—-10-8-6—-4—-20 2 4 6 8 10
Velocity /mm-s~

1

\\
Ty >> Ty
To R T
T3 < Tm

Fig. 8. (color online) (a) Room-temperature Mossbauer spectrum of the
zultanite sample and (b) schematic representation of iron islands inside
zultanite crystal structure (O and H atoms are omitted for the sake of
clarity), where p;(i = 1,2,3) is the magnetic moment of iron island,
7;(i = 1,2,3) is the relaxation time of a iron island magnetic moment,
and Ty, is the characteristic time of the Mossbauer technique (the arrows
indicate reversal of iron island magnetic moment between favored orien-
tations).

the value of the isomer shift, they are most probably of iron
(IIT) oxide nature.333*] They are very small and their relax-
ation time is much smaller than 7, of the Mossbauer tech-
nique, thus behaving in a superparamagnetic manner. The
symmetric profile of the doublet implies random distribution
and spatial orientation of iron-containing islands within the
crystal structure of agate (see inset in Fig. 9).1331 The relatively
smallsize of iron-containing islands does not significantly alter
the €” value as in the case of zultanite for which much larger
sized islands were observed.

The Mbossbauer spectrum of the chalcedony sample,
recorded at room temperature and without an external mag-
netic field is depicted in Fig. 10; the values of the Mossbauer
hyperfine parameters derived from spectrum fitting are listed
in Table 4.
temperature Mdossbauer spectrum of the chalcedony sample

Similarly to the agate sample, the room-

displays only quadrupole split component with the values of
Maossbauer hyperfine parameters resembling those expected
for iron(IIT) oxide.333#! The reduced value of the isomer shift
most probably reflects the sensitivity of the island towards

X
=
S
i)
2z
g
wn
<]
S Si
Fe @
agate
300 K, 0T

99.8 1 v 1 v 717 | L L D
-4 -3 -2 -1 0 1 2 3 4

1

Velocity /mm-s~

Fig. 9. (color online) Room-temperature Mossbauer spectrum of the agate
sample. The inset shows schematic representation of iron islands in the
crystal structure of agate (O atoms are omitted for the sake of clarity).

The Mossbauer spectrum of the agate sample, recorded

Transmission /%

o

chalcedony
300 K,0T

at room temperature and without an external magnetic field is
depicted in Fig. 9. The values of the Mdssbauer hyperfine pa-
rameters derived from spectrum fitting are listed in Table 4.
The room-temperature Mossbauer spectrum shows only one
doublet component indicating the presence of iron-containing
islands in the structure of agate (see inset in Fig. 9). Following

99-8 L) l L] I L} l L) I L) I L) l L) I L]
-4 -3 -2 -1 0 1 2 3 4
Velocity/mm-s™
Fig. 10. (color online) Room-temperature Mossbauer spectrum of the
chalcedony sample. The inset shows schematic representation of iron is-
lands in the crystal structure of chalcedony (O atoms are omitted for the
sake of clarity).
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its surrounding due to its small size (i.e., the island signifi-
cantly feels its local environment through hyperfine interac-
tions). Analogously to the agate sample, the iron-containing
islands show superparamagnetic behavior because the related
relaxation times are smaller than 7,,. However, contrary to
the agate sample, the doublet profile is asymmetric implying
an internal texture in the crystal lattice. This most probably
arises from ordered and regular distribution of iron-containing
islands (see inset in Fig. 10) resulting in the preferential ori-
entation of the island quadrupole moment with respect to the
electric field gradient tensor at the island place.*3! As already
stated in the case of the agate sample, the relatively small
size of iron-containing islands found in the chalcedony crystal
structure does not significantly affect the £” value, as observed
in the zultanite sample featuring much bigger islands.

4. Conclusions

The values of € and €” at X-band of microwave fre-
quency range were obtained for chalcedony, agate, and zul-
tanite from Turkey for the first time. SiO, is predominant
with respect to € of chalcedony and agate while Al,O; is
predominant according to € of zultanite. Chalcedony and
agate have similar dielectric (¢’ and €”) and FTIR proper-
ties. °'Fe Mdossbauer spectroscopy results confirm existence
of iron-containing islands in the crystal structure of zultanite,
agate, and chalcedony equipping them with magnetic features
such as superparamagnetism. It turns out that the presence of
iron-containing inclusions with different size affects not only
the magnetic behavior of the studied samples but also the di-
electric properties, having, in particular, an influence on min-
eral €” values. There is no correlation between the dielectric
properties and LOI values.
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ABSTRACT: There are several green methods available to synthesize
iron-based nanoparticles using different bio-based reducing agents.
Although their useful properties in degradation of organic dyes,
chlorinated organics, or arsenic have been described earlier, their
characterization has been ambiguous, and further research is needed in
this area. Synthesis and characterization details on iron-based nano-
particles produced by green tea extract are described in detail;
characterization was carried out by transmission electron microscopy
(TEM), X-ray powder diffraction (XRD), and UV—vis spectrometry

followed by ecotoxicological assay. XRD and TEM analyses revealed ol
that iron forms amorphous nanosized particles with size depending on ' 1908
reaction time. Moreover, low-temperature Mossbauer spectroscopy " islwtyu(mm/; il
confirmed progressive reduction of Fe** to Fe** during the reaction.

Finally, the iron(ILII) nanoparticles prepared by green tea extract (GT—Fe nanoparticles) were found to have negative
ecotoxicological impacts on important aquatic organisms such as cyanobacterium (Synechococcus nidulans), alga
(Pseudokirchneriella subcapitata), and even invertebrate organisms (Daphnia magna). The ECy; values are 6.1 + 0.5 (72 h),
74 + 1.6 (72 h), and 21.9 + 4.3 (24 h) mg of Fe per L, respectively.

KEYWORDS: Green synthesis, Green tea polyphenols, Iron-complexed nanoparticles, Ecotoxicity, Mossbauer spectroscopy
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B INTRODUCTION enable reduction, sorption, and/or both processes simulta-
neously when applied against a broad range of common

The environmentally friendly greener processes in chemistry ) ] 89
environmental contaminants.”” Several methods have been

and chemical technology are becoming increasingly popular as

a result of worldwide problems associated with environmental used for the production of these nanoparticles including the
contamination." The techniques for obtaining nanomaterials decomposition of iron pentacarbonyl (Fe(CO)s) in organic
using naturally occurring reagents such as plant extracts, solvents,'" reduction of Fe’* or Fe¥* to nZVI with sodium
vitamins, polymers, or microorganisms as reducing and borohydride'® or ethylene glycol,"* or the process of breaking
stabilizing agents are garnering attention in nanotechnology. large bulk materials into smaller nanoparticles such as with the
These syntheses have led to the fabrication of several inorganic ball milling method.'* However, these methods present several
nanoparticulate systems, including silver,”* gold,* copper,” and limitations and formidable problems, such as the use of
palladium,’ among others." hazardous reducing agents or precursors and agglomeration of

Among the nanoparticles mentioned above, iron-based nanoparticles that leads to formation of larger aggregates due to
materials (i.e, zero-valent iron nanoparticles, iron oxides, and van der Waals and magnetic forces. Bio-based methods might

hydroxides nanoparticles) are of significant interest because of
their efficiency in the remediation of pollutants from soils and
disinfection of water. Among these materials, zero-valent iron

Special Issue: Sustainable Nanotechnology 2013

nanoparticles (nZVI) have found widespread use because of Received: February 27, 2014
their cost-effective and relatively environmentally friendly Revised:  April 8, 2014
nature.’ ' Recent studies have shown that nZVI particles Published: April 21, 2014
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be more appropriate options for designing nanomaterials with
diminution of environmental impacts. Consequently, “greener”
synthetic methods using mainly tea, fruit, or plant extracts
containing antioxidants based on polyphenols have been
utilized for generating Fe-containing nanoparticles and their
environmental remediation applications.">">* Moreover, the
use of plants for the synthesis of nanoparticles could be
advantageous over the conventional chemical methodologies
because plants are biorenewable resources and can possibly
provide sustainable solutions for large-scale deployment. The
tea polyphenols are often the prime choice for reducing and
stabilizing agents because polyphenols are biodegradable,
nontoxic, and water-soluble at room temperature. Moreover,
tea extract contains molecules bearing alcoholic functional
groups that can be exploited for stabilization of the prepared
material; tea polyphenols can also form complexes with iron
ions and thereafter reduce them to metal nanoparticles.'® In
this context, oxidation/reduction processes in the reaction
depend on the reduction potentials (E°) of reagents. While the
reduction potential values for tea or fruit polyphenols range
between 0.3 and 0.8 V,"*?° the reduction potential of Fe metal
is strongly negative (—0.44 V). Therefore, the tea and fruit
polyphenols themselves are unsuitable for the reduction of Fe**
and Fe*" ions to zero-valent iron and only polyphenol-assisted
reduction of Fe** to Fe is possible (reduction potential of
Fe/Fe** is 0.771 V) as well as polyphenol-assisted reduction
of silver (E° [Ag"/Ag] = 0.799 V), gold (E° [Au**/Au] = 1.498
V), or palladium (E° [Pd**/Pd] = 0.987 V) ions to their
respective metal nanoparticles.

Although several studies have been conducted on the use of
bio-based materials for synthesis of nZVI, further research is
needed in this area in view of the ambiguous conclusions. The
previously prepared Fe-based nanoparticles using green
chemistry were identified as amorphous nZVI using trans-
mission electron microscopy (TEM) and X-ray powder
diffraction (XRD).'>'®'®1%21" On the contrary, the recent
studies reveal that iron is not reduced to nZVI by polyphenols
but probably forms an iron(III)—polyphenol complex (deter-
mined by energy dispersive spectrophotometry).’” Never-
theless, these methods are unable to determine the phase
composition of the amorphous iron-containing material.
Therefore, in this paper, we have synthesized green tea—iron
nanoparticles (GT—Fe) and characterized them by several
analytical methods including TEM, XRD, UV—vis spectrosco-
py, and Mossbauer spectroscopy. Mossbauer spectroscopy, in
particular, presents one of the most powerful tools in
identification of both crystalline and amorphous iron-
containing phases.”*™>” Control experiments have been
conducted using the standard borohydride reduction method
leading to a synthesis of nZVI, and the results were compared
with the greener approach. In view of earlier successful
remediation studies with these GT—Fe nanomaterials in
degradation of organic dyes,">'®** chlorinated organics,'”
arsenic(I11),** or in the catalytic chemoselective dehydrogen-
ation reactions,” the correct identification of their composition
and their ecotoxicological studies have been carried out and
discussed because their use in wastewater remediation places
them in direct contact with the environment.

B EXPERIMENTAL SECTION

Materials and Chemicals. Iron(III) chloride hexahydrate (FeCl;-
6H,0), iron(III) nitrate nonahydrate (Fe(NO,);-9H,0), and sodium
borohydride (NaBH,) were purchased from Sigma-Aldrich. Tea
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extract was prepared from green tea leaves purchased from a local
market. All chemicals were used without further purification.

Biosynthesis of Fe-Based Nanoparticles. The synthesis of iron-
based nanoparticles using green tea extract (GT—Fe) was performed
according to the protocol described by Nadagouda et al,'with a
minor modification that consists of maintaining the reaction under
nitrogen atmosphere. Briefly, tea extract was prepared by adding 2.0 g
of tea powder to 100 mL hot water (just after boiling). The extract was
allowed to cool to room temperature under magnetic stirring and was
vacuum filtered. Separately, the solution of 0.1 M Fe(NO3);-9H,0 was
prepared, and both solutions were bubbled with nitrogen gas for 1 h.
Subsequently, green tea-synthesized Fe-based nanoparticles were
prepared by injecting 0.5 M Fe(NO;);-9H,0 into green tea extract
in a 1:5 volume ratio under nitrogen atmosphere. The reaction was
continued for 24 h, and the product was stored at 4 °C. A control
authentic sample of nZVI was prepared via a standard NaBH,
reduction method."?

Material Characterization. Morphological and size characteristics
were analyzed using transmission electron microscopy (TEM). TEM
images were obtained using an electron microscope JEOL JEM-2010
operating at 160 kV with a point-to-point resolution of 1.9 A. For all
measurements, a drop of a very dilute dispersion was placed on the
copper grid with holey carbon film and subsequently allowed to dry
under vacuum at room temperature (RT).

X-ray powder diffraction (XRD) patterns of Fe-based samples were
recorded on PANalytical X'Pert PRO diffractometer in Bragg—
Brentano geometry, equipped with an iron-filtered CoK, radiation
source (1 = 0.179 nm) at 40 kV/30 mA, X'Celerator detector,
programmable divergence, and diffracted beam anti-scatter slits.
Generally, 200 uL of suspension was dropped on a zero-background
single-crystal Si slide, allowed to dry under vacuum at RT, and scanned
in continuous mode (resolution of 0.017° 26, scan speed of 0.008° 24
per second, 26 range from 20° to 105°) under ambient conditions.
The commercially available standards SRM640 (Si) and SRM660
(LaB6) from NIST were used for the evaluation of line positions and
instrumental line broadening, respectively. The acquired patterns were
processed using X'Pert HighScore Plus software (PANalytical, The
Netherlands), in combination with PDF-4+ and ICSD databases
(ICSD collection code for a-Fe is 631729).

Absorbance was measured at wavelengths ranging between 200 and
900 nm at RT using a Lightwave II (WPA) UV—vis spectropho-
tometer. For all measurements, the samples were appropriately diluted
with ddH,0.

A transmission Mssbauer spectrometer MS96>® with a ¥’Co(Rh)
source of y-rays was used for the zero-field Mdssbauer experiment at
100 K. The obtained spectra were fitted by the Lorentzian line shapes
using program MossWinn® based on the least-squares method. The
isomer shift values were referred to a-Fe foil sample at room
temperature. For all measurements, the reaction was stopped at 1 min,
60 min, and 24 h by an anaerobic injection of 200 xL of the sample
into pre-frozen (liquid nitrogen) Mbssbauer cuvettes. The samples
were then immediately stored at —80 °C to protect against possible
oxidation.

The iron content was determined due to the reaction of ferrozine
(monosodium salt hydrate of 3-(2-pyridyl)-5,6-diphenyl-1,2,4-triazine-
p,p-disulfonic acid)** and the divalent Fe form, where a stable
magenta complex is formed. In order to determine the iron
concentration in the samples, bMNPs were separated by centrifuga-
tion, resuspended in 65% (w/w) HNO,, and incubated at 98 °C for 1
h to dissolve the MNPs. The iron content in the solution was
determined with a protocol of the ferrozine assay described by
Viollier.!

Ecotoxicological Bioassay. For all bioassays, aqueous dispersion
of GT—Fe nanoparticles was added to the cultivation media to achieve
various final concentrations (see below) expressed as mg/L of Fe.

