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ABSTRACT

The need for nuclear datmmesfrom several sources including astrophysics, stockpile
stewardship, and reactor desigAhotodisintegrationneutron capture and charged
particle outreactions a stable orshortlived radioisotopes play crucial rolesirthg
stellar evolution and foning solar isotopic abundances whereas these reaatam
affect the safety of our national weapons stockpile or criticalitysafety calculations
for reactors.Although models can é used to prediccome of tlese values these
predictions are only as good as the experimeddtd that constrains themorFneutro-
induced emission of U parti c laemsergasheowdr ot on
MeV, the experimental dates at besscarceandmodels must rely on extrapolations from
unlike situations (i.e. different reactiongsotopes, and energjeproviding ample room
for uncertainty

In this work anew method of measuring energy dependent ,aftl) (n,p) cross
sections was developdar the energy range of 0.1 e\~100 keV using a lead slowing
down spectrometer (LSDSThe LSDSprovidesa ~10* neutra flux increaseover the
more conventionally used timef-flight (ToF) methodsat equivalent beam conditigns
allowing for the measurement &f ma | | cross s ecwhileasingsméllOb o6s t
sampl e masses. Sév@a disctortconcepsyvesd@signed andested
including specially constructed Canberra passivated, implamkhar silicon (PIPS)
detectors;and gaselectronmultiplier (GEM) foils. All designs are compensated to
mi n i milaghgrobems.The GEM detector wasund to function satisfactgrfor
(n, U) mmeets but thee PIPS detectorere found to be better suitddr (n,p)
reaction measurementa. digital data acquisition (DAQ3¥ystem was programmed such
that background can be measdresimultaneously with the reaction cross section
Measurements of th&'S m( i*Nt and **S m( r**Nt peaction cross sectionsere
performedas proofs of concepfThe neasurement of*’Sm verifiel and extended a
previous measurement while the measuremenf®sim isthe first overthe majority of

the0.1 eV to 100 ke\énergy region.
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1. INTRODUCTION

In this work, a new methodf measurine ner gy dependent f(ion, U) an
was developedtiizing a lead slowingdown spectrometer (LSDSWith the notable

exceptions ofLi and *°B mostcharged particle oycpo) reactions(e.g.( n ,ardl)(n,p)

typically have a very low probabilitiesf occuring at incident neutron energy belaw

few MeV. This is becausehe energy available to thehargedparticle( t he neutr on
kinetic energy plus th@-value for the reaction} insufficient to overcome the columbic

barrier andcharged particle mi s si on ¢ o mp e-tagemisgion(icerfloyr wd t h
emissiondygL G,). Thisled AnthonyFoderard1] to make the statement

fiEvery exoergic cpo reaction has a finite cross section regardless of how
small the energy of the bombarding neutron, but, because of the Coulomb
barrier, the ¢oss sectiom of the vast majority of these exoergic reactions
are vanishingly small at low neutron energies and cannot be
experimentallydetecteduntil the neutron energy reaches the milkion

electronvolt region and aboveé.

Although aoss sections for cpoeactions are indeed smadl low incidentneutron
energieswith values ranging fronfbut not limited to)a few hundredthsof a barn at
resonances in*’Sm [2], down to hundredsof pbarnsin *%/ for thermal neutrons
(0.0253¢&/) [3], direct measuremenarenotimpossible.

Furthermore, to directly detect charged particles emitted during these reactions,
samples must be thin (~110 mg/cnf) to prevent the charged particles from losing all of
their erergy and stopping within the sample. Thaffectively limits the sample mas®
only afew tenths of a gram even feamples with very large areasdfurtheradds to the
difficulty of performingmeasurementsf cpo reactions

Despite the low probabilities and difficulties in performing cross section
measurements of cpo reactipmsformation abou these reactions is neededseveral
areas.n particular,”®V, **Mn, and*'Sc, among othersavebeen identified asmportant
isotopesto stockpile stewardshifl]. Also, reaction ratescrossmost stable and many
moreunstable isotopeareneeded to calculate the large networkexctions ratesf all
possible reactions during nucleosynthgSis of which total production ofproton rich

1



stable isotopes pfnuclei) [6], [7] and reaction ratesduring period of explosive
nucleosynthesig8] have been particularly difficulto calculate This chapter will
describe the need for nemeasurements of cpoross sections on rare isotopésw
optical model calculations can be used to theoretically predict reaction cross sactibns,
the reasonsvhy typical cross section measureméathniques are insufficient.ater
chapters will discuss the equipment usedhis work, measurements @nfew isotopes
and the methodology to expand tkechnique developed here to unstable isotopes
specifically,thosewi t h hi gh b activities

1.1 A Need for New Nuclear Data

Accurate nuclear data, specifically neutron cross sections, can be used doeran
increasingnumber of purposes includinguclear reactor design and analysisback
calculating warhead yields, medical isotope production, analysis of dhemical
evolution of stars, laating oil and water reservestceNeutronin protorrout and U
particleout ((n,p) and( n , réspectively)reactions are of intest primarily to three
fields: radiation damage to Htore structuresastrophysicsand stockpile stewardship

Many structures in the core of a nuclear reactor are susceptible toaadiathage.
Theenergy needed to break tbleemical bonds that hold materials togetied dislodge
atomsis on the order of a fewo tens ofe V §%in contrast to théew million eV thatU
particlescanpossess r om U Ilteavg elgmentsfr fr om ( n,dddanr eact i
materials Thesehigh-energyU parti cl es and even protons
knockoutreactions wher¢housands of atoms can beconislodged from their lattice
location [9]. Frankel hole/interstitial pair defect can distort the surrounding crystal
| attice, change tamdenakmthd seructubaittted6 s pr operti es,

Materials in reactor cores must be able to withstand high temperatures, high heat
fluxes, and stressesawsed by pressure, weight afidwing fluid. Brittle materials
typically do not survive long under these conditiokaowledge about the rate at which
high-energyU p a randpmotbnesase generated inrsictures like the control rods and
fuel claddingcombined with an understanding of radiation damage can improve the
reliability of these componentsnprove safety, and decrease cost



Thegoals of Nuclear Astroplsycs as stated by Fowlgr0] in his noble prize lecture
aret o Aunderstand energy generation in the
e v o | ufandotheénuclear processes which produce under various astrophysical
crcumstances the relative abundances of el
end,Bur bi dge, Bur bi dge, Fowl er @la]dconthonlyl e 6 s f
and from here omeferred to as #H) proposed eighprocesse for nucleosynthesis in
stellar environments: Hydrogen burning, Heliumrbing, and thé}, e-, s, r-, p- andx-
processeddydrogenburningrefers to the fusion ohydrogento other hydrogen nuclei or
other lighter elements to form mainly heliubut upto and including neon. Helium
burning is similar to hydrogen burning except successive helium fussoiisto only
produce even Z nucleind that this process was expected to extend timMm

TheUprocess is the hyatpetheavieruoteif[11]UHe puaning i c | e s
and theUprocess differ in that the fuel for He burning is helimuclei in thermal
equilibrium with the environment where ##e Upr ocess uses high ene
released during o , U) soré’Neandheavier nuclei The higher ener gy
are able to overcome larger columbic barriers and protfiue, 2°Si, 3%S, *Ar, “°Ca,
*Ca and®Ti [11].

Undervery hightemperature andensity,equilibriumis reachedetwea knockout
and absorption reactiorsound the iron peak during tileeprocess.The x-process is a
collection of reactions that were unknown tdFB that produce the isotopes of
deuterium, lithium, beryllium and boron that are readily burned but hardlypevduced
by the other processgkl].

The s-processand r-processare characterized bypuccessiveneutron capture
reactions;with the differencebetween the two being tindime scales[11]. Conditions
necessary fothe r-processlast only a few seconds, during whideutron absorptions
occur in such rapid succession that even unstable isotopes with very shiviekalfill
undergo furtheneutron captureeactions before undergoiramy b decaytowardsmore
stable isotopeOnly once the-process ceases are the newly formed heavy nuclei given
a chance talecayto stable isaipes lighter than lead and Ietiged radiasotopes around

uranium.



During thes-processneutron absorption is slow e | a t i decay sb oucleh stay
near orin the valley of stabilityThe s-process can take place over thousands of years so
nuclei can be built up slowly from iron to the heaviest stable isottgees The s-process
canonly produce elements as heavy as lead sxdurther neutron capture produces
isotopes that decay vii to bismuth, which will decay again by e mi lsefrie o n
absorbing additional neutrons

Together these sevaeactions can produce the majority of stable and \@nyg-
lived isotopesthat still populate the eartfsuccessive neutron capturasn d debys
during thes- andr-processes are the only metBalailable discussed so far that can
increase the mass of nucleith A > 74. All isotopesproducel in this manor fall on the
neutron rich side of the valley of stabilithoweve, there isa set of stale proton rich
isotopes heavier than irgqknown asp-nuclej) that cannb be produced by ths or r-
processesTable 1 from Woosley and Howafd?2] list thesep-nuclei and the relative
abundances.

Understading of thep-processhas changed over the years sinéeHB According b
B2FH [11], this process ishe collection of( p , 9 possilp(do , n) oreradet 1 ons
created during thess and r-processesthat produce the protemch isotopes.The
condiions needed for theseactionsto proceed arelensites of at least~100 g/cnf,
contain a normal or abundant source of hydrogad temperatures of - 3 billion
degreeslt was proposed thdhese conditions could be maetthe envelope ofype II
supenovee [13] or possibly the outermost parts of envelopE$ype | supernovafll].

Woosley and Howardl12] noted thathese conditions, although can reproduce the
gualitativefeatures of the pattern ofrclei abundance, these conditions aoé likely
possiblein nature.Woosley and Howard go on to suggé#sat the omissionof weak
i nteracti ohan d,ismolenger accugtrblighter isotopeggiven more
moden values of temperature and density and that there is no reason to assume that the
distribution of seeds{process) nuclei should be identical to solar abundances

Woosley and Havard performed calculatiof42] showingthat phobdisintegration
reactions i ncl yadiofiide séed nuge produced during thamdd-
processesan roughly reproduce the solar isotopic abundances given a photon spectrum

with a temperature of 2.1 to 3.2 billion degrees for 1 secbnése conditions can occur



in the hydrogendepleted regions of type Il supernovadJnfortunately, no one
temperature can accurately predict all isotopic solar abundances as réyoftacheron
[14].

In addition top-nuclei, thep-process is also thought ptay a role inothersi onl y 0
isotopes, such asome anomalous meteorite composition of samarium and neodymium
[15]. Reasonable changes in production rates of certain isotopes could help to exgblain a
correct such discrepancigis].

Extensive modeling was used ¢computep-process rates by Woosely and Howard
[12]. To perform highprecision calculations obther nucleosynthesis reactioasd
determine the cause of discrepancies between theory and measurbigbnpsecision
nuclear data is neededs, r- and p-process reamn rates, stellar evolutionand
nucleosynthesisequally high precisionnput data €g. cross sections) are needéd.
paticular, ( n, 2) Cross s ecs andrrpcessaaleulations erd(eod, pf)or
(o,U0), (92,n) and t o acrobsessctorsrare dequiged é@eand( U, n) ,
p-process.

Many of the isotopes needed ferandp-process calculatiorsre unstable and many
of the reactionof interest havemallcross sectionmakingit infeasible to perfornmost
of these measuredirectly. Models derived from like aetions andother isotopesat
higher energiesare often employedvhen the needed cross sgons have not been

measured.

1.2 Theoretical Estimates and the Optical Model

Statisticalmodels (compound nucleusodelsor HauseiFFeshbach approadi7]) are
sufficient todescribemany of the reactions of interest to astrophgdit8]. The optical
model is a way of describing nucleonclear interactions using @uclear potential
composed of real and imaginary pai®] (similar to the treatment of light traveling
through a medium that both refracts and absprdusd can be used to predict reaction
cross sections given some basic information about the incident projectile and2@jget
The following discussion will derive a theoretical expresdor cross sectiom terms of
transmission coefficientd o fix the notation, the discussion presented here will consider

the reaction
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wherg in general,an unpolarized plane b@aof projectile '@ $s incident on target
nucleusQcausing the formation of coumpound nucléysvhich emits¢ leavingresidual
nucleusd . The work presented here will focus on reactions wi@sea neutron and is
either a pr ohowener this detivatipnawilltrdmait generdl should be
noted herehat while it is important to keep track of the exaciciation state of the
target, projectilend resultant particlabe discussion here will be limited to a single state
for each ad any notatiorexpressing excitation states hadween removedThe specific
excitation sate of the compound nucleus does not matter as long the initial and final
constellationsare in the specified stateSince it will be useful to talk about the twoltha
reactions separatel{Q '® 6 will be refered to as reaction channeland6 © & ¢
asreaction channél.

Starting with channel, it is necessarjo first definewave function ofthe incident
beam of@,$ , and expand iinto spherickharmonicsyielding[21]
I "Yohe Q .."Ya

n Sm—— o i
& Q Nga pd v Mk
s s

(1.2)

Q TQ ~ + h
where.. is the spin functionThe intrinsic spin oftand Gare"Gandi , respectivelyandthe

channel spinYis defined as the vector sum ‘@andi. 0is the total spin, given by the

vectorsumof "Yand orbital angular momentuin'@ wave number is defined as

o S (L3)
2
where* is the reduced mass ai@is kinetic energy in the center of mass reference
frame.
The ClebschGordan coefficientsor vector addition coefficientare given by
6 UM i .& andd are thez-components ofiand™Y respectively, and must
equaldé & inorderfor 6 T (1.2) has mad use of the fact that 1t for plane

waves The typical orthogonally relationships,
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hold for the ClebsciGordan coefficients, along viithe modified versior{21] of
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Wigner [22] derived a general expression for these coefficients and Cof#8jn
tabulated these coefficients foY pX¢, p, of¢ and ¢. Table 1.1 is givenhereas an

example of the ClebkeGordan coefficients foty p¢.

Table 1.17 Tabulated ClebschGordan coefficientsfor S= 1/2[21].

g dOy | ooy - | oy -
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TheEigen function®f total angular momentum adefined as
+ k 6 P v v h (1.7

where ; is the eigenfunction adpin states ofvith spindiand™Ywith z-componerg &

andd |, respectively
The presencefd@hanges@ s wave functi on. oFYoanda,n

the total wave function isigen by

nco
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I YR he Q + - "WwqQ =+ h (1.8)

s s
where— is a complex numberhich determines to what extent the outgoing wave is
altered by the presence tfThe constand can be determined gquating thencoming

portion of (1.8) to (1.2) and is found to be
6 "Q Mk p=z6 UDMia 8 (1.9
when the incident number of particles in natined to unity.

The cross section for the half reactjortan be expressed #w fraction of particles
removed per seconover the incident particle fluxThe rumber of particledeaving a
sphereof radiusi  aroundQs givenby

2 1L sElna.s (110
QY T T '

Thenumber of particleaving the sphere then

oK e e
5D b 2 Y- Yo 8 (11D

The fluxinitial particle flux s given by

€
% —8 (L12

(1.4) and(1.5) were used in the derivation @f.11) to reducing the six summations down

to only two.Theratio of (1.11) and(1.12) gives thecrosssectionfor reaction cha e las U

~

, @YD o ca p WOMT s p & "Yos f (113
s s
wheng "YVand0 are defined
For unpolarized beamthere aredefinite phase relations exist between subwaves of
different dand these subwaves must be treated together. Summing over all passble

yields

. Yk , Yo 8 (1.14)



The different orientations ai  will add incoherently and can be averaged over rather
than summed ovegince there are”Y p different valuest can take,he reaction cross

section becomes

O 4 p gt e
o YO —— ., Yo 8 1.1
Y o (1.19)

(1.6) can now be used to simplifg.15) to

“cuop
QcY p

N ) | s "Ys 8 (1.16)
h s s
Next, all possible values 6Yareaveraged ovegiving the cross section for reactions with

vas

. 0 QY, Yo 8 (1.17)
s s
where'Q"Y is the relative probability th&@&nd Care found to have chanrgpin"Y and is

given as

o~ <Y p
Q'Y , ~ 8 1.18
¢i p ¢Op (118

The eaction cross for any value obecomes

» QY, Y 8 (1.19
S
Up to now, this discussion has ignoreurity. Parity, L , can take on values of only
+1 for even and 1 for odd and total parity camot change through any reaction. The
parity of reactionchanne| is given by
L Lt h (1.20)
and of the compounducleust , can be found to be
L pL 8 (1.21)
It can be reasoned that@ndChave even parity, reaction channels with ettaray only
producedd with evenparity and the cross sectidor the production of odd parity6 s
should be 0.Similar arguments can be used made for all combinations of pafites.

show this mathematically, the function
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is introduced. Parity selection rules aredrporated into the cross section by inserting
(1.22) into (1.13) twice, once for the incoming and again for the outgoing and

summing over both even and odd paritiBlse cross section for reamt| then becomes

GL p

@ $ sh s scl pcOPp (123

L O T O . s "Mh s 8

— is difficult to determine since it depends on conditions inside the nuclear
potential, whichare still not perfectly understoodrlreating this reaction in a statistical
mamer allows forseveralsimplifying assumptionsAssumingthat, in addition to being
unpolarizedthe incident beam othas a sufficiently broad energy spectrum, it can be
assumed thad can be érmed in many different statesgith different, 0 and'O. The

transmission coefficient fé€enteing “Gand formingd is given as

Y ‘Oth FOR@& St oS e s s ¢ (129
s sh s s
Finally, the cross section for reactiorcan be written as
uj'?'Q
¢i p cOp

¢0 p YOrh hohd 8 (1.25)

To find the "‘(¢¢)& reaction cross section(1.25) must be multiplied by the
probability thaté is emitted froma . The emission of must compete wittall other
reaction channels and radiativapture The probabilityof 6 decaying through chanriel
is gven by

, Y Oh RO Aoh
U oV (1.26)

where”Y ‘Ovh hO ROh s the transmission coefficient 6fsuch thatt is left with

excitation eergy O , spin 'O and parityt . Y is the sum of all transmission

coefficients and can be calculated as

Y "Y ‘O RO RO K h (127)
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whered andé¢ are any daughter particleSvery term inside the summation (f.25)
produces a different compound nucleus with its own set of transmission coefficients, so
to account for each separately)) is inserted in the summation to give the cross section

of thereaction described Kl.1) as

“9 ¢ O
" ¢COp g p
O p "y O FORG "y Ot FO FOF (1.28)
=

A

Although it mg seemthat(1.28) can be used to calculate any reaction cross section,
the results are only agpod as our ability to describe the potentials involved, which is not
perfect. Insteadparameterizations of several values are used, includuay teensity of
excited stateshe transmission coefficientand optical model potentia[20]. Many of
these parameters are treated in a statisiashlion. level densities 05 - 10 MeV'* [5]
are requiredto apply (1.28) accurately Although this level density normally requires
intermediate to heavy nuclei, light nuclei can sometimes satisfy this requirement and
heavier nuclei near magic numbers and proton or neutron drip lines may not meet the
required level densitj24]. In addition to mass dependsm incident projectile energies
must be great enough to excite the compound nucleus to energy levels where the level
density criterion can bmaet, which is strongly dependent on atomic number and mass.