Pseudokirchneriella subcapitata and Synechococcus nidulans.
The growth assays with the green alga P. subcapitata and
cyanobacterium S. nidulans were performed in 96-well microplates
with a sample volume of 250 ¢L per well with three replicates for each
sample. The initial concentration was 50,000 cells per milliliter and

dx.doi.org/10.1021/5¢5001435 | ACS Sustainable Chem. Eng. 2014, 2, 1674—1680
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200,000 cells per milliliter for alga and cyanobacterium, respectively.
For the tests, ZBB growth medium, i, a 1:1 mixture of medium Z
(Zehnder)* and Bold’s Basal medium (BB)**?** was used. Algae were
exposed to the material for 72 h at 24(+1) °C under continuous
illumination (90 wmol/m* s) by cool white fluorescent lamps
(Philips). The growth was evaluated after 72 h by in vivo fluorescence
measurements with a microplate fluorescence reader GENios (Tecan).
Inhibition of growth in different concentrations of chemicals was used
as the end point while determining the ECs,.

Daphnia magna. D. magna bioassays were performed according to
the international standard method (ISO 6341, 1996).*° Organisms
were obtained from RECETOX (Masaryk University, Brno, Czech
Republic). Juveniles of D. magna (20 individuals per variant, not older
than 24 h) were transferred into separate polystyrene plates using the
standard exposure solution ISO 6341. The temperature was kept at
20(+2) °C during the exposure. Daphnids were inspected after 24 and
48 h of exposure. The toxicity of material was expressed in terms of the
effective concentration (ECs,) required to cause the immobilization of
50% of all individuals after 24 and 48 h of interaction.

B RESULTS AND DISCUSSION

Characterization. On adding ferric chloride solution to the
aqueous extract of green tea leaves under nitrogen atmosphere,
the mixture instantaneously turned from a yellow—orange to
dark brown—Dblack color (Figure 1) indicating the formation of

N,

Figure 1. Photographic images of color development during formation
of the GT—Fe complex before mixing GT and Fe salt (left) and after
mixing (right) in the synthesis GT—Fe nanoparticles.

green tea—iron complex (GT—Fe), as described recently.”> The
reaction was carried out for 24 h, and 1 mL of the sample was
taken out (using anaerobic sampling by injection) at 1 min, 60
min, and 24 h for further analysis. As a control, nZVI particles
were prepared by the standard borohydride reduction method,
and the sample was labeled as BH—Fe.

UV—vis spectra of GT—Fe nanoparticles, green tea (GT),
BH-Fe, and Fe(NO;);9H,0 are shown in Figure 2. The
spectra for all samples in the visible range have continuous
absorption. On the other hand, two significant absorption peaks
in the UV range were observed in the spectra of GT and GT—
Fe, and Fe(NO,;);-9H,0, while these peaks were not present in
the spectrum of BH—Fe (no surface plasmon resonance
absorption was observed in whole spectrum). The absorption
peak at 210—220 nm is identical for all samples (except BH—
Fe). The second peak of the spectra ranging between 250 and
400 nm is more interesting because its absorption maximum
shifts from 267 to 295 nm when spectra of samples are
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Figure 2. UV—vis spectra of GT—Fe nanoparticles taken at 1 min, 60
min, and 24 h of reaction time: green tea (GT), BH—Fe, and
Fe(NO;);:9H,0, respectively.

compared. The precursors, green tea and iron(III) nitrate, have
absorption peaks at 271 and 295 nm, respectively. There is a
formation of complex between iron ions and polyphenols
(green tea extract) just after mixing the compounds that leads
to the absence of the peak at 295 nm and the peak belonging to
GT shifts from 271 to 267 nm in the spectrum of GT—Fe at 1
min of the reaction. This complex changes as the reaction time
progressed because the peak maximum shifts to the higher
wavelengths, ie, to 270 and 283 nm at 60 min and 24 h,
respectively. This aging of the GT—Fe complex will be
discussed later with the respective Mossbauer spectroscopy
results.

Morphology and size of GT—Fe nanoparticles were analyzed
by transmission electron microscopy (Figure 3). The recorded
TEM micrographs of the GT—Fe samples taken at different
time points indicate morphology development of nanomaterial
structures in specified moments of the reaction. Whereas GT—
Fe forms 70 nm-sized separated spherical nanoaggregates after
1 min of the reaction (Figure 3a), after 1 h, it forms larger
irregular nanoparticulate structures (Figure 3b), which after 24
h turned into an extended network (Figure 3c). These
morphological differences could be attributed to reaction time
and/or the concentration of polyphenols in the reaction
becagge similar structures were described previously by Wang
et al.

XRD patterns of GT—Fe and BH—Fe nanoparticles are
shown in Figure 4. The BH—Fe nanoparticles are identified as
crystalline zero-valent iron nanoparticles in agreement with
reported values (JCPDS card no. 04-002-685), and their mean
X-ray diffraction coherence lengths (MLC) calculated from
Rietveld refinement is equal to 13 nm. On the other hand, the
patterns of the three GT—Fe samples lack distinct diffraction
lines, su$§estin that the GT—Fe NPs are amorphous in
nature.'>'®'%?%%6 In this context, amorphous XRD patterns
have been interpreted differently by the authors. Wang et al.*'
identified two very wide peaks at positions 20—25° and 40—45°
26 Cu Ka. Their broad shapes, described as shoulders, were
attributed to organic matter and a-Fe, respectively. Never-
theless, only the amorphous nature of the material can be
concluded by XRD due to the lack of other diffraction lines that
would enable identification of nZVI or other crystalline phases.
On the other hand, Hoag et al.*® prepared and identified
crystalline iron nanoparticles (JCPDS card no. 00-050-1275).

dx.doi.org/10.1021/5¢5001435 | ACS Sustainable Chem. Eng. 2014, 2, 1674—1680
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Figure 3. Morphologies of GT—Fe determined by TEM: (a) GT—Fe nanoparticles taken at (a) 1 min, (b) 60 min, and (c) 24 h of reaction time.
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Figure 4. XRD patterns of GT—Fe taken at 1 min, 60 min, and 24 h of
reaction time and BH-Fe.

Although the identified JCPDS card belongs to hexagonal zero-
valent iron, this structure of iron is very improbable under

ambient conditions, and its stability at room temperature was
predicted only at pressures higher than 13 GPa.”’
Low-temperature (100 K) M&ssbauer spectroscopy is now
used to determine the oxidation state of iron during its reaction
with GT extracts. Mossbauer spectra of GT—Fe samples
(Figure Sa—c) consist of two doublets with hyperfine
parameters typical for high-spin Fe** (§ = 1.34 mm/s, AEq =
325 mm/s) and high-spin Fe** (6 = 0.63 mm/s, AEq = 0.56
mm/s). The presence of the both Fe** and Fe** in GT—Fe
nanoparticles is in a good agreement with the above predicted
reduction of Fe** to Fe* (E° [Fe**/ Fe**] = 0.987 V) by GT
polyphenols (E° [polyphenols] ~0.3—0.8 V). Moreover, the
Fe3*/Fe** ratio was found to depend on reaction time
(quantitative data are shown in Table 1). The percentage
distribution of Fe** and Fe?* ions in GT—Fe is calculated to be
41% and 59%, respectively, after 1 min of reaction (Figure Sa).
Ongoing reduction of Fe®* by GT resulted in composition of
33% Fe®* and 67% Fe®" at 60 min of reaction (Figure Sb), and
finally 27% Fe®* and 73% Fe’* at 24 h of reaction (Figure Sc).
Furthermore, it should be noted that no zero-valent iron
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Figure S. Low-temperature Mdssbauer spectra of GT—Fe taken at (a) 1 min, (b) 60 min, and (c) 24 h of reaction time and (d) BH—Fe.
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Table 1. Mossbauer Hyperfine Parameters Derived from Low-Temperature (100 K) Mdssbauer Spectra®

sample component 5 + 0.01 (mm/s) AEq + 0.01 (mm/s)
1 min doublet 1.34 325
doublet 0.63 0.56
60 min doublet 1.34 3.25
doublet 0.63 0.56
24 h doublet 1.34 325
doublet 0.63 0.56
a-Fe sextet 0.11 —0.01

By + 0.3 (T) I + 0.01 (mm/s) RA + 1 (%) assignment
- 0.58 59 Fe(1II)
- 0.58 41 Fe(1I)
- 0.58 33 Fe(1II)
- 0.58 67 Fe(II)
- 0.58 27 Fe(III)
- 0.58 73 Fe(1I)
32 0.38 100 a-Fe

“6 is isomer shift, AE, is quadrupole splitting, By is hyperfine magnetic field, I is spectral line width (determined as full width at half-maximum),
and RA is the relative subspectrum area expressing atomic % of Fe (Lamb—Mbssbauer f-factor is considered to be the same for all identified phases).
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Figure 6. Ecotoxicological bioassays indicate a high activity of GT—Fe nanoparticles against (a) S. nidulans (after 72 h), (b) P. subcapitata (after 72

h), and D. magna after (c) 24 h and (d) 48 h.

existence has been proven after comparison of the Mossbauer
spectra of GT—Fe nanoparticles with the spectrum of BH—Fe
where a pure zero-valent iron is identified through the sextet
component (Figure 5d).

Ecotoxicological Bioassay. As we have now uncovered
the true nature of GT—Fe nanoparticles, which is different from
nZVI, and because of their earlier successful remediation
application that used GT—Fe nanomaterials in degradation of
organic dyes,ls’m’22 chlorinated orga.nics,I7 or arsenic(III),
and or in catalytic dehydrogenation reactions,” we sought to
determine their impact on several organisms that can have
positive or negative ecotoxicological properties. The results of a
toxicological assay (Figure 6) show the negative impact of GT—
Fe nanoparticles on cyanobacterium (S. nidulans), green alga
(P. subcapitata), and even an aquatic invertebrate (D. magna).
To refine, the effective GT—Fe concentrations required to
inhibit 50% of organisms (ECs,) determined for S. nidulans and
P. subcapitata were found to be 6.1 + 0.5 and 7.4 + 1.6 mg/L,
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respectively. In addition, ECg, values of GT—Fe toward D.
magna after 24 and 48 h were determined to be 21.9 + 4.3 and
16.6 + 4.7 mg/L, respectively.

These results can be compared with the nZVI acute toxicity
results by Marsalek et al;*® the ECq, value for cyanobacterium
Microcystis aeruginosa was reported to be 50 mg/L in natural
conditions, which is almost 10 times lower in toxicity than the
one determined for cyanobacteria when GT—Fe nanoparticles
were tested (ECy, (S. nidulans) = 6.1 mg/L). Moreover, a very
high toxicity of GT—Fe against other organisms (alga and
invertebrate) was revealed, whereas EC;, values of nZVI for
analogous organisms were greater than 1000 mg/L. Comparing
those studies, GT—Fe can be presented as slightly—moderately
toxic, while nZVI is practically “non-toxic” for the above-
mentioned aquatic organisms. The significant toxicity of GT—
Fe nanoparticles can be caused by the high content of Fe** ions
that are probably released from GT polyphenols and may act as
electron donors under aerobic conditions. Thus, Fe** can
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readily catalyze the generation of noxious radicals that resulted
in oxidative stress, generation of reactive oxygen intermediates,
disruption of the membrane integrity, or inhibited intracellular
redox processes.””*” Moreover, aggregation of GT—Fe in fresh
water is expected to be slower than aggregation of nZVI in the
same conditions. Thus, long-term biocavailability (and thus
ecotoxicity) of GT—Fe is expected to be higher when compared
to the nanoparticles of zero-valent iron.

B CONCLUSIONS

The detailed characterization and determination of ecotoxico-
logical impact of green tea—iron nanoparticles has been
accomplished. The reaction between polyphenols (green tea)
and Fe* ions resulted in both the formation of an Fe—
polyphenol nanosized complex and reduction (reaction time
dependent) of Fe* to Fe®, respectively. The GT—Fe
nanoparticles have been assessed with ecotoxicological assays
that proved their highly negative effects on three representative
aquatic organisms, including cyanobacterium (8. nidulans), alga
(P. subcapitata), and even invertebrate (D. magna). The toxicity
of tested GT—Fe nanoparticles can be attributed to Fe** ions
released from GT polyphenols that may act as electron donors
under aerobic conditions and readily catalyze the generation of
toxic noxious radicals; they should be considered in the use of
these materials in remediation processes where aquatic
organisms are present.
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PRECISE COMPACT SYSTEM FOR IONIZING RADIATION
DETECTION AND SIGNAL PROCESSING WITH ADVANCED
COMPONENTS INTEGRATION AND ELECTRONIC CONTROL
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Quality and performance of a detection system are the crucial parameters in all nuclear physics experiments. This system

serves as a source of all signals and noises to be processed. Better performance, higher amplification and lower noises
occurrence simplify subsequent signal analysis. In the field of M&ssbauer spectroscopy, the spectrum quality and Mossbauer
effect are crucial parameters which are affected especially by the quality of the detection system. These parameters were
evaluated for different types of a detection setup. Finally an improvement of the spectrum quality by 15 % and Maossbauer
effect by 7% has been achieved for the natural iron reference absorber measurement in comparison with previous version of

the detection system.

Keywords: gamma ray detection, signal processing, Mdssbauer spectroscopy, Mdéssbauer spectrum

1 INTRODUCTION

Almost every nuclear physics experiment is based on
a detection of a specific type of radiation followed by a
processing of the detector output signal. For those pur-
poses, various types of detection systems can be utilized,
usually consisting of several separated devices with more
or less complicated setup.

Advanced detection systems containing ionizing radia-
tion detectors and signal processing electronics have been
described in many papers. The end electronics system
unit for processing of the signal of the semi conductive
ionizing radiation detectors is described in [1]. Developed
integrated circuit processes signal and sends data to a
master system. In this case, the ionizing radiation de-
tector is used as a separated unit. In [2] the system for
the fast pulses of the ionizing radiation detectors digiti-
zation is described, where output data are transferred to
a control system. In this case, the detector is used as a
separated unit as well. The integrated circuit for signal
processing, the development of which is described in [3],
where the system contains parts for analog signal pro-
cessing, however, without a detector. In [4] a technique
for optimization of a single channel analyzer is described.
A development of a fast scintillation detector is described
in [5]. This detector contains integrated, programmable
high voltage supply. In [6] a portable spectrometric sys-
tem for gamma radiation detection is proposed. The sys-
tem is based on PIN diode detector and contains signal
processing electronics.

Only partial solutions of detection systems have been
presented in available literature. There is no single, stand-

alone device with all the necessary devices integrated (de-
tector, pre-amplifier, amplifier, discriminator and single-
channel analyzer), especially with the dimension below
30 cm.