In addition, the optical model parameters must ledito experimental resultSor
charged particle reactions, most of the fits come from high energy scadepagments
In addition to the uncertainty in these experiments, additional uncertainty is introduced
when extrapolatig from high energy to logr energy regios, like thoseof interest to
astrophysics.

Use of this statistical model below the level density criterion overestimates the actual
cross sectiofi24]. Resonances must be treated individually, which is natilpesusing
the optical modelsinglelevel BreitWigner formalism oR-Matrix theory carbe used to
estimate cross sectiotelow the critical level density (e.gn the resolved resonance

region)
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1.3 Previous Measuremeng

The twomost commormethodsusedto perform cross sectionsmeasurementaretime-
of-flight (ToF) and thermalreactor beams.Operating reactors contiously produce
fission neutrons and fraction of these neutrons leak from the sides of the reactor core.
Typically, reflectors are placed arouttte core to minimize leakage but some reactors
are designed to leak as many neutrons as possible. Beam ports can be tostdilbed
neutronsm evacuated path toavel from the reactor to the sample/detector setup. Layers
of high Z-materials can be ated in the beam port to help elimmatrays while
preserving as much of the neutron flux as possible.

Reactor beams have several advantages including the continuous nature of the
reactor meas the detector is notepeatedlypbombarded with intense pulses of high
ener gy n e wvayslmaddtiondhese beams can be venyense. Thedigh-Flux
Reactor atinstitut LaueLangevin (ILL) in Grenoble, Francg r oduces t he wor |
intense continuous neutron flux of 1.5%1(-cn?s?! [25]. Measurements of cpo
reactions have been made usitlte HighFlux Reactor,including cross section
measurementsf the (ny,p) reactions ort>>Cl [26], K [27], *"Ar [28], “'Ca[29], and
%V [3], and (@, Weactions ort’K [27], *"Ar [28], and*'Ca[29].

The main disadvantage abntinuousreactorbeamsis that neutrons of different
energies interact with the sample/detector at the same time. The flux profile can be
adjusted by drawing neutrons from different regions of the core, i.e. neutrons from the
moderatosstarved center of the core should have aéraspectrum than neutrons near
the overmoderated edge of the core. Often, neutrons at thermal equilibrium with the
moderator are selected which drave a Maxwellian distribution with an average of
0.0253 eV

In the design and analysis or thermal reegtothermal cross sections are very
important because so many neutrons have energies near thermal and most of the reactions
of interest are caused by thermal neutrons. Outside of thermal reactors, such as fast
reactors where neutrons do not reach thermgailierium, and in astrophysics where
thermal temperatures asevenorders of magnitude greater than in reactor cores, cross
sections for such low incide®nergy neutrons are less importatdwever, f substantial

thermal cross sections are obserad.0253 eVit is likely that resonancest higher

12



incident neutronenergiesexist [7] and the isotope shoulde measured using energy
dependentechniques

ToF is typically the preferred method of determining neutron endugyb high
energyresolution achievableéA n e ut r offflighs, o, teflermte the time it takes the
neutron to travel from the source to the detectoisample Non-relativistic neutrons

travel ataspeedv, of

O.
v h (1.29
a
whered¢ andOare he neutronbds mass ,aandil eeachragy , r

samplédetectomplaceda distance ofifrom the sourcén time 0 given by

5 g 8 (1.30)
It is crucial that the neutron source be puldedng ToF experimentstherwise neutrons
born with differentenergiesand at different times cameach thesamplédetectorat the
same time and would be indistinguishalbmoving the energy dependence of the
measurementPlacing the detector and sour@a apart increases the differencetire
ToF between neutrons of different energies and improve rémsolution of the
measurement but also decrease the neutron flpXiasor &

Although resolution is important, most measurements are performed on reaction
with barn sized cross sectonanche extremely | ow cross secti
sectionsbelow a few MeVrequirecorrespondinglyhigher neutron fuxes. Even at very
short ToF paths, the low cross sections and small masses require very long run times to
get statistically significant results, on the order of weeks or monthairfedety, there is
another methotlbb measure reaction cross sectiombijch provides a much more intense

neutron fluxrelative to ToF techniques buttae cost of energy resolution
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2. LEAD SLOWING -DOWN SPECTROMETER

The lead slowingdown spectrometel.8DS), which simply consist®f several tons of
highly pure lead with a pulsedeutron source at the centewas a vital piece of
equipment during this workAfter dropping below the inelastic scattering threshold,
neutrors slow down through successive elastic scattering events and focus around an
average energy thalecreases oveinte. The neutron flux is ~10times greater than in

the timeenergy equivalent ToF station at 5.6 [B0] operated at identical conditions
because neutrons can scatter intogampleseveral times before finally being absorbed

in the lead leaking from the spectrometer interacting with the samplas shown in
Figure2.1. This allows for the measurement of samples with cross sections and masses
much smaller than typically feasibl@th ToF techniques. Tts chaptemwill discuss the
theory behind the LSDS amtdmpare th& SDS setupsnstalledat both APl and LANL.
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Figure 2.1 Four neutron tracks in the RPI LSDS simulated by MCNPX[31] using a particle history

y-axis [cm]

of 100 electrons incident on a tantalum target with an energy of 60 MeV
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2.1 Slowing-Down Theory

There are many works and texdescribingneutron transport theory arbe slowing
down process in generaicluding J. J. Duderstad L. J. Hamilton[32], G. I. Bell, S.
Glasstond33], B. Davison, J. B. Sykg84], E. E. Lewis, W. F. Miller Jr[35], M. M. R.
Williams [36] as well assomethat discuss theory and experimental resspiscificto the
LSDS such ag30], N. M. Abdurrahmari37], R. E. Slovacelet al [38]. The following
discussion will only revieva fewof thoseprinciples andindings.

First, it is useful to gather a list of all dhe assumptions used the discussion
presentedhere It will be shown later thaprior to ~1 ps andafter ~1.3 msthe spread in
neutron energiess too largeto be useful for energy dependent measuremsatshe
following assumptions will be applied this range otlowing-down times (SDT)which
correspondgo mean neutron energies between 100 keV and 0, Tre=pectrely. The
seven basic assumptions that will be called upon during various portions of this analysis

are:

1. Elastic scattering dominates over all other reactamd hasa constant
11.4 barn cross sectidi89], makirg the macroscopicross section
t T YAl and the mean free path ¢&A . The absorption
cross section is small but followspp0 shape.

2. No multiplication occurs in the lead

3. Chemical binding and thermal motion of the lead nuclei are neglected.

4. The source t@n can be written as an isotropic, pulsed, point source of
neutrons with an evaporation neutron energy spredd, Wioh o
...O1 » oO.

5. Elastic scattering is isotropic in the ceprtémmass system.

6. The flux is isotropic.

7. Thelead can be maded as daomogenous infinite media.

Assumptios 1 and?2 areverified byFigure2.2. The total and elastic scattering cross
sections are indistinguishable on this plot &ade constant valgeof 11.4barnsover

most of theD.1 eV to 100 ke\knergy rangeThe capture cross section is clearly small
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relative to the total cross section and does follgey @ shapelLeadhas no fission cross
section andhe (n,2n) reaan threshold is greater thanMeV for all stableisotopes
meaning there is navailablechannelapable oproducingneutronsinelastic scattering

reactions are energetically forbiddeerldw ~2 MeV, above the energy range of this

analysis.
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Figure 2.21 Various cross sections ofiatural lead from ENDF/B-VII. 1 [40].

Thermal motion of the lead nuclei only ptaa ole when the neutron velociig
comparable to the thermal motion of the lead nuclei. Although this occurs roughly below
1 eV [32] which is above the lower limit of the useful range of the LSDS, assumniption
extends this down to 0.1 eV for most of this work. Sec#dn2will not make use of
assumptior8.

Just as in ToF experiments, in orderperform energy dependent measurements, a
pulsed neutron source is el for the LSDSAIthough the first generation of LSDS

used a pulsed I sourcg41], more modern systenusepulsed spallation or evaporation
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sources where the neutrons are born in the an energy bligion closelyresembling

...O . The® sources are typically placed either at or very near the center of the LSDS and

can be assumed to bmall and pulsed instantaneously, itlee sourcesdistributions in

space and timean be assumed to be» and] 0, respectivelyThese sources are not

necessarily isotropic but withssumptiorb (which is a common first order approximation

for neutron flux calculationf35]), the source term can also bes@siedto beisotropic.

Assumption4 is therefore verifiedAssumption6 follows from the idea that ithe flux

starts isotropicallyand is not focused in any particular directidrwill remainisotropic.
Neutrons that leak from the LSDS can thermalize in theamad the surrounding

structuredaster than in the LSDS. Cadmium is placed on all sides of the LSDS setups at

both RPI and LANL tgprevent these neutrons fromergering the LSDS. Neutronkat

remain in the LSDSwvill follow the relationship between SDT and mean neutron energy

(which will be developed irsection2.1.]) because they do not see anything other than

| ead and do afioitt mdiiknmBeeade sonte neutsons can still leak from

the LSDSthe analysis of the flux profile across the LSDSSection2.1.3will not use

assumptiory.

2.1.1 Time-Energy Correlation

The timeenergy correlation is of gcial importance for cross section measurements.
With ToF techniqueshigher energy neutrons arrive at the detector before lower energy
neutrons simply because theavel faster. Mutrons reaching the detectirtimeo have

an energyogivenby,

0 ga = = (2.1)
where & is the mass of the neutron ands the distance between the source and
detector.Often this equation is written in the secondnfovhered  xc&A 6 J OO
I .(2.1) can be complicated with the inclusion of relativistic effectstbeimechanism
of equating time to neutron energgmainsmuch simpleffor ToF than forthe LSDS.

Neutrors in a LSDS lose small amotsmof momentum and energy every time they
collide with a lead nucles Lethargy[32], denotedo, is a measure of the amount of

energy lost by a neutron and is defined as
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. .0 .
Okl I—= h 2.2
: o (2.2)
where O is the maximum neutron energy. Looking at only elastic collisions, the

maximum energy a neutron can lose in a single collisiph|iswhere is defined as
| K " R (2.3)

and! is the atomic mass of the nuclei. Making use of assumptitme average lethargy
gain per collision, , can be calculateg@2] as
N0) p , |

_ 118 2.4
o o p 10O o1 24

Forlead® ¢ m,naking| Mopand, TWIMTWEYO
Knowing that the neutronsith velocity 0 will travel for anaverage oft 0  time

before gainingan average lethargy ofthe fdlowing equation can be written:

Qo Qo
~ T 8 (2.5)
From definition (2.2) it is knownthat
Q0 QU
Q6 — =% (26)
@) V]
sothe differential equatio(R.5) can be recasinto the form
Qu ,t
— —0O3 (2.7)
v C
Assuming the initial conditiodb T 0 , (2.7) can be solved to yield
1
LAY (28)
O U C
Solving foro yields
S P p (2.9)

¥ 0 0O
whered k ¢j t+ ,0 .If 0 is taken as the velocity of a 2 MeV neutron (near the peak
of the evaporation neutron energy spectruno 1@ °‘ { Changing fromvelocity to
energy leavethe simple equation, which is very similar(fl),

0 :

e 2.10
55 (2.10
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where Ok ¢& j ,+ p 9B Ag O. Because(2.5) used the average time and
averagdethargygain(2.10) can only be used to calculate the average neutron e@ergy

At this point, it & interesting to seth & Qand show thafor 6] 0 the time
energy correlation in the LSDS is similar to a ToF experiment avBt6 m flight path.
Most ToF stations are spaced further than 5.6 m from the neutron sewgdeRl has
stationsat 15 m, 25m, 100 m and 250 m) This imposes certain restrichs on the
detector and electronicehich will be discussed in Chapt@rbut for now, it suffices to
say that the average neutron energy decreases quicker in the LSDS than for most ToF

stations as can be seerfigure2.3.
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Figure 2.31 A plot of (2.10) and (2.1) comparing the average neutron energy as a function of time for
the LSDSand ToF stations at 56 m, 15 m, 100 mand 250 m

2.1.2 Energy Resolution

Theneutronflux in the LSDScan be characterized bynaeanneutron energy and full-

width at halfmax (FWHM).This spread has a large effect on cross section measurements
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andit is therefore important to undsand the three sources thisesgd comes from. First,

thespread of neutron velocities is termed ie®city dispersionO , and definedas

0k > orUr8 (2.11)

The firstcause of velocity dispersion comes from the method in which the neutrons
are producednd remains the primary cause wtle x p E A @Neutrons are born ithe
... energy spectrum which has a initial mean energyO and a dispersionO of
approximaely 0.3 [32]. Although most neutrons are born with about 2 MeV, the
dispersionof velocity startsvery large since neutrorganborn with any energy ranging
from 0 tol O MaV. This translates to a dispersion@fg ‘O [36], whereOis the mean
neutron energy at any point in time.

Skipping ahead to after much of the slownimwvn hasoccurred;the dispersion of
neutron velocities is related to tiwelocity dispersiorof the lead nclei. The velocity
dispersion of the neutrons is given@§Y 1O [36], where Q" ¥ the temperature dhe
slowing-downmedium.This is the dominargource of dispersion whéd x ¢A 6

The final method of dispersias more complicated and affects the neutrons as they
slow-down. After the neutron pulse, the neutrons travel through the lead where they
begin to slow down. The faster neutrons will scatter more often than slower neutrons
because the expected time betweellisions is inversely proportional teeutron speed.

In addition, neutrons with higher energy will lose more energy on average per collision
than sl ower neutrons. These two effects
population around the avage neutron energy given 3.10). Results of simulations
performed byRochmaretal. [42] shows this focusing effect

The focusing effects not strong enough tovercome the statistical fluctuat®rof
distance between collisions and energy loss per collamletely For a constant mean
freepath thevelocity dispersion idound to be-¢j 00 foro 1 p[36].

These three mechanisms cardivectly addedo yield

S 2Y0 g (2.12)
co 10O ©O
Noting that ‘Q QO T Qyu ,the energy dispersion is found to[B&]
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v QY10 08 (2.13)
o0 O © '

The resolutionfor the LSDSis typicallygiven interms of theeWHM andis

YO 6
YO Kk WS o 9 2.14
Ok & gl £0 6 5 608 (214

AssumingO 100 keV, O  0.3[30], and”Y 293 K 0 0.076 0.14 eVand

& 665 x 10° eV Figure 2.4 shows the theoretical resolution and the measured
resolution of theLSDS installed at RPJ43], [44], [45] and LANL [42]. Differences
between the measured and theoretical resolutions functions can be attributed to
epithermal neutrons reentering the LSDS, esiewplification of the initial neutron

energy distribution, and impurities in the lead.
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Figure 2.47 Theoretical resolution[30] of the LSDS compared to the experimentally measured
resolutions of the RPI LSDS[39] and MCNPX simulated resolution of the LANL LSDS [42].
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To concludethe theoretical analysis of the LSDS resolution it is prutieeixplain
its effects on cross section measuremeAss previously describedneutron energies
evolves smoothly with time, bothy decreasig in average energy arfoist decreasing
then increasingin spread. Any cross sectionmeasurementactually measures the
resolutionbroadened cross section, averaged over some time (energy) interval. For ToF
experiments, the energgsolution an be high, and the measured cross section is very
representative of the actuabes section. The LSDS has a very poor resolution to begin
with (=30 % at best) and a measured cross section will see significant broademing

example of the broadening is@vn inFigure2.5.
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Figure 2.51 #**U fission cross section from ENDF/BVII [40] compared to the broadened cross
sections using2.15) and by MCNP.

When measuring cross sections, it is common to measure reactions that have already
been measureeither tonormalize the new measurementtorensure that everything is

working properly It is thereforeimportant to be able to broademaluated cross sections

22



usingthe LSDS resolution function to compare experimental resolesvaluated cross
secionsThe si mpl e approximation that the neut
normally about the mean velocity can be maldee broaéned cross sectiop, , at the

time corresponding to a mean neutron enef@gycan be calculated knowinghe
unbroadened cros®ction, andthe energy and timeependenflux %.'0HO by

, 0 X %00, 0 s (2.15)
O
Written in terms of the resolution function O the flux profile &

o 0 O
% 00 ——————A @D
Wil Ic 'YO'O pP@ Ic YO ©

AppendixA contains the code used to broaden cross sections for this work.

8 (2.16)

A second more computational intensiveat Imore accurate method of escsection
broadening is to use MCNP to neddhe LSDSFigure2.5 showsthe results of @F5:N
tally usedin conjunctionwith theFM5 1 4 18 card which convolutethe flux from the
point tally directly with the fission cross section of matedigf>U). As shown inFigure
2.5 (2.15), MCNP and experimental results agree well over most of the useful energy
range with a few exceptions. Experimental resalts more broadened than theo
theoreticalmethods, whicltould bedue to impurities in the leaghydrogen from oil and
water or other materials from detectors placed in the LSmx8)er broadening the flux
profile. The addition of just 1.8 ppm hydrogen can significantly improve the match
between MCNPX and experimenixperimental points below 1 e&re all below either
model, possibly due toeutron absorption bgny impurities not accounted for in either
model. Rochmaret al. showedeven 41 ppm of silver contaminant in the leaah

significantly increase absorpti¢42].

2.1.3 Flux Profile

The flux profile as a function of mean neutron energy can be derived from neutron age
diffusion theory. The age equatif3®] is

-1 oAt

] 2.1
n R oeht TJr8 (2.17)

The neutron age,, is expressed as
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00 p p . .0
= Q0 —I I— 2.1
1 'O'OQO o, t | I'O n (2.18)

whereO ot [32]. The solution tq2.17) is

O

n Mo Ya A'I'ioé((%\ '|':Oe’(°i‘\ '|'i§§\ @D t AQD.,EYFI (2.19)
where the geometric buckling o ja for a cube of lengtha The second
exponential term is added to the general solutior(2t&7) to account for capture
Bergman[30] statedthat the mean neutron capture lifetiré,is constant and for lead is
x 0 Tt rQ Transforming fromt ando to Orequires the use ¢2.17) and(2.18) andusing
%0 0O* 1 O] Othe flux can be found to be

%0 00 Q R (220
whered is a function of position and source intensi® k QY & mA §37] but

can vary slightly depending on impurities in the leadiiok p 6 j o,+ and for a

180 cm cub&d T @.dhe flux profiles in the LSD%t the RPI and LANL are shown
in Figure2.6.
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Figure 2.6 1 Comparison of neutron fluxes at RPland LANL operated attheir respective maximum
beam currents. The RPI line uses the parametersrfiom Danon [45] and (2.20) and is normalized to
the integral of the equation given by Slovacektal. [38] from 0.1 eV to 100 keV The LANL line was
normalized to 1 neutron-cm®eV'*.proton'* at 1 eV,near MCNPX results from Rochman etal. [42].