Detection systems for nuclear physics experiments, in-
cluding detectors and electronics integrated in a single
body or a single optimized chain have also been de-
scribed in the selected patents. In [7] a design of a sys-
tem with Geiger-Miiller detector and control electronics
is described. In [8] a detection system including semicon-
ductor diodes, a charge amplifier and a discriminator as a
complete detection system has been proposed. The signal
is being processed by using a microcontroller there. This
system is very complex, but all the devices are separated.
A detection system with ionizing chamber is described in
[9]. Tt contains electronics for signal processing as well, in-
cluding a microcontroller, a power supply, a battery, and
analog amplifiers. This device contains even communica-
tion interface WiFi, GPS, RS-232 and USB. A complete
detection system with signal processing based on a scintil-
lation detector and expansion blocks is described in [10].
In [11] a Cadmium-Zinc-Tellurium detector with signal
processing electronics is described. It contains a detector,
signal amplifiers, and filters. There is no pulse registra-
tion unit and a counter unit has to be connected exter-
nally. In [12] a design of a detection system for continuous
monitoring and ionizing radiation detection, especially for
dosimetry measurements is described.

In the summary an ionizing radiation detector is rep-
resented by a main block mostly without integrated high
voltage power supply, or without a signal processing unit
integrated, or there are no pre-amplifiers and amplifiers in
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Fig. 1. Block diagram of IND detection system

some solutions. Each additional electronic block is usually
realized as a separated device which has to be connected
with the detection system externally.

The detection system described in this paper is de-
signed to be complex, small and powerful. We consider it
as a continuation of previously published papers and doc-
uments [4,5,13-17]. It represents a single device which
consists of a scintillating detector, an electronically con-
trollable high voltage power supply, a pre-amplifier, an
electronically controllable amplifier, an electronically con-
trollable single channel analyzer, a counter (which pro-
vides multi-channel analysis) and a microcontroller. Such
system has been primarily designed for usage in the field
of Mossbauer spectroscopy; however it can be applied in
other fields as well.

2 IND DETECTION SYSTEM DESCRIPTION

The main purpose of this system is to perform gamma-
ray spectroscopy (especially applied in Mossbauer spec-
troscopy).

All parts of the detection system working in close-packed
configuration are handled by a control unit through var-
ious internal communication interfaces. Thanks to that,
a high voltage supply, amplification and a single channel
analyzer (SCA) are simply externally electronically con-
trollable using a standard USB interface. Some parts are
moreover electronically re-programmable via In-Circuit
Serial Programming interface (ICSP). This system was
named Intelligent Nuclear Detector (IND).

As an up-to-date, IND detection system has been de-
signed to be powerful, small and easy to use. Following
that idea, it has integrated all the necessary parts to op-
erate, including a scintillating detector, a pre-amplifier,
an amplifier, SCA, a counter and a control unit that are
connected together as it is shown in Fig. 1.

According to the previously published experimen-
tal results [13], as the best suitable scintillating ma-
terial YAP:Ce (Yttrium Aluminum Perovskite, doped
with Cerium; diameter 28 mm, thickness 0.4 mm, 30 nm
aluminum film) with photomultiplier the R6095 tube
(HAMAMATSU) has been chosen. This provides nega-
tive voltage output pulses.
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Two stage amplification of the registered signal is pro-
vided by the inverting pre-amplifier (fixed amplification
80x ) and the fine amplifier (up to 81x adjustable am-
plification). Both amplifiers are based on the AD8038 op-
erational amplifier (Analog Devices). Then, polarity of
output pulses is positive and this signal is driven to ana-
log output of IND and/or to SCA.

Amplification and high voltage level are electronically
controllable. For this purpose, the AD5252 (Analog De-
vices) digital potentiometer is used, which is set via stan-
dard I2C interface by the control unit. As it is shown
in Fig. 2, the AD5252 is a dual device. In presented sys-
tem, the first digital potentiometer is used for a control of
amplification (Fig. 2 left), and the second one for a con-
trol of the high voltage level (Fig. 2 right). The C9028-01
(HAMAMATSU) high voltage supply is used. The high
voltage level has a range from 0 to 1250 V and it is set
by voltage level on the adjustment input of the C9028-01
(0-5 V means 0%-100%). The digital potentiometer is
set by a control unit, using standard 12C interface.

In Out

Dual digital

Pre-amplifier potentiometer Ref.out
Amplifier
AD5252 Adj.in C9028-01
PCcontrol = T =

Fig. 2. Amplification (left) and high voltage level control (right)

Analog pulses HL __ D-type flip-flop
HL Valid pulses (TTL)
High level reference Del LL D Q
C
R
S Q|—
Low level reference

Fig. 3. SCA simplified schematic, realization with two compara-
tors [4]

SCA [4] is based on the discriminator unit with two
fast ADCMP600 (Analog Devices) comparators with
3.5 ns response time, D-type flip-flop trigger and DS1023-
100 (Maxim Integrated) programmable delay line. The
simplified schematic of SCA is illustrated in Fig. 3.

The analog signal from the detector output is driven to
the both of comparators. One comparator represents HL
(higher reference voltage level), the other one LL (lower
reference voltage level) of the discriminator window. As
it is shown in Fig. 3, a signal from HL is inverted and
then driven directly to data input (D), while LL is driven
directly to the inverted reset input (R) and after delaying
as delLL to the clock input (C) of the D-type flip-flop

trigger. There is a function time diagram in Fig. 4.
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Three different cases of pulse analyzes (registration)
are shown in Fig. 4. including a pulse with the amplitude
lower than LL (I, recognized as non-valid), the pulse with
the amplitude directly between LL and HL (II, recognized
as valid), and the pulse with the amplitude higher than
HL (III, recognized as non-valid).

U

L II. II1.
Un F\
UL (\ -

VANEVEIAN
Signal
LL Y R
Del LL Fl T
HL | |D
M
Valid pulses Q

Fig. 4. Function time diagram of SCA [4]

In the first case (I), the flip-flop trigger is being hold
in reset state by logic 0 on R input. In the second case
(IT) the situation is very different. Exceeding of LL value
generates logic 1 on R input and the flip-flop trigger
is active. After a proper delay (optimization of delay is
explained in Section 3.3), there is a C signal generated
and because of not-exceeding HL there is a logic 1 on D
input. This generates the logic 1 on Q output of the flip-
flop trigger (it lasts after R input is returned to a logic
0). Finally in the third case (III), the situation is similar
to the second one. There is a logic 1 on R input (the
flip-flop trigger is active), after a proper delay, C signal is
generated as well, however, because of exceeding of HL,
there is a logic 0 on D input of the flip-flop trigger and
thus no signal is generated on output Q. This behavior
provides reliable selecting of the valid pulses only.

Additionally in a combination with the 74HCT4020
14-bit counter and the PIC16F819 programmable micro-
controller (Microchip), this SCA is used to perform a
multi-channel analysis (MCA). This MCA is provided by
scanning a complete range of SCA step by step. In ev-
ery step, the number of detected pulses is counted by a
counter and then being read out and stored by the mi-
crocontroller which is electronically reprogrammable via
standard ICSP interface.

The IND function is programmed and controlled by
the main control unit, which is based on the PIC16F819
programmable microcontroller. This microcontroller is
operating on 8 MHz frequency and its purpose is to com-
municate with the other parts of the IND system and
to store all the operating parameters. For this commu-
nication, various standard busses are used. I?C inter-
face provides communication with the AD5252 digital
potentiometer and a counter unit (setting up of am-
plification, high voltage level and reading out counter

J. Navarik et al: PRECISE COMPACT SYSTEM FOR IONIZING RADIATION DETECTION AND SIGNAL PROCESSING ...

unit’s memory). Standard SPI interface is used to set up
the MCP4922 (Microchip) digital-to-analog converter (for
generating of reference voltage levels for SCA). Because
of the possibility to upgrade a program of the control
unit, the ICSP interface is led out through IND power &
communication cable. For the communication with PC,
an I2C/USB interface converter is used and so the IND
can be connected and controlled easily by any ordinary
PC via standard USB interface.

For the precise adjustment of all the controllable
parameters a control PC application developed in
LabVIEW™ is used.

3 MEASUREMENT

The main field of interest for this detection system
is Mossbauer spectroscopy, especially on °“Fe nuclei. In
that case ®"Co source with emitted gamma ray energy
of 14.4keV is used hence all parameters are optimized
for the detection of this energy; however it can be simply
optimized for different energies (optimization is described
in the following sections).

3.1 High Voltage and Amplification optimization

The internal SCA is capable to analyze pulses in the
amplitude range from 0 to 3.3 V. It means, that all the
operating parameters must be optimized to keep 14.4 keV
photo-peak between this voltage levels, with as high res-
olution as possible at the same time. For this purpose the
high voltage level and the amplification has to be opti-
mized. The virtual instrument based on National Instru-
ments HW and SW was used as a standard multi-channel
analyzer for comparison [18], with the fast pulse process-
ing algorithm [19].

The C9028-01 high voltage power supply is capable
to provide 1250 V as maximum (which is approximately
80 % of the maximum allowed load of the R6095 photo-
multiplier tube). Thus the high voltage level was set to
maximum to obtain the gain ~ 107, and the amplifica-
tion was adjusted to obtain a clear 14.4 keV photo-peak
in measured MCA.

In Fig. 5, there are MCAs of the output signal of
the amplifier. The first MCA (I) represents all energies,
the second MCA (II) has suppressed low energies (us-
ing Aluminum filter) and thus 14.4 keV photo-peak is
determined. The measurement was done with maximal
high voltage level and amplification; for the time interval
of 100s, using NI PCI-5124 digitizer (National Instru-
ments) [17].

3.2 Amplifier output signal parameters

Formerly, the most used scintillating crystal in MS
was Nal:Tl, however, it is not very well suitable for
gamma photon detection with high-activity sources. Out-
put pulses provided with Nal:T1 crystal are about eight
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Fig. 6. YAP:Ce average pulse recorded using NI USB-5133

Table 1. Mossbauer effect and spectrum quality dependence on selected delay

Delay (ns) 20 25 30 35 40 45

50 55 60 65 70 75 80

Effect (%) 10.32 13.58 14.51 15.25 15.47 15.23 15.69 15.84 13.80 14.09 13.69 13.09 11.03

Quality 533 922

1053 1163 1197 1159 1231 1254 952

992 937 857 608

Table 2. MS’96 SCA and IND internal SCA - comparison of the
spectrum quality and Mossbauer effect

Spectrum quality Mossbauer effect (%)

1092 14.78
1254 15.84

MS’96 SCA
IND internal SCA

times longer than in the case of YAP:Ce crystal. For this
reason, YAP:Ce has been selected as the best suitable
scintillating crystal.

After optimizing the high voltage and the amplifica-
tion, the average pulse was recorded. The pulses with 1V
amplitude was selected (£5 %) and then 100000 pulses
were collected and averaged. The shape of the average
pulse was recorded using NI USB-5133 digitizer (National
Instruments) with 100 MS/s real-time sampling rate.

As can be seen in Fig. 6, both rise and fall time was
measured as 50 ns. The complete pulse length is only
100 ns. It means, that YAP:Ce is not so vulnerable to
pile-up effect [19] and it is better suitable for high-activity
sources.

3.3 SCA optimization with Moéssbauer spectra
measurements

The final optimization step was based on the adjust-
ment of the internal SCA. This analyzer is based on elec-
tronically controllable delay line; therefore this delay line
must be optimized properly, according to signal parame-
ters. The DS1023-100 delay line has a variable delay from
0 ns to 255 ns, with 1 ns step. The delay is set as 8-bit
number, which represents from 20 ns up to 275 ns time
delay.

As it is shown in Fig. 7, a different time delay has
a significant effect on the MCA shape. There are three

MCAs registered with different time delays. As the first
(I), there is the MCA for 20 ns time delay. In this case,
the 14.4 keV photo-peak is the widest. As the second
(IT), there is the MCA for 50 ns delay. In this case, the
14.4 keV photo-peak is not so wide, on the other hand, it
is better visible (distinguishable) in comparison with the
first case. As the last (III), there is the MCA for 80 ns
time delay. It is obvious that the 14.4 keV photo-peak is
the least distinguishable and its width is the lowest as
well. Thus it can be supposed that the best parameters
are a compromise between the 14.4 keV photo-peak width
and distinguishability.

For a precise optimization, MCAs was measured for
time delays from 20 ns to 80 ns, with 5 ns step. The
position of 14.4 keV photo-peak was determined for each
MCA and then transmission Mdssbauer spectrum was
measured using MS’96 Mossbauer spectrometer [14,15]
(each spectrum was measured for one hour, using the
natural iron reference absorber). All measured spectra
were normalized and compared (Mossbauer effect and
spectrum quality).

The statistical quality of measured Mdossbauer spectra
is determined by the expression

2

€
= ——Ns, 1
@ e+2 (1)
where ¢ is the resonant effect
Ny — N
e = Moo = Mol 2)

Noo

where N, represents the number of the counts of the
background and Ny represents the number of the counts
at the minimum resonance peak. These equations were
used to obtain values presented in Tab. 1.
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Fig. 10. The final look of the IND system (without housing),
compared to a pen

As it is shown in Tab. 1, Mossbauer effect is the lowest
for the lowest and the highest time delays. The delay in-
creasing causes, the effect increasing up to its maximum.
Further increase of the delay leads to the effect decreas-
ing. The same applies for the Mossbauer spectrum qual-
ity parameter. It means that the best performance of this
detection system has been proven to be a compromise be-
tween width and distinguishability of the 14.4 keV photo-
peak and so 55 ns was selected as the best parameter.

In Fig. 8, the Mdssbauer spectrum of the natural iron
reference absorber registrated using optimized IND de-
tection system is presented.

J. Navarik et al: PRECISE COMPACT SYSTEM FOR IONIZING RADIATION DETECTION AND SIGNAL PROCESSING ...
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Fig. 8. Mossbauer spectrum of the natural iron reference absorber

3.4 Final IND internal SCA performance test

After complete IND detection system optimization, its
MCA was recorded (see Fig. 9).

The performance of the IND internal SCA was com-
pared also with the MS’96 SCA and the corresponding
Mossbauer spectra of the natural iron reference absorber
were measured. The results of this comparison are shown
in Tab. 2. It is obvious that the usage of the IND internal
SCA provides a significantly higher spectrum quality (im-
provement by 15 %) and Mossbauer effect (improvement
by 7%).

4 CONCLUSION AND DISCUSSION

The precise compact system for ionizing radiation de-
tection and signal processing with advanced components
integration and electronic control has been developed [20]
and successfully implemented into current experimental
setups of Mdssbauer spectrometers. The IND system is
compact and effective. It contains the scintillation detec-
tor (YAP:Ce crystal), the high voltage supply, the pre-
amplifier, the amplifier, the single-channel analyzer, the
counter and the microcontrollers with memory. Thanks
to the electronic control, self-backup of operating param-
eters and internal temperature self-monitoring it is called
intelligent. The IND system has both analog and logic
output.

The IND detection system has been compared to
the National Instruments digitizer and to the original
MS’96 Mossbauer spectrometer and exhibits valuable im-
provement. From now, Md&ssbauer spectrometers in the
RCPTM laboratories are equipped with the IND detec-
tion system. Complete IND detection system is shown in
Fig. 10.
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ABSTRACT: Speed of data processing is regarded as a crucial parameter in the nuclear physics
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1 Introduction

Nuclear physics experiments are based on an acquisition and detection of signals from various types
of detectors designed to detect relevant radiation, i.c., scintillation and gas-filled detectors. These
signals mainly consist of continuous stream of pulses with different amplitudes and shapes with
respect to energy of detected radiation and type of detector. Subsequently, the pulses are processed
and analyzed in energy and time domains and accumulated in accordance with given conditions.

Such signals are characterized by two most important parameters such as energy of the pho-
ton/particle detected (represented by the amplitude/pulse-height (PH) value), and its time of detec-
tion (represented by the time-of-flight (TOF) value). PH and TOF represent the key parameters in
the spectrometry as well as in the coincidence measurements, where tasks for energy discrimination
and time inspection of the two consecutive events are simultaneously preformed.

There are many methods for pulse processing designed to evaluate PH, TOF, pulse shape,
decay time (length), rise-time, etc., implemented in analog or digital forms [1]—[9].

Recently, particularly the digital approach in development of digital signal processing (DSP)
units is applied. In general, there are two approaches how to implement DSP algorithm into the
measurement system, i.e. by a hardware (electronic) way or by a software (programming code) way.

The software way can utilize the LabVIEW™ (National Instruments) programming environ-
ment with specific built-in functions. LabVIEW is powerful system design software built par-
ticularly for tasks performed by engineers and scientists. DSP in LabVIEW programming envi-
ronment is now widely used in nuclear physics experiments where computer-based systems are
employed [10]-[18]. A LabVIEW-based method exploiting Waveform Peak Detection (WPkD)



function can be used to calculate the amplitude and location of the valid pulse [9]. Such func-
tions are ready-to-use in different types of engineering arcas as well as in nuclear physics (firstly
reported in [9]). However, there are also some disadvantages of this function (such as accuracy of
pulse amplitude and position determination) [15, 17] as it is developed more generally and there
are requirements for optimization in special cases. In [15, 17], additional LabVIEW and C++
codes were developed to upgrade the result values coming from the WPkD function. In [17], C++
code was found to be much faster than a code developed in LabVIEW; moreover, WPkD code
can also underestimate or overestimate the PH values. Similar disadvantages were found in the
presented study.

Software oriented digital pulse processing (DPP) method for X-ray and gamma-ray spec-
troscopy is also presented in [18]. DPP is implemented in the PC platform with PCI digital os-
cilloscope. The digitized signal is acquired and then processed by a LabVIEW program, followed
by off-line processing by a custom DPP method developed in the C++ software. Abbene et al. [18]
have found that the analysis duration is about three times longer than the acquisition time, since it
involves more than five DPP techniques which makes algorithm robust and detailed. Unfortunately,
in real time, these measurements can increase the measurement dead time of the system.

A new pulse-oriented digital acquisition system for nuclear detectors with FPGA (Field Pro-
grammable Gate Array) hardware-implemented algorithms is presented in [9]. Here, the LabVIEW
code was also utilized. FPGA chips are also commonly programmed by other high-level program-
ming languages. Many of research papers describe other approaches, such as signal filtration lead-
ing to an improvement of the pulse shape for subsequent acquisition pile-up rejection/correction
implementation [5].

As it is known, measurement systems in a computer platform are related to the performance
of a particular PC, where the overall computational time (CPU timing) to perform the analysis can
increase extremely. This can negatively affect the fast applications, where the occurrence of the
system dead-time can lead to the loss of some data. In the case of time-demanding experiments,
there is a requirement to use fast and powerful DSP algorithms, and just the LabVIEW offers a
favorable way how to develop the fast pulse processing algorithm (FPPA).

Concerning the LabVIEW-based algorithms for nuclear pulse processing, there are no other
research studies published so far, although there are ways how to implement different code types for
PH and/or TOF algorithm into the LabVIEW. The attempts to apply WPkD function in Mdssbauer
spectrometry were published in [12, 13].

In this paper, we present the analysis of two LabVIEW-based algorithms for PH and TOF
pulse processing, namely WPkD with a newly developed FPPA. It was found experimentally that
WPKD processing time is slow in Mossbauer spectrometers utilization as well, where the quality
of the resulting Mdssbauer spectrum is given by a precise discrimination of proper pulses. WPkD
was built as a multifunctional algorithm without focus on gamma detection; WPKD is the right
possibility to be used in LabVIEW. This is in contrast to FPPA, which is developed for a specific
analysis, where it is faster and much more efficient.

The most crucial situation arises when fast detectors and fast sampling rates of a digital os-
cilloscope for detector signal acquisition are used (i.e., to study radioactive sources with a high
activity). In such cases, when a huge amount of data are transmitted and analyzed in real time, the
fast pulse processing algorithms are highly required. Therefore, there is an effort to save CPU time
of the system by using some FPPA.



Figure 1. Selected pulses with A, B, and C working parameters shown, used in the FPPA code (sampling
period is 100 ns in this case).

A parallel implementation of the both approaches to process data (in software/hardware) in-
creases processing as well. The process of development, application and practical use of FPPA in
LabVIEW is presented.

2 Experimental

The NI PCI-5152 (National Instruments) high-speed digital oscilloscope (digitizer) was used to
convert signal from an analog to a digital form. The digitizer presents 8-bit resolution, 300 MHz
analog bandwidth and up to 2 GS/s real-time sampling rate used for two-channel signal acquisi-
tion. The used version of digitizer utilizes 64 MB of onboard memory per channel. NI-SCOPE
driver software is used to control the digitizer in LabVIEW-based multichannel analyzer (MCA)
application [15]. This configuration was employed for testing the new FPPA in the experiments.

Further, the developed FPPA was tested in the processing of a signal coming from a low-
energy gamma-ray scintillation detector equipped with a YAP:Ce scintillation crystal and a pho-
tomultiplier. Before the digitization, the signal was amplified with a laboratory developed signal
amplifier. A 37Co with an activity of ~300 MBq was used as a radioactive source. Binary (integer)
representation of the signal was used for faster data manipulation and processing in all experiments.
Windows-based personal computer with Intel Core 2 CPU 6420 @ 2.14 GHz processor and 3 GB
RAM was used.

3 FPPA code description

LabVIEW-based FPPA was easily developed for its fast behavior without any usage of mathemati-
cal approaches even though LabVIEW offers many types of such possibilities.

A digitizer acquires detector signal on its analog input channel and the signal is directly ana-
lyzed by FPPA to find the PH and TOF values of recognized pulses. Time interval between the two
samples is given (characterized) by the sampling period, see figure 1.
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Figure 2. Block diagram of the new FPPA.

By tracking the samples (S) in the signal stream, the developed FPPA searches for the A and
B samples in the signal as a result of comparison with a given threshold, parameter C, which
serves for noise suppression. Such a noise (including unwanted events detection) can arise from an
electronics, very low-energy photons detection, etc.

If there is a pile-up effect of the second pulse, the specified amplitude is detected inaccurately.
In some cases of pile-up events, the code is not able to recognize its PH values properly. The block
diagram (programming flow) of the FPPA is shown in figure 2.

The run of the FPPA starts with the beginning of the signal points by a comparison of the signal
level with the given threshold C (process I). If the signal level exceeds the threshold C (process 11
starts), the corresponding sample A is stored like the TOF value. Consecutive samples in the signal
are analyzed (temporary hold as PH*) to store the maximum value which represents the PH. When
the sample value decreases, the FPPA searches for the point B to terminate the process II; after
that, a new process is ready to start. The FPPA code represented by the LabVIEW block diagram
is shown in figure 3.

The code processes all input samples in a step-by-step regime. In case the FPPA the algorithm
recognizes a peak in data, the output data array elements corresponding to the TOF and PH are
saved. The rest of output data array elements are saved as zero values. After FPPA processes the
input signal, the output data array contains PHs in TOFs of pulses found. The obtained values are
recorded then and a multichannel analysis can be performed in the following code.

The presented FPPA is able to significantly save the CPU time during analysis of a given
time period of the detector signal compared with other algorithms. The FPPA does not use a
feedback point analysis in the program flow which increases the computational time. Naturally,
FPPA includes a pulse pile-up rejection, while it searches for samples A and B. When the point
leading edge of the pulse is recognized, following pile-up pulses are not counted. In the case of
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Figure 3. FPPA LabVIEW block diagram.

relatively low activity sources and short lengths of pulses, we cannot count those impulses into the
MCA as they are out of discriminator window in Mdssbauer spectrometer utilization. The time is
also a relevant parameter.

4 Measurement

All tests of the FPPA performance were realized with the signal from the above introduced scin-
tillation detector. The results were compared with the same type of measurements performed by
using of the WPkD function, which is based on a mathematical processing of the input signal.

4.1 Pulse processing

Selected pulses processed by the FPPA and WPkD functions are ~1000 ns long with an amplitude
of about 1 V (80 in binary form), and represent detection of 14.4 keV gamma-photons. The devel-
oped FPPA addresses the issue of its short time of computation and precise determination of PH
and TOF values; hence, the analyses were performed with the signal sampled at various sampling
rates to analyze its common behavior. A comparison of FPPA and WPKD results are graphically
depicted in figure 4.

PH value of 80 is selected in this case, since the pulses with this amplitude are subsequently
processed in Mossbauer spectroscopy. Those pulses were analyzed in accordance with an effect
of the given sampling rate. Evidently, it is able to increase the precision of PH and TOF values
determination by an increase in the sampling rate. We can see that FPPA finds TOF and PH values
(blue lines) more precisely. Indeed, while FPPA analyzes a leading edge of the pulse, WPkD values
are then given as a result of the interpolation by the parabolic function (red lines) [9]. Accuracy
of the PH and TOF values depends on the vertical resolution and sampling rate, respectively, and
is identical for both algorithms. For TOF values determination, the developed FPPA works mainly
as a leading edge discriminator (LED) [2, 3]. The validity of FPPA PH and TOF values is more
relevant. In all cases, WPKD underestimates the PH values and positively shifts the TOF values in
time. This PH underestimation is more affective in the case of low sampling rates.
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4.2 Multichannel analysis with FPPA and WPkD

After the formulation of fundamental behavior of FPPA, MCA spectra with both functions were
performed. Low-energy X-rays (6.3 keV) and gamma-rays (14.4 keV), emitted from the 3TCo
source, were registered by the detector. In order to better recognize the relevant photons, aluminum
and copper filters were used. Resulting MCA spectra are shown in figure 5.

In the presented spectra, the positions of the main photopeaks are depicted. It can be clearly
recognized the WPkD function underestimate the true PH values as it has been already mentioned.
On the other hand, FPPA MCA shapes are not affected, thus, relevant photon energies appear in
the spectra with higher amplitudes.
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Figure 6. Performance of FPPA and WPkD in dependence on the sampling rate.

The discussed distortion is also visible in the region of higher amplitudes equal to the 256th
channel. While FPPA evaluates high pulses, which overshoot the vertical range of the analog input
channel, as maximum value of 256, the WPkD function yields a lower PH value. Such WPkD
disadvantages features are also evident, when comparing all the counts registered into the MCA
spectra (without filters). FPPA is able to find a higher number of pulses compared to those identified
by WPkD. Another confirmation of this behavior is also provided by comparing the numbers of
counts in selected windows of the MCAs represented by value X. Thus, in high amplitude regions
(from 230 to 256), FPPA finds up to 12.3% and in low-amplitude regions (between maxima of 6.3
and 14.4 keV) up to 6.4%, i.e., more than the WPkD function. In some cases, the WPkD is not able
to interpolate the overshoot pulses.

We have found that FPPA’s FWHM (Full Width at Half of Maximum) value is of about 43% of
WPkD’s FWHM value, which is more eligible and better for subsequent discrimination purposes.

4.3 Computational CPU time analysis

The main characteristic feature of the developed FPPA lies in the fast behavior (a high speed of
data processing). In the presented experiment, a time period of 1 s signal was analyzed by both
functions. The measurement was repeated 100 times and resulting MCAs were calculated for
particular sampling rates (5, 10, 50, 100, 500, and 1 000 MS/s). Overall computational times were
recorded and compared. The results of these evaluations are shown in figure 6.

The time-performance measurements showed that CPU time required for FPPA is by a factor of
3—4 shorter than for WPkD. Therefore, FPPA is able to proceed faster in comparison with the Lab-
VIEW built-in code delivered and used previously [12, 13]. The average value of the FPPA/WPkD
ratio is ~28 %; see the inset graph in figure 6.

For purposes to determine the self-time of behavior (without analyzing any pulses), the pro-
cessing times of both algorithms were measured in simulation mode in LabVIEW code. The array
of one million zeroes was used as an input of algorithms. A baseline value was set up to the level 5,



Table 1. Mossbauer spectra parameters for both WPkD and FPPA algorithms.

Algorithm | Background | Measurement | Normalized | Resonance | Normalized | Line
counts time counts effect X width
(hh:mm) (impulses/h) (%) (mm/s)
WPkKD 824 262 64:30 12779 8.4 2.66 0.33
FPPA 868 905 55:44 15 590 9.8 2.64 0.31

hence no valid impulses were found. Personal computer configuration used was identical as men-
tioned above, each simulation was repeated 100 times for a given algorithm and average values are
presented as results. The self-time for WPkD algorithm in this simulation takes 512 ms, while it
takes 420 ms for FPPA. A faster behavior of FPPA algorithm is thus confirmed.

5 FPPA utilization in Mossbauer spectroscopy

The Mdossbauer effect is based on recoilless emission and resonant absorption of gamma-rays by
nuclei in the solid sample. The Mossbauer spectra acquisition is performed by a gamma-ray inten-
sity measurement together with a radioactive source motion control causing the Doppler shift of the
gamma-ray photons [19, 20]. Mossbauer spectrometer consists of spectrometric bench (radioactive
source, velocity transducer, sample holder, and gamma-ray detector), measurement hardware, and
control application. The spectrometer performs tasks such as gamma-ray pulse-height analysis,
reference velocity signal generation for the motion of the source, proportional integral derivative
(PID) control of the relative velocity between the source and the absorber and Mdssbauer spectra
accumulation. Particularly, synchronization between the detector signal acquisition and the source
velocity motion processes is of crucial importance of this system. A high precision execution of
the detector signal analysis and the source movement control tasks are reflected in the quality of
the system.