2.2 Comparison of LSDSO s

As mentioned before, this work made use of the L&B$ RPI and LANL.The RPI

LSDS, Figure2.7, is located in Troy, NY at the @dtnerLinear Accelerato Laboratory

(LINAC). A tantalun conversion targeshown inFigure2.8, is bombarded with 60 MeV

electrons from the LINAC. The electrorslow-down in the tantalum producing
bremsstrahlung adi ati on which then undergo®is (2, n)
produces~0.04 neutrons per electran averageThe LSDS at LANL. Figure 2.9, is

located in the Blue Room of the Los Alamos Neutron Science Center (LENSC

Protons are accelerated to 800 MeV by a linear accelerator and collected in the Proton
Storage Ring (PSR). Several linac pulses are collected in thea&R spills directly to
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the LSDS. The protons entatungsten targetigure2.10, just forward of the center of
the LSDS causing multiple spallation reactiomkis process is much more efficient at
making neutronghanthatused aRPI, producirg 30 to 40 neutrons peroton. Fbwever,
between RPI operating at higher beamrents and having a larger LSDS which reduces

leakage, the fluxes at both facilities are comparable as shown was shegyuare?.6.

s

Figure 2.71 Photograph of the LSDS at RPI inthe Target Room at the LINAC. The electron beam
enters through the beam tube. The target iair-cooledbut the cooling air passes througltopper

pipessubmerged in a water cooled batto transfer the heat out of the air.
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: ' :
Figure 2.8 1 Photograph of the RPI LSDS target(small box on the left)connected tothe last section

of beam tube,consisting of 8 tantalum plates of various thicknesses and spacing. The first few plates

stop the high energy electrons fronthe LINAC , producing Bremsstrahlung radiation. Later plates

undergo (92,n) reactions
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Figure 2.97 Photograph of the LSDS at LANL in the Blue Room at LANSCEThe proton beam

enters the LSDS through the back. Cadmium sheeting is held to tiséde of the LSDS with tape.
Cadmium flaps lay over the detector channels (5 cm x 10 cnijhe entire LSDS is on dightweight

aluminum table which is capable of being rolled to the side of the room on a tracRhotograph

courtesy of R. C. Haight.
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Figure 2.107 Photograph of the tungsten target inside the LANL LSDS. 800 MeV protons from the
proton storage ring and stopped in the target, which then emits spallation neutrons. The target is
slightly forward of th e center of the LSDSo offset the slight forward pealed neutron distribution .
Photograph courtesy of R. C. Haight.
Neutrons can thermalize some of the surrounding materi@uch more quickly
than in the LSDS therefore care must be taken to prevenbnsettrat leaked from the
LSDS from reenteringSteel tbeams with packages of.ld0; inserted into the openings
are used to elevate the LSDS at RPI off the grq@8§ito reduce neutron return from the
floor. The LANL LSDS is ona lightweight aluminum table and on a lomass floor
above the blue room basemé#2]. In addition to being elevated off theogind, room
return is minimized by adding cadmium sheets of 0.75 and 0.9 mm thickness over the
L S DsSabRPI[39] and LANL [42], respectively.
Although each facility has its strengths and weaknesses, neither facility was
especially suited for measurement versus detect@la@went more than the otheas
LANL had the additional benefit of also having the Isotope Production Facility (IPF).
The IPF has the capability of producing sHoré radioactive samples that can be
brought to the LSDS before too many Hales have elapsed. Although this wileb
needed to expand the work presented here, the IPF was not ufiliE#e?2.1 containsa
basic comparison chart of the RPI and LANL
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Table 2.1 7 Comparison chart of the LSD5 at RPI and at LANL.

Attribute RPI LANL
Overall size 1.8m cube 1.2m cube
Brick size 20 xXx 40 x/ 04mx04mx0.3m
Detector channel size Configurable 5cm x 10cm x 40cm
Support Crossedsteell-beam[38] | Lightweightaluminum table
Composition >99.99% Lead38] with Lead with impurities of

Neutron Source

2.8) 2.10
Neutron flux SeeFigure2.6. See Figure2.6.
Pulse width [ns] 100 ns- 5 us 100 ns- 1 us
Repetition rate [Hz] 1-400 1-40
Maximum average beam 16 1[42]
current [uA]
2 [keV-ps] 165[45] 161[46]
<« [ps] 0.3[45] 0.37[46]
+ 0.776[45] 0.506[46]
m [eV] 0.214[45] 0.22[46]
= 0.0835[39] 0.096
| [eV 0.128[39] 0.165
EleV] 3.05x10°[39] 1.0x10°*

20.0ppm carbon,,
4.52ppm copper,
2.54ppm thallium,
11.53ppm bismuth
by weight
~60 MeV electrons on a
tantalum target (sdeigure

41 + 6 ppm silver,
1.4 + 0.2 ppm antimony,
< 0.029 ppm cadmiurf#2]

800 MeV protons on a
tungsten targgiseeFigure

! Impurity concentrations provided by Y. D. Lee.

2 Fitted from MCNP calculations performed by D. Rochreaal [42].
® Fitted from MCNP caldiations performed by D. Rochmat al. [42].
* Fitted from MCNP calculations performed by D. Rochreaal. [42].
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3. DETECTOR DEVELOPMENT

Several detector concepts were designed, construmteldtestedor usein the LSDS.
This chapter will review some of those designs and compare their overall Therfirst
section will cover all of the design requirements and the irengasections will discuss

the detectodesigrs, successs and failures in this project.

3.1 Detector requirements

The first detector requirement, angerhaps one of the least flexiblies not strictly
imposed by physics. The detector channels in the LSDBMNL are only 10 cm wide by

5 cm tall by 40 cm deeplhe detector channels needo be backfilled with lead to
eliminate unnecessary neutron leakagé of the LSDS ando preventepithermal
neutrons that reenter the LSDS from easily making it badketalétectorso the entire 40
cm depthis not availableThis requires dtectors to be sritar than 5 cm x 10 cm 20
cm to fit within the LANL detector channelsThe detector channels at RPI are
configurable, howeveintroducing a large void into the LSDcanboth changehetime-
energy orrelation and degrade the energy resolutibhe samesize requirement will be
imposed on detectors at RPI and LANL.

Requiring thedetector to have thability tod e t e articlestandpprotonts clearly
necessarpecaset hese are the telltale wtcgmdksinthat
order to meet this requirememivo restrictionsmust be imposed-irst, the sample must
be thin enough to allow the charged particles to escape (no more than a few?)mg/cm
Secwd, in order to contain a sufficient mass to perform the measurement, the sample
must have a large surface area (a fevf ahmost); the restriction on the detector stems
from this restriction on the sample. The detector must have an active surfaceleast at
as large as the sample, or the extra sample mass would not contribute to the
measurementiowever, to minimize the detectsrsensitivity to noise and background,
the detector should have a smadtive volumeTo get the best signal to noise ragiod
the | owest background-raysattelse fd etnme catcotridvsatd a
should be selected to equal or justinexceed

the detector material

30



The rext few requirements stem framrflash isses.The charged particles that create
the neutrons inthe LSDS ateitherRPl or LANLal so cr eat e a-raysarge n
either from Bremsstrahlung or evaporation reactigh¢ t he s ame -rbys me t h
interact with the detectpa strong electromagtic interferencean be pickedip on the
signal cables and a |ge of highenergyneutronshit the detectorThis intense pulse,
termed theo-flash, is able to paralyze most detectors and saturate the electidnscs
a known problem with many pulsegutron experiment®]. This poses a large problem
for ( n, Urosa sedion(measywemests n c e o nrhyy camepdsiemergy
greater than thel0 MeVt he hi ghest energy U paroticles
possessMany experimertt place detectors and electronics far enough from the neutron
sourcewheret h e e f f dlash islesgenethbwevepuse of the LSDS requires that
the detectobe placed within the LSDS ams more thar-100 cm from the targt Work
has previously been done with compensated detef2r [47], [48] , two detectors
combined such that they produsggnals that areequalin magnitude and shapaut
oppositeinp ol ar i t y -fihanMhercgnpdandated detector design hasdmefit
ofnul | i f yflash gigmt bbfere itreaches the preamplifserthatonly thedetector
becomeaunresponsivel u r i n glash @ompensation techniques will be discussed in
further detail in Sectio8.2 For any measurement of (n,p)om , U) cross sect |
performed in the LSDShe detector will need to beompensatedo reduce theeffect
from the o-flash on the electronigsbut also as me n s i t-raysand heoitrorss
possi bl e t-flashefiead anthe detedtog o

Other requirements are imposedditherthe LSDSe nvi r onment , t he na
and (n,p) reactions, including the possibility pérforming these measurements on
radioactive samples with short hdilfes, or the desired energy range of these
measurementsThe total list of general design requirements for detectors used in this

work are:

1. Has to fit inside the limited space of the LANL LSDdetector
channels (&gm x10cm x 2 cm);
2. Provide a distinct signal fromthié6s and protgthse emitted

neutron induced reactions;
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3. Have a fast recoverfyjom thes t r oflasp inside the LSDSess than
1 €e€s is needed to record data at mean
keV;

4. Should contain as little hydrogenous materias possible to preserve
the timelenergy correlationand energy resolution of the neutron
population;

5. Have a fast response to provide aca&idT information;

6. Be capable of working in the baakgind radiation inside the LSDS;

7. Be able toeliminate any sigal from decay radiation fromm h e U
particle and proton signals;

8. Survive long enaigh before succumbing to radiation damage to
complete the measurement;

9. Be capable of containing a t@ enough sample to be measuirec

reasonable amount of time

Detectors that do not meet all of thesguirementsnay still be adequate given other
factors For exampleif a particular detectatoes not survive forery longin the LSDS it
can be replaced several times during a measurer8enilar qualifiers can be put on
most of the above requiremetst these will be discussed for each detector individually.