For these purposes, the FPPA was developed as it is necessary to repetitively process the de-
tector signal for several hours or days. In the spectrometer, the parallel behavior of signal sampling
and pulse processing tasks are then performed. FPPA searches for PH and TOF values, which are
essential for Méssbauer spectroscopy. Based on the PH and TOF values, the pulses are discrimi-
nated and counted into the relevant velocity interval of the Mdssbauer spectrum. In transmission
measurement mode, Mdssbauer spectra exhibit resonance absorption lines at velocities, given by
properties of the sample and the source.

In figure 7, Mossbauer spectra for the reference ¢-Fe sample used for calibration of the
Mossbauer spectrometers (velocity scale) is presented. In this case, a >’Co radiation source is
used for iron containing materials (°’Fe) analysis. The both spectra are measured under the same
conditions, where the detector signal is processed with FPPA in spectrum (a), while with WPkD
algorithm in spectrum (b).

The most crucial parameter in Mossbauer spectrometry includes the precise selection of res-
onant radiation. With FPPA, we can achieve significant progress of accuracy of TOF and PH
determination. Basic parameters of spectra were calculated and they are compared in table 1.
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Figure 7. a-Fe reference Mossbauer spectra measured with FPPA (a) and WPkD (b) utilization.

In the case of FPPA, normalized counts value is higher, resonance effect is higher, and line
widths are narrower.

By using of FPPA with a preservation of all the measurement parameters such a period of
time and type of source, the number of counted impulses increased up to 13.6%. This result was
achieved by more precise determination of the discriminatory window. When comparing the effects
of measurement (signal-to-noise ratio), FPPA algorithm reaches higher effects by 14.3% because it
behaves in a more specific way when determining the TOF values. Accuracy of the photon arrival
(detection) time determination also affects the width of the resonant lines in the spectrum. The
line widths are narrower by 6.3 % with FPPA. Since FPPA shows the lower FWHM value, we
observe Mossbauer spectra with a higher resonance effect and narrower lines. In both cases, the
nonlinearity of the velocity scale was the same (below 0.1 %) as it is mainly given by properties of
the velocity transducer and its driving system.

6 Discussion

The FPPA signal processing identifies PH (amplitude) and TOF of pulses found and data can be
processed by the following code. It is easy to implement discriminator unit (code) after the devel-
oped FPPA to select the pulses (photons) with identified PH (energy) for its counting. Most of the
published pulse processing algorithms use algorithms to short its length for better analysis. Those
algorithms can be used before the running of FPPA as well.

The presented performance ratio shows a significant enhancement in data processing inside
the main SW application which has been reported in practice. Preliminary tests of the FPPA appli-
cability were performed by implementation in the Mdssbauer spectrometer [16]. As an example,
the detector signal with a time length of 31 ms, represented by 158 000 samples, is now processed
using FPPA in 13 ms instead of 27 ms when using the WPKD code. This situation is graphically
demonstrated in figure 8.
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Figure 8. Graphical illustration of the WPkD and FPPA timing.

The overall algorithm also includes pulse discrimination and Md&ssbauer spectrum accumula-
tion. Note that the mentioned times depend on the actual configuration of the computers. Moreover,
statistical quality of the M&ssbauer spectrum was increased owing to the better energy resolution
of the developed FPPA.

7 Conclusion

Detailed description of the algorithm together with relevant data flow processing was presented.
Digital processing utilized in the software form (LabVIEW) represents the up-to-date way of mea-
surement. We developed fast, precise, and easy-to-use algorithm for pulse processing in various
engineering areas. The performance of the algorithm was demonstrated on the processing of the
signal from the nuclear detectors and is applicable in common spectroscopic systems. The results
of time-performance measurements show the saving of computational time by three times than
using a LabVIEW built-in code conventionally delivered and previously used.
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ABSTRACT: This paper presents a conceptually new design of the *’Fe Time Differential
Mossbauer Spectrometer (TDMS) with the gamma-photon detector optimized for registration of
a radiation emitted in a maximum solid angle. A high detection efficiency of 70 % in 4=m region
was achieved for 122.06 keV photons emitted from *’Co source. Detector parameters have been
optimized for the use in the time differential Mdssbauer spectroscopy where the high time
resolution in range of 176-200 ns is highly required. Technical concept of the TDMS is based
on the virtual instrumentation technique and uses fast digital oscilloscope. Performance and
detector utilization have been clarified by decreasing the Mossbauer spectral line-width of
K,;MgFe(CN)g reference sample from 0.33 mm/s (integral mode) to 0.23 mm/s (time
differential mode). This paper also describes characterization and utilization of the detector
together with additional electronic blocks and two-channel fast data-acquisition system
construction.
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1. Introduction

The Time Differential Mossbauer Spectroscopy (TDMS) is an experimental method based on
the Mdssbauer spectroscopy in transmission (TDTMS) or emission (TDEMS) geometry which
provides additional time dispersion in the Mdssbauer spectra. In both configurations (TDTMS
and TDEMS) a *'Co is used as a source of Mossbauer gamma-photons when iron containing
materials are investigated. In general, the *’Co transmutes by electron capture to ~'Fe in the
136.47 keV excited state (second excited state) which decays to the ground state by two
processes [1] shown in figure 1. Main channel of the transition proceeds via the first excited
state and is accompanied by the successive emission of 122.06 keV (yi2;) and 14.41 keV (y14)
gamma-photons, respectively. Assuming all possible transitions we can point out that 97.54 %
[2] of emitted y;4 follows the emission of v, Measurements of the time delay between
coincident detections of vy, and y;4 photons define the life-time of the nucleus in the first
excited state [2].
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Figure 1. Decay scheme of the >’Co source which is used in °'Fe Mossbauer spectroscopy.
Transition probabilities are related to one disintegration of °’Co, where numerical values
represent the probability (%).

Applying the time filtration by coincidence delaying of y;4 and vy, photons into standard
transmission ~'Fe Mossbauer spectroscopy (TMS) the decreasing of the spectral line width is
achieved due to the Heisenberg relation of uncertainty. Hence a higher energy resolution of the
TMS spectra should be achieved by registering the photons with longer life-time in the first
excited state [3].

Although the TDMS exhibits difficulties mainly in construction it has been utilized in a number
of different experimental studies. The first time-resolved Mossbauer experiments were
published in [4], later on the results were described theoretically in [5]. For instance, in [6] an
additional spectral components in Co(phen);(C104)-2H,0 were identified on the basis of TDMS
experiment. Similarly in [7,8] Co(I0;),, CoSeO, and CoSeO,-H,0 were investigated by TDMS.
Study [9] dealt with the isomer shift of spectral lines of iron doped ZnS. Time dependent shift of
a spectral line position connected with the line broadening was observed for a short time after
the electron capture in >’Co. This effect was explained as a local temperature increase connected
with the electron rearrangement in excited Fe*" ion.

The second application field, TDEMS, is used for investigation of local rearrangement in crystal
lattice after transmutation of Co to Fe, i.e. aftereffects. Here, the y,4 carries information on the
state of the atom and its local surrounding in exact time of the y;4 emission. One can follow the
formation of the charge and the structural equilibrium after electron capture in >'Co. TDEMS
was used in the investigation of Fe*” and Fe’* balance formation in doped NiO and CoO [10,11].
A few constructions of the TDMS were reported in the last four decades [12—15] and were based on the
hardware solution with a few standard 122.06 keV detectors for covering the high solid angle around the
source. A new concept of the control system based on the software solution of coincidence time
determination and the innovative construction of 4w 122.06 keV detector have been developed and are
presented in this paper.



2. “’Fe TDMS experimental setup

Concept of the developed TDMS is based on the virtual instrumentation technique using the LabVIEW™
(National Instruments) programming language [16,17]. The control application of the spectrometer
behaves on the personal computer with a high-speed digital oscilloscope NI PCI-5152 (National
Instruments; 2 channels, 8-bit, 1 GS/s) serving as a multichannel analyzer (MCA), an amplitude
discriminator (AD) and a coincidence/time-of-flight (TOF) computation unit. The real-time pulse
processing on both detection channels with simultaneous AD and TOF calculations utilizes the FPPA [18]
algorithm together with principles of coincidence measurements discussed in [19]. Figure 2 a) shows the
experimental setup of the developed TDMS experiment. In addition to the standard (integral) Mossbauer
measurement [16,17] with NI USB-6215 device serving as a velocity generator (figure 2) and a PID
analogue velocity controller (not shown) a new code has been developed. This code is used for the
calculation of coincidence events and simultaneous collection of the time differential Méssbauer spectra
in several requested time windows in the interval of 0-200 ns with 25 ns time steps.
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Figure 2. Experimental setup of the (a) overall TDMS system and (b) detailed drawing showing the
methodological differences between the TDTMS and TDEMS in the positions of the sample and the
source.

The developed 122.06 keV detector is designed to cover the maximum solid angle (4m) for detection of
Y122 emitted from the source. As it is shown in figure 2, in the TDMS experiment the radioactive source is
moved “inside” the 122.06 keV detector into the hole in its body (see detail in figure 2 b), right-top), and
the analyzed sample is placed between the source and the 14.41 keV detector. Detection process of the
14.41 keV Mossbauer gamma-photons utilizes the IND [20] detection system. In the case of the TDEMS
experiment the investigated radioactive sample is “inside” the 122.06 keV detector and the reference
absorber (with singlet spectrum) is placed between the sample and 14.41 keV detector (see detail in figure
2 b), right-bottom).

2.1 Technical realization of the 47t 122.06 keV detector

The detector is constructed as a one compact unit with an inner hole where the radioactive source is
mounted on the extended rod of the velocity transducer. The detector consists of two YAP:Ce (YAIO;
perovskite doped with Cerium) scintillation crystals with optimized thickness for detection of 122.06 keV
gamma-photons in order to get a sufficient efficiency of the detection. Both crystals are optically
separated and mounted individually on the photomultiplier tube with an integrated high voltage power
supply and analog output connector, see figure 3.
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Figure 3. Detector formed by two equivalent parts consisting of YAP:Ce crystal with semicircular trough,
photomultiplier tube and the high voltage power supply.

Probability of the gamma-photons detection is given mainly by the photons energy, scintillation
crystal properties and its dimensions. Thus the scintillation crystal YAP:Ce with a high
integrated light output (70 % of Nal:Tl) and a short decay time constant (25 ns) was utilized.
The crystal thickness dependency of 122.06 keV gamma-photons absorption in YAP:Ce is
shown in figure 4.
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Figure 4. Dependency of 122.06 keV gamma-photon absorption in YAP:Ce scintillation crystal.

According to the absorption of y;5, in YAP:Ce the scintillation crystal dimensions have been designed to
50 mm in the diameter with the length of 40 mm and the perpendicular hole (diameter of 17 mm is given
by the Mdssbauer source used, 10 mm). Crystal is based on two independent segments with the length of
20 mm each, see figure 3. Photomultipliers R1306 (Hamamatsu) have been used for both segments
together with an integrated high power supply C4900-51 (Hamamatsu). Both detector segments have 0.5
mm thick aluminum window, the detection energy interval from 30 keV to 1 MeV, an adjustable high
voltage range of the photomultiplier up to +1250 V and negative output pulses polarity. Overall
dimensions of the detectors are: diameter of 65 mm, length of 456 mm and weight of 2 kg. The detector
was constructed externally in Crytur, spol. s r.o. (Turnov, Czech Republic). The output signals from both



sides of the detector (two photomultipliers) are processed/amplified with separated electronics. In order to
collect an output signal from both detector parts, A and B, a simple analog summator unit has been
developed, which consists of two AD8038 (Analog Devices) amplifiers giving the unity output gain. An
efficiency of the detector was experimentally determined up to 70 %.
The detection efficiency has been studied in the next step for evaluation of the detector performance by
the *’Fe coincidence measurement based on simultaneous TOF detections y,4 and v, in a long detection
interval (more than ten of mean life-times). Radioactive decay has a statistical character and therefore we
are not able to ensure true coincidence of y;4 and v2», i.e. of the two photons, y,4 and y;,, originated from
the same nucleus. Relative number of true coincidence detection of y14 and y;»; is given by
P=UnKinP) /! (1+4 C; tig), (1)
where Uy, is a detector efficiency, Ki,; is a relative solid angle of the detector, 4 is the radiation source
activity, Ciy, is a probability of v, emission resulting from decay scheme [21], #;z is the mean life-time
of the first excited level (f;z= 141 ns) and P, is a probability that the y;», photon for selected v, was
emitted. According to (1) the true coincident detection increases with the efficiency of the detection vy,
(U2), arelative solid angle K, of the y1,, detection and with decreasing activity A. Therefore, the proper
design of the v,y detector has crucial role not only for the time resolution of the time differential
spectrum but mainly for increasing of truly detected coincidence pairs. However, decreasing of activity 4
results in a low yj4 count rate and long real spectrum accumulation time. The detector and source
parameters were optimized for detection of 122.06 keV gamma-photons with high Ky, and Ujy,. In case
of our detector the true pair detection probability in case of 2.5 MBq source has been measured as 0.52.

3. Measurement results
3.1 Life-time >’Fe measurements

A single nucleus life-time Tj; is defined as a time distance between the TOFs of yy4 and y;p. This
distance has been determined for all vy, photons and a histogram of the time distances with a 1 ns
resolution has been recorded. In the life-time dependence shown in figure 5 we can see a time shift of the
maximum from a zero value. This time shift (as a systematic error) is caused by the delays in the
detection lines and an electronic processing due to different hardware configurations and lengths of lines
in both detection paths. These differences can be easy evaluated from the measurement and later
corrected. An exponential decay is clearly observable in the first three hundred nanoseconds. Above 300
ns the true coincident signal disappears and we can observe a contribution of noncoincident y;4 and a
contribution of conversion X-ray photons.

The 6.4 keV conversion X-ray photons from the Fe K, transition are emitted by the radioactive source
together with 14.41 keV, but these photons are not correlated with yi,; emission. The signals of
conversion X-ray and y;4 photons are not well separated due to the lower detector energy resolution and
hence the conversion X-ray contributes to the random coincident signal. Nevertheless this effect does not
devaluate the TDMS measurements because in the real measurement the signal is filtered by a resonant
medium of the sample or the resonant absorber in TDTMS or TDEMS, respectively. However, the
conversion X-ray detection increases the spectra background and decrease the relative Mdssbauer effect.
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Figure 5. The *"Fe life-time measurement, where circle points show the experimental data, blue line
shows simulated exponential behaviour of the true coincident events, black line shows non-coincidence

event, green line is a fit of superpositioned blue and black lines. Red dashed line shows simulated
exponential background.