Three soli-state detectorsl(- 3) and thredon chamber detecto(4 - 7) conepts

were considereandbr testedor this experiment, including:

Solar cells

Passivated, Implanted, Planar SilidétiPS)
Silicon carbide (SiC) diode

Cylindrical ion chamber

Parallel plateon chamber
GasElectronMultiplier (GEM) foil
Diamond

N o g M wDbd e

Work with these detectors will be described, but first general methods of compensation

will be discussed.
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3.2 Compensation Design

Compensation involves adding signals from two detectors with opposite polarities.
During times of intense backgrourahd noise(i.e. duringthe o-flash), the detectors
produce signals that areughlyequal in magnitude but opposite in @ty such thatthe
net signal isclose tozera This is necessary when detectors output such large signals
d ur i n dlash thaetheasignal from a singlietector is able tsaturate the amplifier,
causingit to become unresponsive for lopgriodsDur i ng r ar e @anmdents (
(n,p) reactions)it is very likely thatonly one detector pouces a signawhich should
reach the amplifiewithout significant modification For conventionjt will be assumed
that the sample can only lies r® by one of the two detectqgrthis detector willbe
called the sample detectofhe sample detector will also bessumed tqoroduce a
positive si dlaskadr whenuetéctng ardton erUparticle. ConverselyU
particles and protons from the sample cannot interact witeebenddetector(calledthe
compensating detectorpu s t produce a negaftashvirefutsei gnal
sections, the term detec will be used when referring to tllembination of the sample
detector and compensating detector.

Three compensating circaitvere used during thisork. To distinguish them apart
they will be calledthe anti-parallel,anti-series and tansformer basedircuits The anti-
series andanti-parallel circuits are simple designs but can prde used whem single
detectoris capable ofprodudng positive and negative signal®f equal magnitude and
shape As the names suggesantiseries and anparallel conpensating designs are
constructed by placing the two detector sides in series and parallel, respectively, and in
opposite orientations, as shownRigure 3.1. Anti-parallel designs combine the positive
and negative signals outsidf either detectorand before any amplifiersvhereas the
anti-seriesdesigncombines the signal from one detector in the other detector

33



Simplified Anti-Series Simplified Anti-Parallel
Compensating Circuit Compensating Circuit

Sample

Compensating

Compensating

Simplified Transformer
Based Compensating Circuit

Bune|os|
Bunanu|

Sample Compensating

Figure 3.17 Simplified anti-series(top left), anti-parallel (top right) , and transformer based(bottom)
compensatingcircuit concepts. The detectors are drawn as black and white rectangle$he green
lines representthe signal path of asignalwith a negative polarity from the compensating detector

the red linesrepresentsignals with a positive polarityfrom the sample detectoror from the
compensating detector before being invertedand the blue lines are the combined compensated

signal. The compensated signal goes to the preamplifier.

Selfpowered detectors dwot need an external bias voltageofgerateanda simple
design can be usedlost detectors are not sgibwered andca few modificationsare

neededo the simpleanti-series designwhich can create some probleris biasvoltage
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was applied to théladk sides of thawo detectors §s drawn inFigure 3.1), the white
sides must be groundeds shown as ifrigure 3.2. Grounding the white sides of the
detectors would cause the signal from the bottom detézigo straight to ground irestd

of through thesampledetector, and no compensation would océudecoupling resistor

can be used to isolate the Agnal from the D&@round, but this resistor would need to
have much larger impedancethan the detectoor some of the compensating signal
strength would be lost ammbmpensation would not be perfe€bo large of a resistance
could electrically floathe white side of the detector, which can increase noise or cause
additional problem# charge were to bid up. The compensated signal would probably
not have this problem since the input impedance of the preamplifiers is often low and the
resistance of the decoupling resistor to the power supply (eflfeRCas drawn inFigure

3.2) can easily be several orders of magnitude latigan the preamplifierCaremust

also be takemvhen selecting the locations for theseroupling resistors because ringing

may occur if the length of the wires between the detector and these resistocsgreat.

L

I

Compensating

L T

Figure 3.27 Wiring schematic of the biased antiseries compensating circuitRC filters are put on
both biases.This design can decrease the compensating signal amplitude, which will reduce the
effectiveness of the signal compensation. In addition, this design mayeate a noisier signal and the
simple design shown irFigure 3.1. This design must be used instead of the simple arseries circuit if

the detectors are not slf-powered.
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The antiparallel designis more versatiledbecause it is more easily modifie8el&-
powered detectors are not needed and either a single or two separatdtages power
supplies can be used to generate the required bias voltage. If tb®dsiges where the
signals are extracted from are not at the same potential, two capacitors can be added to
AC-couple the signals without sharrcuiting the two detectors. Finally,naqual
r es p ons eflash ttam octulfioea largg number of reasons, includihgw quality
control during the detector productiasr sample nt er act i -flash produciig t h e
additional radiationA resistor or potentiometer can be addedoi®e the signals are
combinedto attenuate thesignal from tke detector thaproduceghe larger signal during
t h dlash In addtion, if thetwo sidesarepowered separatendt he det eclt or s 6
gains are related to the biasltage across them, the cpansation may also be varied by
separatelyarying the biasvoltages Figure 3.3 shows the circuit diagram afn anti
parallel circuit capable of peering each detector separatalyd slightly attenuating the

signal from one of th detectordy using a potentiometer

T

Compensating
Sample
|||—| |—|||

L

Figure 3.317 Wiring schematic of a more realistic antiparallel compensating circuit. The bias across
the two detectors may be the same or differenflhe compensation may be adjusted by either
adjusting the potentiometer or the biasvoltages.An RC-filter is added to each biasroltage reduce

noise pick up. Decoupling capacitors aradded to both signal linegprevent short-circuiting .
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Lastly, when detectors cannot produequal positive and negative signals, the
transforme basedcompensating circuit is required; the circuit schematic is shown in
Figure 3.4. Here, the detectors are identical, but one signal is fed through an inverting
transformerto invert the signal. Inverting the signaits this manner tends talter the
signalshape. The second signal isl flarough an isolating transformer to alter its shape
to match the inverted si gnsdgnd fomghieseacorel wi t h«
detector.The transformerslsotend to attenuate signadsd pick up noise on the signal
line, sothis design was only used when the detector could only produce a single polarity;

the antiparallel compensating circuit was used otherwise.

Bunejos|
Bunanul

|_
|_

Sample Compensating

L L
L I

Figure 3.41 Transformer basedcompensating circuit. Depending on the way the ground is connected
to the two transformers, additional capacitors may be needed after the signals are combined to
prevent ground of the preamplfier input. An RC filter is applied to the input bias voltage to reduce

noise pickedup from the power supply.
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Oscilloscope treesfrom the poly crystalline diamond detector using an-patallel
compensating circuitd u r i n ¢gflash in éhe LANLLSDS are shownin Figure 3.5.
Theys h o w h o-flasht affeets thesignal, and how compensation improves the
detector response. Although the several compensated and uncompensated detectors were
tex e d, only one detectordos design all owed 1
This was the compensated diamond detector, and was very fast. The effect is much more

pronounced for slower detectors.
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T 5713.9600us

Figure 3.57 Oscilloscopetraces of thecompensated polycrystalline diamond detector without (top)

and with (bottom) the compensating detector side powered. The upward spike in the uncompensated
trace (upper trace) is able to saturate the preamplifier, whib then drops below the baseline and
almost saturates the preamplifier in the other direction. This does not occur when the compensating
circuit was powered (lower trace). The oscillations are due to RF pickeap on by the preamplifier,

which drives it to oscillate.
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3.3 lon Chamber Detectors

Although not necessaryseful for this work due to their very different application,
commercially available modes are able to o
of this detector class is warranted.