3.2 Application in *’Fe TDMS

The developed detector has been designed and optimized in order to be utilized in the TDMS. An
example measurement exhibiting the final utilization has been performed using the single line source
'Co embedded in rhodium matrix (Ritverc) with an actual activity of 3.1 MBq and KoMgFe(CN)g
reference sample with the >’Fe area density of 0.25 mg/cm? (Ritverc) with the isomer shift —<0.097 mm/s
and the line width 0.33 mm/s. The resulted spectra recorded using the y;4—y;2> photon time delay intervals
of 0-25, 26-50, 51-75, 76100, 101-125, 126—150, 151-175 and 176200 ns are shown on figure 6 a)
together with the integral spectrum on figure 6 b). The effect of a spectral line narrowing due to the
increasing of the time delay has been clarified. The numerical values are presented in table 1, together
with the isomer shift values for all the time delay intervals. The typical side band waves in the spectra can
be observed mainly for shorter time delays. These waves occur due to the short time interval which is
related with Fourier transform to the spectral shape in energy (velocity) domain. Therefore, the spectra
rather than the simple Lorentzian shape [5] exhibits the shape of sin(x)/x which is a Fourier transform of
rectangular pulse [22-24]. The measured spectra have been analyzed using the Mosswin 4.0 software
package [25] and the line widths have been obtained. The line width dependence is plotted in the figure 6
¢) with the respect to the time delay. The line width decreasing by the factor of 30 % for differential
spectrum in comparison to the integral spectrum has been successfully reached, see figure 6 c¢). The line
width in a time window from 176 to 200 ns has been calculated to 0.23 mm/s, while the integral spectrum
line to 0.33 mm/s.
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Figure 6. a) The TDMS spectra of KoMgFe(CN)g sample with photon delay interval width of 25 ns,
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Table 1. Calculated isomer shift and line width for all individual Mdssbauer spectra. All spectra were
analyzed comparing the integral calibration spectrum of a-iron foil.

. 0-25 26-50 51-75 76-100 101-125 126-150 151-175 176-200 integral
Time (ns) spectrum
line width  0.57 0.46 0.35 0.31 0.27 0.25 0.24 0.23 0.33

(mm/s) £0.01 =£0.01 +0.01 +0.01 +0.01 +0.01 +0.01 +0.01 +0.01

isomer
shift -0.09 -0.09 -0.09 -0.09 -0.09 -0.09 -0.09 -0.09 -0.09
(mm/s) +£0.01 =£0.01 +0.01 +0.01 +0.01 +0.01 +0.01 +0.01 +0.01

4. Conclusion

The experimental setup with a specially designed 122.06 keV detector is introduced in details. The
described system has been designed for TDTMS and TDEMS measurements and optimized for maximum
yield of true coincidence. Based on the newly designed 4n detector the efficiency of a true coincidence
detection of 0.52 % has been achieved. In the application for the TDMS measurements a substantial
narrowing of spectral lines compared to the integral spectrum has been reached. The decrease of the line-
width by 30 % using time filtering was successfully demonstrated. This narrowing can significantly
improve possibilities of Mdssbauer spectroscopy in detection of different structural sites in various
materials. The concept of the virtual instrumentation newly utilized in TDMS field of research allows to
develop a complex measurement system with many adjustable options. Enhanced time resolution up to 1
ns can be applied if there is a necessity to study fast aftereffects in the radioactive samples.
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Abstrakt

Prace je zaméfena na Mossbauerovu spektrometrii s casovym rozliSenim, kdy tato
technika je roz$ifenim standardni Mossbauerovy spektroskopie. Pomoci ¢asového rozliseni je
dosazeno vyrazného zazeni spektralnich cCar a tak tato méfici technika nachazi Siroké
uplatnéni v oblasti materidlového vyzkumu.

V hlavni ¢asti se prace vénuje navrhu a nasledné konstrukcei jednotlivych €asti celého
zafizeni. Jsou zde popsany klicové komponenty sestavy a zplsob jejich optimalniho
nastaveni. Dale se v préci fesi zpracovani signald ziskanych z detektorli zafeni gama a jejich
vysledné pouziti ve sledovani koinciden¢nich udalosti, nezbytnych pro ¢asové rozliseni.

V zévérecné Casti se prace vénuje riznym moznostem méfeni Mdossbauerovych
spekter s Casovym rozliSenim, se zaméfenim na optimalizaci ¢asové oblasti, kdy je dosazeno

nejvétsiho zazeni spektralni cary.

Abstract

The thesis is focused on the Mdssbauer spectroscopy with a time resolution, where
this technique is an extension of standard Mdssbauer spectroscopy. Using the time resolution
the narrowing of the spectral lines is achieved. This measurement technique is widely used in
the field of material research.

In the thesis the design and subsequent construction of various parts of the entire
apparatus are described. There are also specified the key components of the experimental
device and the method of their optimal settings. Subsequently, a data processing of obtained
signal from gamma-ray detectors is described, including its final application in the
coincidence events monitoring which is crucial for reaching the time resolution.

In the final section there are discussed the various options of time differential
Maossbauer spectra measurements. It is focused on optimizing the time domain, to achieve the

narrowing spectral line.
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1  Uvod

Cilem této prace je predstavit a popsat vybrané ¢asti studovanych témat, na kterych se
autor vyznamnou mérou podilel béhem svého doktorského studia. Predkladana prace vychazi
z autorovych publika¢nich vystupt jak v impaktovanych, tak v recenzovanych asopisech.
Prace je celkové zaméfena na Mossbaueriv spektrometr s asovym rozliSenim, vénuje se

popisu jeho kli¢ovych ¢asti a jejich maximalni optimalizaci.

Prvni €ast je zaméfena na popis Mossbauerova spektrometru s asovym rozliSenim.
Nasleduje popis optimalizace ndvrhu detekéni soustavy, kdy tato ¢ast je klicova pro realizaci
celé konstrukce. Z hlediska efektivity méfeni je naprosto nezbytné dosdhnout co nejlepsi
detekci gama-fotonti v okoli jejich zdroje. Pro tento ucel byl navrzen zcela unikatni detektor,
optimalizovany pro méfici sestavu s asovym rozliSenim. Navrzeny detektor obklopuje zdroj
gama-fotonti v maximalnim mozném objemu. Pouzité detektory jsou zde popsany, tato ¢ast je
uzaviena kapitolou o softwarovém zpracovani signald, ziskanych digitalizaci signala

z detektorti zafeni gama.

Dalsi cast je zaméfena na nalezeni koincidencnich parti gama-fotoni a jejich
zpracovani pii méfeni doby Zivota, na prvni excitované hlading >’Fe. Déle je popsano, jak se
tato informace pouzije pro rozdéleni do ¢asovych spekter, pti méteni Mossbauerovych spekter
s ¢asovym rozliSenim. Naméfend koincidenéni spektra jsou zndzornéna a popsdna v posledni

kapitole.

V této praci je tedy popsano né€kolik vylepSeni, kterych bylo dosazeno v oblasti
Mossbauerovy spektrometrie. Jde o vylepSeni jak v oblasti jeho konstrukce, tak v oblasti
softwarovych feSenich pro zpracovani signdlu a ovladani celé sestavy. VSechna tato vylepSeni

jsou jiz aplikovana v materialovém vyzkumu v naSich laboratofich.



2 Mossbaueruv spektrometr s casovym rozliSenim

Maossbauerova spektrometrie s Casovym rozliSenim, v anglické literatufe oznacovana
jako TDMS (Time Differential Mossbauer Spectroscopy), je experimentalni metoda, zalozena
na transmisni Mossbauerové spektroskopii (proto je téz nazyvana jako TDTMS). Tato metoda
k informaci o rezonan¢nim jevu ptidava také informaci o Case, tedy o dob¢, po jakou zistalo
sledované jadro excitované na prvni hladin€é. NaSe experimentéalni uspotadani také dovoluje
snadnou Upravou modifikovat sestavu na emisni Mdssbauerovu spektroskopii s casovym

rozliSenim (TDEMS).

2.1  Princip TDMS

Jako zdroj gama-fotoni v naSich experimentech byl pouzit >’Co, zabudovan
ve rhodiové matrici'. Jadro >’Co prechazi s 99,8 % pravdépodobnosti, pomoci elektronového
zédchytu, na >'Fe v excitovaném stavu s energii 136,5 keV, coZ je druhd excitovana hladina.
Pro samotny rozpad, tedy pfechod na zakladni hladinu, jsou mozné dv¢ cesty. Na obrazku 1 je

znazornéno rozpadové schéma *’Co.

Prvni, méné pravdépodobnou cestou je okamzity pfechod na zakladni hladinu a
vyzafeni gama-fotonu o energii 136,5 keV, tyto gama-fotony jsou pro méieni TDMS
nezajimavé a je snahou je pfi méfeni eliminovat. Druhou, mnohem pravdépodobnéjsi cestou
je rozpad pies prvni energetickou hladinu. Tento ptechod je sloZen ze dvou krokii a byva
vyuZit 1 v jinych typech koinciden¢nich experimentl [1]. Pfi pfechodu z druhé hladiny na
prvni hladinu je vyzafen gama-foton o energii 122,1 keV a nésledné, po setrvani na prvni
excitované hlading, klesne na zékladni hladinu a je vyzafen gama-foton o energii 14,4 keV.
Doba, po kterou ziistane na prvni hlading, je definovana jako doba zivota jadra. V piipadé
ziskani informace o dobé zivota, tedy o Case, mizeme efektivné filtrovat gama-fotony
s presnéji definovanou energii (tato moZnost vychazi z Heisenbergovych relaci neurcitosti).
Gama-fotony s lepSim energetickym rozliSenim jsou tedy pozorovany pro dlouhé doby zivota

na prvni hlading [2].

'Radioaktivni zdroj *’Co je pro nase u&ely dodavan firmou Ritverc™.
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Obrazek 1. Rozpadové schéma >'Co pouzivaného pro Mdssbauerovu spektroskopii.
Pravdépodobnosti pfechodil jsou vztazeny k jednomu rozpadu *’Co, kde hodnota reprezentuje

pravdépodobnost emise v procentech [3].

TDMS bylo jiz pouZito v mnoha riznych experimentdlnich studiich. Prvni
experimentalni vysledky publikoval Holand a kolektiv v [4], nadsledné byly tyto vysledky
popsany teoreticky [5]. Naptiklad v [6] byly diky TDMS pozorovany dalsi spektralni
komponenty v Co(phen);(ClO4)-2H,0, podobné v [7], [8], kde byly pomoci TDMS studovany
Co(103),, CoSeO4 a CoSeOy4-. Kokh a Realo studovali posun ve spektralnich ¢arach u zelezem

dopovaného ZnS [9].

2.2 Konstrukce TDMS

V né€kolika publikacich byly popsany rtzné typy konstrukce TDMS/TDEMS [10]-
[13]. VSechny tyto spektrometry byly konstruovany formou hardwarového ptistupu a
vyuzivaly bézné¢ dostupné detektory pro detekci gama-fotonti o energii 122,1 keV. Detekce
téchto gama-fotonli je pro koinciden¢ni méfeni zasadni a je nutné maximalizovat jejich
detek¢ni u€innost v prostoru kolem celého zafice. Zarovenn nemizeme omezit pohyb zafice
pro modulaci zafeni pomoci jeho kmitdni v ose vici detektoru gama-fotonli o energii 14,4
keV. Kajcsos a spol. [12] a Albrecht a spol. [11] vyuzili ve svoji konstrukci detektory s co
nejveétsi rovnou plochou a zaroven je umistili do co nejkrat§i mozné vzdalenosti. V tomto typu

provedeni vznikd ale okolo zatri¢e nemaly prostor, kde nedochédzi k detekci gama-fotonti o



energii 122,1 keV. Tyto detekni ztraty se projevi nezadoucim zptisobem nejen ve statistické
kvalité¢ cCasovych spekter, ale také nezadoucim zpisobem ovlivni spravnost piifazeni

detektovanych gama-fotont od jednoho sledovaného jadra.

NaSe koncepce TDMS je zalozena na virtudlni instrumentaci, tedy softwarovém
feSeni. Konkrétné programoveé feSeni zajiStuje: fizeni pohybu zafice, vyhodnoceni signilu z
detektorti a vysledné ¢itani do Casovych spekter. Software byl vytvofen v programovacim
prostiedi LabVIEW™ od firmy National Instruments [14], [15]. Pro digitalizaci signalu byla
pouzita métici karta NI PCI-5152 (National Instruments). Mé&fici karta obsahuje dva méfici
kanaly, kdy kazdy pracuje v 8-mi bitovém rozliSeni a dokéaze signaly vzorkovat na obou
kanédlech 1 GS/s. Pro generovani signalu pohybovému zatizeni, byla pouzita karta NI USB-
6215, kterd je bézn¢ pouzivdna pro Mdssbauerovy spektrometry [14], [15]. Karta pro
generovani signalu je doplnéna o analogovy PID regulator [16]. Tento PID regulator je také
mozné fesit promoci virtudlniho ptistupu [17]. Blokové schéma experimentalniho uspoiadani

je znazornéno na obrazku 2.

I
VN
zdroj
“— PC
et DSP systém
122 LabVIEW
| Pohybové o Det VN S
zafizeni i 14 zdroj
. Digitizér
e =
Det | D . ch2 NI PCI-5152
um
> I H =
VN
zdroj :
Generator
— NI USB-6215

Obrazek 2. Blokové zndzornéné experimentalni uspofadani sestavy TDMS.



3  Detekeni Cast

Pti konstrukci sestavy TDMS je nutné zajistit, krom¢ detekce gama-fotoni o energii 14,4
keV, také maximalni moZny pocet registrovanych gama-fotoni o energii 122,1 keV. Pro tento
ucel je mozné vyuzit néktery ztypu detektor, popsanych v dizertani préaci. Pi1 navrhu
sestavy jsme zvazovali vSechny moznosti, ale jelikoz na trhu neni detektor optimalizovany
ptimo pro TDMS, musel byt vyroben na zakdzku dle naseho ndvrhu. Na obrdzku 3 jsou

znazornény oblasti, ve kterych je nutné detekovat dané gama-fotony.

vzorek

Pohybové
Shybowe ‘ 14,4 keV
zarizeni

Obrazek 3. Oblasti zajmu detekce vyzafovanych gama-fotonti o energii 122,1 keV a 14,4 keV

v okoli zafiCe pti zachovani moznosti zafi¢em pohybovat.