In general, ion lsambers are large containers of a specific fill gader an electrical
field. lonizing radiation strips electrons off the fill gésrming electroAon pairs.Under
no or a weakelectricfield, the electrical attraction between an electron and ion causes the
electron to recombine with the icemd no signlacan be detectedAt moderate bias
voltages, the externally applied electric field is abldreowvelectronsand ionsaway from
each otherand towards the anode and cathodespectively.At even larger field
strengths the electronsccelerated enougbetween collisions with the gas mediutm
cause secondary ionizatiooausingan internalamplification signal. Before discussing
the types of ion chambers examined for this work, somergediscussion of the nine
geneal detector design requiremenitsSection 3.1 will be madeas they pertain to ion
chambers

Electrons are light, so a small electric potential across the fill gas volume can cause
rapid acceleration and draws the electrons from one side to the other quicklgnikiiaci
the electron drift speed allows the detector to recover faster, which helps to satisfy
detector requirement3 and 5, r e c ov e rflash to@llow mdasurensent at high
incident neutron esrgies (low SDT), and allow for accurate SDT information for each
event.Certain ion chambers can produce signals with rise times on the order p49],us
detectors sl ower t han this wouflagh qucdyw e di f
enough to detect U p ar tNethdne and mathdne mixtardso n's
have very high electron drift velociti¢S0]. P-10 (a mixture of 10% methane and 90%
argon) was chosen as the default fill gastfos work becausef its high electron drift
speed,it was easily availableand presented fewer safety concerns than using pure
methane, which is flammable. The electron drift velocity f0As somewhere between
4000 and 6000 m/s depending on the eréaxtric field and gas pressure.

lon drift velocities are typically 1000 times slower than the electron drift velocity
[51]. The electronics, and specifically the amplifier, can be chosen to have time constants

that primarilyamplify the fast component of the signal caused by the migrating electrons.
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Eliminating the signal component from the ions in this manner is not perfect, and during

t h dlashy, ions can be created in such high concentrations that the local electns field

significantly reduced and free electrons may migrate slightly recombine with another ion

which decrease the signal st rfashgheondribur i ng

velocity can be a major factorindetermi ng t he detectords dead
Some commercially availablen chambers can be quite sifalg. LND [52] makes

a 7.1 mm diameter fission chamhehpwever, many of these are designed to detect

fissions occurring inside the fission chamber. Fission everdaset200 MeV [32] and

the heavily ionized fission fragments cd@posittheir kinetic energies over\aery short

distancs, near 2 cm in air at standard temperature and pe§s8} depending o the

fragments mass, charge, and initial enefdy par ti cl es onl whidnave a

allows their path lengths toe much longeat lower energies. Alpot of U parti c

in air at standard temperature and pressareenergy can be found in Kih [51] and is

about 3.5 c¢cm f oandifcredde®\7.3 tm gt & MetvThe BetheBloch

equation54] indicates that protons would have a range approximately 4 g ttan

U p &esofthesame initialenergyT o col | ect enough of the U

so the signal generated is above the signal noise level, ion chambers must be designed

wi t h a f ewnatldirécionsdiie expet dimensions will depend on thergy

of the U particle or proton, gas density,
Four ion chambarwere considered for this work, three useiitPas the fill gas. The

fourth detector used a crystal of highly pure diamond instead of gas. The work performed

on each of these dmttors and their merits will be discussed in turn.

3.3.1 Cylindrical lon Chamber

Two types of cylindrical iochambersasr e commonly wused in indu
reactiors. The first is filled with boron trifloride (BFs) and is typically used in nuclear

readors as source range instruments. Incident thermal neutrons are absorbed by the boron
in the fill gas, which then emits an U par
gaseous form, this type of detector may be used. Unfortunately, this vpeaifyshe fill

gas, which may not have an acceptable electron drift velocity. In addition, gaseous
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samples may be harder to work with, especially if the sample is radioactiveleiédsor
conceptwasnot developed further.

Lined ionchambers, as shown Figure 3.6, are the second type of commonly used
cylindrical ion chambers. The fill gas can be specified independent of the samplesand ha
onemainadvaitage over parallel plate ion chambers (these will be discusdbéd next
section; the sample has a much larger possible area giversdimesize restraints
Samples can either be deposited on a film that is wWrepped around the inside of the
cathode shell, or deposited directly on the cathode.

Cathode/Shell—T

Anode wirew

/V

Insulator

/'
Sample — |

Figure 3.6 17 Cylindrical ion chamber design

The cylindrical ion chamber hasany disadvantages, howevedperating the
detector with a reversed biasltage(to try to invert the signal for compensatiaiges
not produce an identicaignal when the detector is operated with a gain greater than
unity. Cylindrical ion chambers normally have a high internal gaimd are typically
called proportional countersyvhich is a result of thelectrons being drawn through the
high electric fieldnear the anoddreversing the electric field causes the electrons to be
drawn to the shell, where the electric field is much smaller and cannot cause any
amplification. lons are too heavy and large to gain enough energy to cause any signal
amplification under typically operating conditions. Inverting the bias voltage will reverse
the signal polarity but will also greatly reduce the signal amplitude anttathgforme
basel compensating circuit is needed.

The electrical field changes over the chambdrich means most of the drift volume
will not be operated at the electric field strengtht tm@aximizesthe electrondrift

velocity, giving this detector a slow recovery timghis problem is of particular
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i mportance | mmefldsh ahere thig degedtor aam rentaim deadif@ 6 s t o
1006s of Os.

This work is targeted towards sampl es wi
samples that may have very high specific @ogis. With such small samples, the very
large sample areas provided by this detector are not likely needed. In addition, a method
of screening the decay radiation from these samples will be discussed in @Ghdqter
this mehod cannot be applied to this detector.

Expected count rageduring a measurement is stlbw, only a few counts per
second, whi ch means any unnecessary decr e
efficiency should be avoided. The curvature of the sample/cathode wall will tend to
eliminate some U particles andoughofdhedlns bef
gas to deposit enough energy to be deteched the exact fraction of lost particles
depends on the required minimum path length and cathode radius. When the maximum
sampl e mass is | i mit e dheadditionahsamiesaeeaypovided s s ur
by the cylindrical ion chambgaroportional countsvill overcome thdraction of particles
lost to the curvature of the sampM/hen sample masses are limited by tadiation
concernor productionlimitations asis the case fothe isobpes of interest for this work
use of the cylindrical ion chamldproportional countecannot increase the sample mass
and will only decrease count rate.

Lastly, the volume of the fill gas (the active volume of the detector) is quite large for
this deteatr. Larger active volumes can incredsackground counting rattueto o-rays
or neutronglepositingenergyin the active volume, or activation of the négrmaterials

A cylindrical detector was constructed out of 6061 aluminum aibgwn inFigure
3.7. Only one chamber was constructed so it waiscompensatedrhe detector had an
inner diameter 087 mmand was filled with PLO. The detector was designed to fail at an
internalpressurization of 23psigauge, sat was not pressurized beyond g8 absoluée.

A 0.6 mil (0.152 mm)diameter stainkes steewire was run down the center of the
chamber.Alumina rods were used to support another aluminum plate used to hold the
other end of the anode wir&n oscilloscope trace is shown kilgure 3.8 and showghat

when thisdetector was tested in the LSDS exhibited long dead times and a large

activation problemT he detector showed no appreciabl e
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background pulses may have beeutron activation of th&Al in the detector shelf2Al

decaydo y e mi tpartick.g a b

Figure 3.71 Photograph of the Iindrical ion chamber/proportional counter.
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Figure 3.8 1 Oscilloscopetrace of the cylindrical ion chamberproportional counter in the LSDS

withoutasampleThe t wo | ar dflash evenis Khe segairespikeds part of the detector
recoveri ng f r dlash. The amplitudeofpul ses i mme di faskeareynuch émaller t he o
thanlongaf t erf Itdheeh obecause the of the detectords | ong

the ions from the fill gas and restablish the bias voltageSmaller resistors or larger capacitorscould
help improve thetime needed to reestablish a bias voltagbut would not help dear ions from the
detector quickly. Countsat late slowingd o wn t i mes ( j u s-flashpbshoivthat matetidh e ne x t
near the fill gas is being activated.

For all these reasons, the cylindrical ion chargreportional counteis not likely

the best detector for this work.

3.3.2 Parallel Platelon Chamber

Parallel plate ion chambsrare more appropriate for this work. A diagram of a
compensated ion chamber is showrFigure 3.9. The parallel plate desigorodu@s a
electric field that is much closer to uniform than the cylindrical ion chambsdaich

allows the entire chamber to operate at a field strength that maximizes the drift velocity.
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Figure 3.97 Diagram of a compensated ion chamberThe resistor to ground on the middle plate and
the decoupling capacitor before the amplifier are often incorporated directly ito the amplifieré s
circuitry .

Figure 3.9 shows asimple method of compertsag theparallel plate ion chamber
This is an antparallel design, but becaubeth signals can be extracted from the same
location, only one capacitor is need®du r i n ¢flash, blectron/ion pairs are produced
in both the upper and lower halves of the detector. In #@mple, the voltage polarities
were chosen so that electrons are always drawn ndpwawards either the upper
middle plate, while ions ditidown towards the middler lower plate. The middle plate
sees electrons from the upper half of the detector drifting away from it and electrons in
the lower half drifting towards it, creating signals of oppopiéarity. As long as the
volumes are of aepl size and shape, tlsei gnal s pr o d dlask shoultibbe i ng t
roughly equal If this detector is operated in the ion mode (no internal amplification),
adjusting the high voltages will have little effect on the signal amplitbder i ng an ( n,
event a signal is only gemated in the upper half of the detector.

Romanoet al [47] used an ion chamber with this design to perform a measurement
of the °L i ( ,ctdds section in the LSDS at LANL as a preliminary attempt to
determine the feasibilitgf performingf ur t her (n, U) cr oPespits ect i o
some minor disagreements between the measured cross section and evaR@tnans,
showed thah measuremerdf the cross section for this reaction was possible using ~1 pg
of °Li. Romanoet al. noted a small deviatiofunder estimationjrom the expectegj 0
cross section between around- 2 eV, which was attributed to neutron interactions

within the chamber material. As beam current increasesl discrepancy increased (as
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didtherecoe r y t i me-flagh), keagling td timeeemark that the resistors used in the
compensating circuit were probably too large.

Although this detector shows promise, the other two ion chamber dstécaomwill
be discussed nextlfainder thegeneralcaegory of parallel plate ion chambers and offer

additional advantages.