V oblasti detekce gama-fotonli o energii 14,4 keV se oproti béZnému uspotfadani
transmisnitho Mossbauerova spektrometru nic neméni. Z hlediska detekce gama-fotonli o
energii 122,1 keV je snaha maximalizovat detekci v co nejvétSim prostorovém Uhlu okolo
zafice, jak je zndzornéno na obrdzku 3 zelenou barvou. Zaroven je nutné zachovat moZnost
pohybovat zatfi¢em v ose se vzorkem pomoci pohybového zatizeni. Pti jinych konstrukcich
bylo vyuzivano komer¢né dostupnych detektorti s velkou plochou. Tyto detektory se
umistovaly do co nejmenSi vzdalenosti od zafiCe. Koncepce takového provedeni je
schématicky zndzornéna na obrdzku 4 a). Toto feSeni je z hlediska poctu detekci nedostatecné
a nasi snahou bylo jej vylepsit. V publikaci [18] autofi diskutuji velkou ztratu spravnych
koincidenci. Pro maximalizaci detekovaného okoli zéafiCe je mozné detektor realizovat se
scintila¢nim krystalem studnového typu. Na obrazku 4 b) je tato varianta znazornéna, kdy je

dosazeno velkého pokryti prostoru okolo zatice. Mezi hlavni nevyhody tohoto provedeni patii

vvvvv
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muze pii vysSich aktivitdch dojit k saturaci detektoru pro detekci gama-fotont o energii 122,1
keV.

Detektor122,1 keV
a) Pohybové b)

zafizeni

Detektor122,1 keV

Absorbér

Detektor
14,4 keV

\

Absorbér

Detektor 14,4 keV

Pohybové
zafizeni

Detektor122,1 keV

Detektor122,1 keV
Absorbér

Detektor 14,4 keV
zafiE
Obrazek 4. Moznosti uspotfadani detekéni soustavy a) dva ptiblizené detektory, b) detektor

studnového typu, c) detektor s tunelem a zaticem umisténym uvnitft.

Naproti tomu varianta, znazornénd na obrazku 4 c), kde je zafi¢ umistén mezi dva
detektory gama-fotonii o energii 122,1 keV, jejichz scintilaéni krystaly jsou rozdélené
napafenou vrstvou, stfedem je vybrousSen tunel pro vsunuti a moznost pohybu zafiCem.
Takové provedeni kombinuje vyhody piedchozich dvou navrhli a eliminuje jejich nevyhody.
Velmi kvalitné pokryva prostor okolo zafice, oproti dvéma rovnym detektoriim a také je
sniZzena saturacni hodnota detektoru na polovinu, oproti provedeni s detektorem studnového
typu. Provedeni zndzornéné na obrazku 4 c) bylo pouzito pfi zadani naseho detektoru do
vyroby. Tato detek¢ni soustava byla dle naseho navrhu vyrobena firmou CRYTUR, spol.
s.r.0. (Turnov, CR).
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3.1 Detekce gama-fotoni o energii 14,4 keV

Pro detekci gama-fotonli o energii 14,4 keV byl pouzit scintilaéni detektor. Tento
detektor vyuziva jako scintilacni krystal tenky Nal:Tl (jodid sodny, dopovany Thalliem) se
svétlo odraznou vrstvou pro zvySeni poctu viditelnych fotonti, které¢ dopadnou do
fotonasobice. Tento krystal byl zvolen pro jeho velkou svételnou vytéznost a také pro kvalitni
odliSeni energii 14,4 keV od nezddouciho charakteristického zafeni o energii 6,3 keV, které
*'Co vyzafuje. Scintiladni krystal je ptipevnén svétlo-vodivou pastou na jednopalcovy
fotonasobi¢ R6095 (HAMAMATSU). Fotonasobi€ je zapojen do fiditeIného zdroje vysokého
napéti C9028-01 (HAMAMATSU), s integrovanou patici.

Zdroj vysokého napéti je Fiditelny pomoci rozhrani I°C, pies vytvofeny software pro
nastaveni detektoru. Signal z detektoru je zesilen ve dvou za sebou umisténych zesilovacich.
Prvni zesilova¢ (pfedzesilova¢) ma pevné zesileni 80x, druhy zesilovaC je nastavitelny
v rozsahu az do zesileni 81x. Toto zesileni je ovladdno pres software pro nastaveni detektoru.
Zesileni je fizeno pomoci digitalniho potenciometru ADS5252 (Analog Devices), ktery v sobé
obsahuje moZnost fizeni pres komunikaéni rozhrani I°C [19]. Software pro nastaveni
detektoru je vytvofen vLabVIEW a vyuzivi USB/I’C pievodnik pro komunikaci
s detektorem. Cely detektor je plné fiditelny a je mozZné jej nastavit pro co nejlepsi
energetické rozliSeni. Pti nastaveni detektoru je snahou maximalizovat odstup pro méteni

zajimavych gama-fotonti od ostatnich signald.

3.2 Detekce gama-fotoni 122,1 keV

Detekéni soustava pro detekci gama-fotonii o energii 122,1 keV je navrzena a
sestavena jako kompaktni méfici jednotka. Tvar detektoru byl navrzen pro maximalizaci
poctu detekci v celém prostoru okolo zafiCe, jak bylo popsdno na pocatku kapitoly 3.
Detekeni cast je slozena ze dvou detektorii, oznacenych A a B. Kazdy znich obsahuje
scintilacni krystal YAP:Ce (YAIOs; perovskite dopovany cerem) o celkovém wvnéjSim
rozméru: prumér 50 mm a délka 20 mm. Tyto krystaly jsou k sobé ptilozeny ptes napatfenou
odraznou hlinikovou vrstvu, jsou tedy navzajem opticky oddéleny. Mezi krystaly je
vybrousen pfi¢ny tunel o priméru 17 mm, viz obrazek 4 c). Tento tunel zajiStuje moZnost
pohybu se zaficem na jedné stran¢ a zaroven detekci gama-fotoni o energii 14,4 keV na

strané druhé. V tunelu je umisténa hlinikova vlozka tloustky 0,5 mm, pro odfiltrovani gama-
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fotonll o nizSich energiich (ty hlinikovou sténou neprojdou). Detektor je tedy optimalizovan
na detekci gama-fotonli o energiich 30 keV az 1 MeV. Kazdy z krystali ma vlastni
fotondsobi¢, deélic napéti, zdroj vysokého napéti a je magneticky stinén. Celd detek¢ni
soustava je umisténa v jednotném kompaktnim pouzdie. Kazdy z detektori A a B ma svij
vlastni (BNC, Canon D9) konektor pro sledovani signdlu a pro nastaveni urovné vysokého
napéti. Celd detekéni soustava vazi 2 kg, je 456 mm dlouhd, o priméru 65 mm, je

schematicky zndzornéna na obrazku 5.

Zdroj vysokého napéti

Fotonasobic¢

Tyc pro pohybové zafizeni

Krystal
YAP:Ce

Obrazek 5. Schematické znazornéni v fezu vnitniho usporadani detekéni soustavy.

Pouzité scintilacni krystaly jsou navrzeny tak, aby dosahovaly maximalni detekéni
uc¢innosti ve sledované energetické oblasti. Z hlediska geometrie v modelovém ptipadé
umisténi bodového zétice do stfedu tunelu, detektor by pokryl 94,82 % prostoru okolo zétice.
Ptfi navrhu tloustky scintilanich krystali bylo vyuzito znalosti absorp¢nich vlastnosti,
znazornénych na obrdzku 6. V grafu je vynesena ucinnost absorpce scintilatniho krystalu

YAP:Ce, v zavislosti na jeho tloustce.

12



100

S |
3
850 |
o
v
-]
<
0
0 10 20 30

Tloustka (mm)

Obrazek 6. Zavislost absorpce gama-fotonti o energii 122,1 keV na tloust’ce scintilacniho

krystalu YAP:Ce.?

Scintilaéni krystaly jsou svétlo-vodivou pastou opticky spojeny s fotonasobici R1306
(HAMAMATSU), které jsou napojeny pies napétové delie na zdroje vysokého napéti.
Vysoké napéti zajiStuje zdroj C4900-51 (HAMAMATSU), ktery je fiditelny urovni
piivadéného napéti v rozsahu 0 V az 5 V a vyslednd uroven je 250% vyssi.

Vystupy z obou fotondsobicu detektorti A a B jsou zesileny stejnym zesilovacem, jako
vystupy z detektoru pro detekci gama-fotonid o energii 14,4 keV. Diky tomu je dosazeno
stejného rozsahu amplitud a tvarti impulzi pro vSechny sledované signaly. Pro zpracovani
signalu métici kartou je nezbytné, aby signdl z obou detektorit A 1 B byl detekovan jednim

méticim kanalem. Pro tyto Gcely byl navrzen sumacni prvek.

3.3  Zpracovani signali z detektori

V experimentech jaderné¢ fyziky je pouzivana velka Skala detek¢énich systémi,
zalozenych na rlznych principech. Vystupem z detektoru je signal obsahujici impulzy, kdy
tyto impulzy maji vétSinou amplitudu odpovidajici energii dopadajiciho zateni do detektoru.
U téchto detekovanych impulzi jsou pro métfeni zasadni dv€ informace a to o Case pfiletu
gama-fotonu do detektoru, o amplitud¢ impulzu, ktera odpovida energii detekovaného gama-
fotonu a o cCase priletu gama-fotonu do detektoru. Pfesnd hodnota amplitudy umoznuje
kvalitnéj$i diskriminaci podle energie a tedy spravny vybér platnych impulzii. Na urceni doby

priletu gama-fotonu do detektoru jsou v koinciden¢nich méfenich kladeny extrémni naroky a

? Zavislost absorpce gama-fotonti o energii 122,1 byla dodana firmou CRYTUR, spol. s.r.o. (Turnov, CR).
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je pozadovana maximalni pfesnost. Problematice ptesného uréeni amplitudy impulzl a doby
priletu gama-fotonu do detektoru se vénuje velké mnoZzstvi publikaci [20]-[26]. Zpracovani

signalu z detektoru lze provadét dvéma piistupy, hardwarove, nebo softwarove.

Pti pouziti konceptu virtualni instrumentace, tedy softwarového feseni, dostavame z
detektoru pouze zesilené nezpracované signdly. Tyto signaly jsou pomoci méfici karty
digitalizovany a veSkeré zpracovani signalu provadi pocita¢. Volbou a nastavenim meéfici
karty ovlivnime rychlost vzorkovani méteného signdlu a jeho amplitudové rozliSeni. Pro
softwarové zpracovani signalli z detektorii je nezbytné, vhodné navrhnout algoritmus pro
zpracovani signalu, kdy hlavni pozadavky jsou rychlost algoritmu a pfesnost urceni doby
priletu gama-fotonu do detektoru. Tématem optimadlniho vyhodnoceni tvaru signdlu z
detektoru se zabyva nckolik studii [20]. Analyze amplitud signalu a jejich dobé ptiletu se
vénuje také [27]. Systémim se zaméfenim na dobu pfiletu a vyuZitim v koincidenénich

systémech se vénuje [21].

Pro precizni analyzu signalu z detektoru byl vytvoien algoritmus v programovacim
prostiedi LabVIEW. Algoritmus se zamétuje na kliCovy parametr impulzu a to na jeho dobu
priletu [28]. Tento algoritmus byl nazvan FPPA (z anglického ndzvu ,,Fast Pulse Processing
Algorithm®). Déle je také optimalizovany pro eliminaci dvou na sebe naétenych impulzi (tzv.

pile-up efektu). Systém detekce je znazornén na obrazku 7.

I A I BII 1

B | €— A

Obrazek 7. Systém analyzy signalu z detektoru v ¢ase. Cerna kiivka znazorfiuje zaznamenany
signal. Cervena kiivka znazortiuje jiz vyhodnoceny signal s uréenim amplitudy a doby pfiletu

gama-fotont. (Pievzato z [28])
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Signal je rozdélen pomoci Grovné, ta je v obrazku 7 znazornéna jako parametr C, na
dva mozné stavy I pod trovni a II nad arovni. V bod¢ A, coz je bod piekroceni rovné
smérem nahoru, je do paméti uloZena informace o poloze (dobé pfiletu) gama-fotonu.
Nasledné po zpétném piekroceni pod prah nastaveného parametru C, na obrazku znazornéno
bodem B, je do polohy bodu A uloZena informace o maximalni amplitudé, které signal dosahl

behem faze II. Proces detekce je schematicky zndzornén na obrazku 8.

)
Signal
Jednotlivé —— Rozhodovaci logika
> — Hodnota
vzorky
¢ S>C
I S<C | Porovnani
sC ,l v
Pl Prvni Prvni ano [
- detekce detekce |[A it
[1 o y ¢ e
D Amplituda
W\
UlozZeni Amplituda
amplitudy ?l piku

Obrazek 8. Blokovy diagram zpracovani signalu pomoci FPPA. (Pievzato z [28])

Tento detek¢ni algoritmus nevynikd pouze rychlosti zpracovani, ale také v ptipadé
dvou Caste¢né na sebe superponovanych impulzi jsou oba rozliSeny. V ptipad¢ pouziti funkci
zalozenych na prokladdani tvarem, mohou byt impulzy chybné povazovany za jeden. U metod

proloZeni impulzu typickym tvarem, zvlasté u nizSich vzorkovacich frekvenci, dochazi také

k velmi neptfesnému urceni doby pfiletu gama-fotonu.

V publikaci [28] byl tento algoritmus porovnavan s funkci obsaZzenou v
prostiedi LabVIEW pro detekci piku v signdlu, kterd pracuje na zaklad¢ prokladani impulzi
typickym tvarem. Tato funkce je zndma pod zkratkou WPkD (z anglického nazvu Waveform

Peak Detection).
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Pro dalSi porovnani navrZzeného algoritmu FPPA a WPkKD bylo pouZito méfeni
transmisnitho Mdssbauerova spektra. Jako vzorek byla pouzita kalibra¢ni folie a-Fe. Na

obrazku 9 jsou zobrazena naméfend spektra.

a) b)

100 ﬂ 100 N 2
2 3
€ o5t Ol £ ost Data
g 5 == Fit
= (=

FPPA WPkD
90 L ' 1 90 1 1 1
-10 5 0 5 10 -10 5 0 5 10
Rychlost (mm/s) Rychlost (mm/s)

Obrazek 9. Namétena spektra vzorku a-Fe a) s pouZitim navrZzeného algoritmu FPPA

b) s pouzitim funkce WPkD. (Ptevzato z [28])

Ob¢ prezentovanad spektra na obrazku 9 byla znormovadna na stejny Cas. V piipadé
pouziti funkce FPPA jsme dosahli o 13,6 % vétSiho nartistu poctu platnych detekovanych
impulzi. Tento parametr také zadsadnim zplUsobem ovlivnil efekt méfeni, kdy s FPPA bylo
dosazeno o 14,3 % lepsiho efektu méfeni (z 8,4 % na 9,8). Pti vyhodnoceni spekter bylo také
prokazano ziZeni spektralnich €ar o 6,3 % u funkce FPPA (z 0,33 mm/s na 0,31 mm/s). Toto

zuzeni spektralnich Car bylo pfisouzeno preciznéjSimu urcéeni doby ptiletu gama-fotonu do
detektoru.
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4  Vyhodnoceni koinciden¢nich signala

Ziskany signal z detektoru je nacten méfici kartou do pocitace, kdy v pocitaci ziskame
tento signal ve formatu datového pole. Datové pole obsahuje dvé fady Cisel, kdy kazda rada
reprezentuje digitalizovand data z jednoho kanalu méfici karty. Tato ziskana data jsou métici
kartou nacitany paralelné a neni mezi nimi Zddny Casovy posuv. Nami pouzivanad méfici karta
NI PCI-5152 dokéaze vzorkovat milion vzorkii po jedné nanosekund¢, pro dva métici kanaly

soucasn¢. Veskeré dalsi zpracovani a vyhodnoceni provadi software.

4.1 Analyza koinciden¢nich gama-fotonii

Pro spravné nalezeni koinciden¢nich gama-fotont je nezbytné kvalitni vyhodnoceni
ziskané¢ho signalu. Tuto analyzu provadi algoritmus popsany v podkapitole 3.3, ktery
digitalizovany signal ptfepracuje pro dalsi zpracovani. Readlny namétfeny signal je znazornén
na obrazku 10 a) pro oba kandly, kdy algoritmus urci pro kazdy impulz dobu pftiletu, jeho
amplitudu a nésledné provede diskriminaci. Pokud impulz splituje diskrimina¢ni podminky, je
v ptipad¢ detektoru pro detekci gama-fotoni o energii 14,4 keV piepracovana jeho amplituda

na hodnotu jedna a veskery dalsi signdl na hodnotu nula.

Takto upraveny signal je pfipraveny pro dal§i zpracovani béznym virtudlnim
Mossbauerovym spektrometrem, ktery citd impulzy do integraéniho spektra bez Casové
filtrace. Gama-fotony o energii 122,1 keV jsou zpracovany stejnym algoritmem, kdy
sledovanad amplituda je v bodé¢ priletu nahrazena hodnotou dva, jak je znazornéno na obrazku
10 b). Transformované signaly zndzornéné na obrazku 10 b) jsou nasledné sloZeny do
jednoho signalu na obrazku 10 c), kdy v celém datovém poli jsou pouze hodnoty nula, jedna a
dva. Pole obsahujici pouze hodnoty jedna a nula (dolni ¢ast obrazku 10b)) je paraleln€ pouzito
pro ¢itdni bézného integralniho Mdssbauerova spektra. DalSim krokem je ur€eni vzdalenosti
(Casu) mezi témito impulzy, oznacené jako t, na obrazku 10 c). Spoustéci udéalost pro hledani
je impulz 122,1 keV transformovany na ¢islo dva. Za timto impulzem je oblast pro urceni
koincidence, kterou je mozné nastavit (omezit) typicky na hodnotu 200 ns. Software ¢ekd na
ptipadnou hodnotu jedna (gama-foton o energii 14,4 keV) v signalu a ur¢i hodnotu 1. Uréend
hodnota 1 je pouzita pro rozfazeni gama-fotoni 14,4 keV do jednotlivych koinciden¢nich

spekter, nebo pro méteni doby Zivota studovaného zétiCe.
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Obrazek 10. Posloupnost detekce signdlu a nalezeni koinciden¢nich part a) digitalizovany

signal z detektort, b) piepracovany signal, ¢) signal ptipraveny pro naméieni doby zZivota na

prvni excitované hlading.
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4.2 Méreni doby Zivota na prvni excitované hladiné

Ziskana hodnota t nese informaci o dob¢ Zivota jadra sledovaného atomu na prvni
excitované hlading, jak bylo rozepsano v podkapitole 2.1, v€etné¢ znazornéného rozpadového
schématu °’Co. Dobu Zivota je mozné méfit s riznou vzorkovaci rychlosti, kdy na obrazku 11
je zobrazena naméfend doba Zivota s rozliSenim jedné nanosekundy. Naméiena data jsou
fitovana pomoci ti zndzornénych exponencial v obrazku 11. Sed4 exponencidla znazoriiuje
nahodné pary nekoincidencnich gama-fotonii. Tyto nekoinciden¢ni gama-fotony jsou
obsazeny vzdy v méfenich doby zivota, kdy principidlné neni mozné u vSech gama-fotonti
spravné piifadit koincidenéni par. Modra exponencila ozna¢uje dobu Zivota jader °'Fe, kdy
doslo k nalezeni koincidenéniho paru gama-fotonti. Z namétenych dat byla urcena stfedni

doba Zivota téchto jader na 142 ns.
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Obrézek 11. Méfena data doby Zivota *'Fe, kde zelena kfivka odpovida nafitovéni
métenych dat exponencialou, modré kiivka odpovida koincidenénim gama-fotoniim a Seda

nahodnym koincidencim.

Me¢éieni doby Zivota je pii samotné konstrukci Mossbauerova spektrometru s casovym
rozliSenim velmi uzite¢ny nastroj z hlediska ovéfeni a kalibrace Casové osy. V disledku
rtiznosti detektorti a jejich napojeni na méfici kartu, dochazi v obou linkach k riznému

zpozdéni signdlii. Toto zpozdéni je mozné softwarove, nebo délkou linky, kompenzovat diky
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ziskané poloze bodu s ¢asem nula, z vyhodnocenych dat méfeni doby zivota. Na obrazku 11

je asova osa posunuta do bodu nul,a na zakladé tohoto vyhodnoceni.

4.3 Rozdéleni do spekter podle T, doby Zivota

Proces méfeni Mdssbauerovych spekter s ¢asovym rozliSenim vyzaduje navrZeni
optimélniho nastaveni Casovych intervall, ve kterych budeme jednotliva spektra Citat. NaSe
experimentalni uspotadani vyuzivd méfici kartu, ktera nabizi moznost méfeni s rozliSenim az
na jednu nanosekundu. Nabizi se tedy moznost provadét méfeni s Casovym rozliSenim pro
jednotliva spektra po jedné nanosekundé. Tak jemné rozliSeni nepfinaSi zadné nové
informace, naopak dochdzi k nartstu mrtvé doby v dusledku vysoké vzorkovaci rychlosti a
presunu velkého mnozstvi dat v pocitaci. Také velky pocet Citanych spekter vede k del§imu

trvani méfeni pro ziskani optimalni statistiky.

Triftshauser pouzil v publikaci [18] ¢tyii Casova okna 443, 43—-86, 86—146 a 146-200
ns. Watanabe a kolektiv pouzili v [8] Casova okna 0-20, 20-75 a 75-140 ns. Nase méfeni byla
provadéna s ¢asovymi okny 0-25, 26-50, 51-75, 76—-100, 101-125, 126-150, 151-175 a
176-200 ns a také 0-50, 51-100, 101-150 a 151-200 ns. Toto roziazeni do jednotlivych

spekter je provadéno na zakladé€ hodnoty t.

Z hlediska zkraceni doby méfeni je efektivnéj$i provadét méfeni v menSim mnozstvi

casovych oblasti, ziskame tak lepsi statistiku.
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5 Meéreni Mossbauerovych spekter s casovym rozliSenim

Realizovand méfici aparatura byla pouZita pro méfeni v reZimu TDMS pro nékolik
vzorkl, za Gcelem testovani vlastnosti aparatury a sledovani projevii ¢asového rozliSeni pro
rtizné komponenty. Snahou bylo nalezeni optimalniho ¢asového okna pro maximalni vyuziti
potencialu ¢asového rozliSeni. Pro méfeni byly pouzity 3 vzorky, kdy kazdy obsahoval pouze

jednu spektralni komponentu (singlet, dublet a sextet).

Mgéieny vzorek® byl K:MgFe(CN)s, byl jiz od vyroby obohacen >’Fe a urovei
obohaceni byla 0,25 mg/cm’. M4 jedinou spektralni komponentu a tou je singlet. Na obrazku
12 je znazornéno sumacni transmisni mossbauerovské spektrum tohoto vzorku. Znazornéné

spektrum je Citdno soucasné se spektry v rezimu ¢asového rozliseni.

100 ”-———-‘—J
\
95t Vo
<} 3!
= 9
= il
S 90t B
S 1]
e ll.f
m L]
= 85 tl f
b
80t by
4 —:'2 0 2 4
Rychlost (mm/s)

Obrazek 12. Vzorek K;MgFe(CN)s méteny v konfiguraci transmisniho Mdssbauerova

spektrometru bez Casové filtrace.

Studovany vzorek ma isomerni posun -0,09 mm/s a §itku ¢ary 0,33 mm/s pi1 méfeni

bez ¢asového rozliSeni.

V ptipad¢ méteni spekter s Casovym rozliSenim dojde pro rizna ¢asova okna ke zméné

Sitky spektralni ¢ary. Ve spektrech znazornénych na obrazku 13 je mozné pozorovat zuZzovani

*Vzorek K;MgFe(CN) byl dodan firmou Ritverc.
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cary v zavislosti na zvétSujicim se 1. Nasledné jsou pfesné hodnoty hyperjemnych parametri

vypsany v tabulce 1.

Na okrajich spektralnich ¢ar lze pozorovat typicky efekt zvinéni, zejména pro kratsi
casoveé zpozdéni. Vzniklé viny se vyskytuji v diisledku selekce ¢asového intervalu, ktery je
spojen s Fourierovou transformaci spektralniho tvaru, v energetické (rychlostni) doméng.
Proto spektra spiSe nez jednoduchy Lorentzovsky tvar [5], vykazuji tvar sin (x) / x, ktery je
Fourierovou transformaci pravouhlého pulsu [29]-[31]. Ve spektrech na okrajich ¢ar jsou

pozorovatelné viny, kdy jejich tvar odpovida zvolenému casovému oknu.

Mgéiena spektra, byla provadéna pomoci zafi¢e °’Co s aktivitou 1 MBq.
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Obrazek 13. Vzorek K;MgFe(CN)s meteny v konfiguraci Mdssbauerova spektrometru

liSenim.
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Tabulka 1. Vyhodnoceny isomerni posuv a Sitka ¢ary spekter s Casovym rozliSenim
znazornénych na obrazku 13. Pro vSechna spektra byla jako kalibrace pouzita folie a-Fe.

Casové —
okno (ns) 0-25 26-50 51-75 76-100 101-125 126-150 151175 176-200 >ooiom
spektrum
Sitka
gry 057 046 035 031 027 025 024 023 033

(mm/s) +0,01 +0,01 +£0,01 =+0,01 +0,01 +£0,01 +£0,01 +£0,01 +0,01

POMEML T 0,00 -0,00 0,09 009 0,09 0,09 -009 -009  -0,09
posuv

(mm/s) +0,01 +0,01 +£0,01 =+0,01 +0,01 +£0,01 +£0,01 +£0,01 +0,01

Na obrazku 14 je vykreslena zavislost zmény §itky ¢ary na ¢asovém okné. V levé ¢asti

je hodnota Sitky spektralni ¢ary vyssi pro kratké ¢asy a nasledné se jeji hodnota snizuje.
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5 051 {1 ——176-200 ns
= — , 151-175 ns
E 126-150 ns
- 1 —101-125ns
= ——76-100 ns
= pad R ) 51-75 ns
= - ——26-50 ns

A 0-25 ns
0,24 -

. —r——————
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Obrazek 14. Zavislost §itky ¢ary u vzorku KyMgFe(CN)g na ¢asovém rozliseni. Seda

cara znazornuje Sitku spektralni ¢ary pro sumacni spektrum.

U casového intervalu pro T 176 az 200 ns byla zmétena Sitka cary 0,23 mm/s, oproti
integralnimu spektru, u kterého je Sitka c¢ary 0,33 mm/s, se tedy jedna o zuzZeni o 30 %. Dalsi
méfené vzorky jsou uvedeny v dizertacni praci, také zde bylo pozorovano zizeni spektralni

cary.
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r 4
7  Zavér
V ramci predlozené prace byla popsadna realizace sestavy Mdssbauerova spektrometru
s Casovym rozliSenim. Tato konstrukce je vytvofena na konceptu virtudlni instrumentace.
Virtudlni instrumentace v dané sestavé zajiStuje celou posloupnost méticiho fetézce, od

nacteni dat z detektorl, aZ po samotné ¢itani a ukladani spekter. Pro tento typ experimentu je

realizace zalozena na softwarovém feSeni naprosto unikatni.

Pti vlastni konstrukci popsané sestavy bylo realizovano n¢kolik vylepSeni, ktera byla
uspeésné implementovana do béznych Mdossbauerovych spektrometrd, pouzivanych v naSich
laboratofich. Naptiklad moznost méfeni za nizkych teplot v zalévacim kryostatu, ktery je
pInén kapalnym dusikem. Také byly provedeny a publikovany vylepSeni v oblasti snizovani
mrtvé doby virtudlnich spektrometri. Z hlediska detekéni oblasti byl navrZen algoritmus pro
rychlé¢ a piesné softwarové zpracovani signali z detektorti zareni gama. Algoritmus je
zaméfen na piesné urCeni amplitudy a doby pfiletu gama-fotonu, coz je klicové
v koinciden¢nich experimentech. Tato vylepSeni byla publikovéana a pfipadné zaregistrovana
na ufadu primyslového vlastnictvi. Na nosné publikace a patenty je v textu odkazovano a jsou

umistény v ptilohach préce.

Z hlediska  konstrukce sestavy byly jednotlivé mechanické komponenty
optimalizovany, ptipadn¢ byly nové navrzeny a zakazkoveé vyrobeny. Nejzadsadnéj$i Casti je
detek¢éni soustava pro detekci gama-fotoni o energii 122,1 keV, ktera byla navrzena
s maximalni moZnou optimalizaci pro tuto experimentalni sestavu. Tato detekéni soustava
zasadnim zpiisobem ovlivituje moznosti a u¢innost celé métici aparatury a to jak z hlediska
samotného méfeni TDMS, tak moZnosti aplikovat sestavu v dalSich typech koinciden¢nich

experimentl.

V zévérecné Casti jsou predvedeny vlastnosti experimentalni sestavy pifi méfeni
spekter v rezimu TDMS. Jsou zde také diskutovany moZnosti a vyhody méfeni pfi riznych
rozsazich casovych (koinciden¢nich) oken, z hlediska doby a pfesnosti méteni. Nasledné je na
jednotlivych spektrech demonstrovan vliv ¢asové filtrace. NejvyraznéjSim efektem je z(Zeni
spektralni Cary pro ¢asova okna 176 — 200 ns, kdy oproti béZnému nekoinciden¢nimu méfeni
je spektralni Cara zazend o 30 % u vzorku K,MgFe(CN)g. Z hlediska konstrukce a néasledné

aplikace sestavy TDMS byly vSechny vytyCené cile dosazeny.
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