3.3.3 GEM Foil Detector

A GEM folil is a thin sheet of polyamide or Kapton with a conductive coating on both
sidesand perforated through all three laygs5]. The GEM foils used in this work were
purchased from Teektch[56] andwerecreatedrom 50 um shets of Kapton withtwo

5 pm thick layersof copper; the remaining digin specification for theseEM foils are
shown inFigure3.10. A photograph of th&EM foil sheet (containing6 GEM foils in
total) is shown inFigure3.11.
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Figure 3.1071 Design parameters of the GEM foils used dung this work. (a) is a single GEM foll, (b)
shows the arrangement of the perforations, and (c) is@oss sectional view of a single perforation
showing the double conical structure. Irall images, brown material issolid copper, orange is the

Kapton, andred is the perforated region. The strip of copper on the side of theEM foil was usedas

a connection point wherea wire could be soldeedto provide the bias voltage. A second copper strip

is present on the other side of the Kapton to power the otherd® of the foiland rotated aboutthe

GEM foil by 90° from the other contact strip.




F3534-0240
LAYER 2 REG.

Figure 3.117 Photograph of the GEM foils used during this work.The smaller GEM foils in the

upper-left quadrant of this sheet weredesigned for a smaller chamber than was used in this work

The larger foils in the remaining three quadrants were used for this work.
The basicGEM foil detector is divided into threeegions the conversion volume,

the GEM foil, and the transfeegion An example is shown ifrigure 3.12. For this
work, the sample is placed the bottom of theonversion regionon the cathodéNhen
an U particle or proton is emitted, the pa
some of the fill gasElectrons are dramtowards the GEM foil under the influence of an
electric field that maximizes the electron drift velocBEM foils of 50 pumarenormally
operated with300 - 500 V across the two sigdewhich creates an electric field greater
than 5 x 18V/m, much greater than the electric field in the conversion vol@neethe
electrons approach tHeEM foil, the electric fieldprofile forces most of the electrons
into perforationsThe extremely high field strength insideetperforationgreates a large
internal gain gains of10° per foil have been reportef5] however, gains of foare
more commonlyemployed to minimize sparkingAfter leaving the GEM foil, the
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electronsenter the transfer regipwhich has an electrifield that again maximizes the
electron drift velocityand does not create any additional electron/ion paeageral GEM
foils may ke placed in series to increase the detectorsnaftegyain; the detector setup
would then go conversion volume, first GEM foil, first transfer region, second GEM,

second transfer region, third GEM, etc.

\ | To
. 1 || amplifier
Transfer region 2

Anode

=1

Transfer region 1

- =

Conversion
volume

~ Sample

\
“¥— Cathode

Figure 3.121 Diagram of an uncompensated GEM foil detector with two GEM foils

Only electrons in the final transfer region contribute to the signal induced on the
anodebecause the GEM foil acts as a Frisch ¢i@]. lons genated in the conversion
volume are drawn towards the cathode and do not create additional electron/ion pairs
because they collide with other gas molecules too often to gain enough energy to ionize
additional electrons. Events originating in any of the fraeasr v o {ray ar@eutro( 2
interactions with the fill gas) miss one or more stages of amplification and signals
generated from these events are much smaller than events originating in the conversion
volume.

Since signal amplification is done in certaiectiors of the detector, much like near
the anode wire in the cylindrical ion chamber, the polarity of the GEM signal cannot be
inverted by switching the polarity of the bias voltage. Only the transfoirasel
compensating circuit can be used with theMGdetector.

Three GEM foil detectoriteratiors were constructed. The first design was

uncompensatednd not tested ihSDS. It was constructed using a single square GEM
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foil and was tested to ensutteatthe detector responsewdd be predicte@nd that lege
enough signals could lgeEnerated tgee over the noise level with a single GEM foil. The
squareGEM foil wasO . &ndside angblaceal 0.3 cm below the anode afB5cm above
alcm diametet®cd U s d&Mec\e [ 3swhichrwasplaced on thathode.
P-10 was flowed through the detector chambet attm A 550- 600 V bias was needed
across the GEM foito generate significantly large signals ¢ee over the noise level.
Later design iterations wereonstructed betteso air could not leakinto the R10
atmosphere and gbatless noise was picked up before the preamplifieth reduced the
required voltage difference across the GEM.féilgure 3.13 shows results from this
detector compared to MCNPX simulations usarg R8 tally, which tallied the energy
deposited by 38Me V U pia thea conwdrsen volum&he odd shape is due to the
distributionsoft r ack | engt hs t have Notpattewaslavailable whicle | e ¢ ¢

would fully stop the U particles.
1.0

—— MCA
—— MCNPX

0.8 -

0.6

0.4 -

Relative Counts

0.2

OO - ‘ T T T T

Energy [MeV]

Figure 3.1317 Comparison of an experimental MCA measuremenand MCNPX simulation.
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The second GEM detectoshown inFigure 3.14, was an uncompensated single
circular foil used to measeithe®Li cross section in the LSD® photograph of the GEM
foil was shown inFigure3.11. The circular GEM foil(shown previously irFigure3.11)
had7/8060 di ameter ar ea wi/8tohhickpriag Witlo rmo gérforations |, and
surroundhg the perforated region tminimize the electric fieldfrom bowing outwards
under the perforated regioAll other the metal plateexcept the anode were grounded.
The conversion volume and transfer regions werecéi@nd 2 mm thick, respectively.
The measurefl i ( 1 croky section is shown Figure3.15.

Cathode |
v

” o ”

Figure 3.147 Photograph of the second iteration of the GEM detectofThe left photograph is of the
internals of the detector, andthe right photograph is of the detector shell. The same shell was used
for the third GEM foil design.
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Figure 3.157 °L i ( TH,cld9s section measured using the single foil, uncpensated GEM detector.
The deviation from the ENDF at high energyisde t o r ecov er y-flasks Shestight f r om t h «
bowing of the data pointsis likely because no correction for the detectds position in the LSDS was
made andthe theoretical flux profile, (2.20), was blindly applied.

The last desigronstructed was a compensated design and usedoitsjrtwo for
the sample detectaside and two for the compensating detecgide and used the
transforme basel compensating circuitGEM foils of the ame desigrasin the single
foil uncompensated GEM detector were use@¢ di amet er |ereusedr at ed
again. The first GEM foil was placel mm above the cathode apdch ofthe transfer

regions were 2 mm thicld photograph of this detector ssown inFigure3.16.
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Figure 3.161 Photograph of the third GEM foil detector.

The two sides were notperfectly compensateddue to imperfections in the
constructionof the GEM fols and detector chambeh variable compensation circuit
(shown inFigure 3.17) wasdesigned to vary the voltage on the first GEM foil on the
compensating side withnly minimal effect on the rest of the detect®he compensating
circuit was designed like this to protect against too large of a voltage diffdyeimggout
across the first GEM foil on the compensating silee components associated with the
sampleside are designated by numbers while components oocothpensatingide by
letters;’Y andY areduplicated on both theampleand compensaitg sides. Resistors

Y were placed on the signal outputs to discharge the capacitors while nothing else was
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connected to the detectdhese resistora/ere large enough théhey did not affect the
signal sent tahe preamplifierResistorY had large values and isolated the sample and
compensating sides from signals generated on the otherAdlideur capacitors are 4.7

MF and thevalues of the resistoese lo@ated inTable3.1.

Table 3.17 Resistor values for the GEM foil detector voltage divider circuit.

Resistor Resi stance
Y 5.1
2
9.8
2
9.8
6.9
5.1
10
10
5.1
10
1

<I<| << <|<|<]<|<]<
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Figure 3.171 Circuit diagram of the variable compensated GEM detectorOnly the sample detector
sideis shown in the schematic on the right although the circuit powers both sides.
The primary power supply @) and power supply thatcould change the
compensationw) were nominal set to 8D0 V and +350V, respectively, but the
compensating powesupply was adjustedy about50 V in either directiorto affect he

compensationln this design, increasing@ would decrease the potential across the first
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GEM foil on the compensating side (GERbil A). To prevent too large a potential
differenceto develop across GEMoil A, the circuit was constructed so that would
only help to pull the voltage of the bottom of GEMIl A up or down slightly rather
than set th@otential differential directly

Analysis of the effects of different compatsg voltages can be done by
simplifying the circuitshownin Figure3.17 to that shown irFigure3.18, where’Y and
Y are the series combinat®nf resistorsY throughY and resstors’Y through'Y ,
respectively Currens ‘QandQ are from theprimary and compensatingogver supplies,

respectively, antheir directions arendicated inFigure3.18.

GEM
VlL

Figure 3.1871 Simplified circuit diagram of the variable compensated GEM detectomwith

W is the potential on the low voltage side of the first GEM foil on the sample

detector side, and can be deterrdias
© o Y o qY N Q'Y 8 (3.1)
Using this, the currents can be found to be
Y o o Y Y o

e, 'l .2
= Y Y Y Y Y'Y Y h (32)

and

o Y Yo Yo 53
Y Y YY '

The potential diffeence across the four GEM foilsd) ,3w ,3w ,and3w

acrossGEM Foils 1, 2, A, and B, respectivelythe two conversion gaps® and
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3W on the sample side andmpensating side, respectivel@nd the transfer regisn

(3w ) can be found as functions @f andw to be,

30 36 QY h (3.4)
36 QY h (35)
36 QY QY h (3.6)
30 Q QYh (3.7)
30 "N QY QY h (3.8)
and
30 QY 8 (3.9)

Figure 3.19 shows the potential differences across the two conversion gaps and four
GEM foils. In practice & should be vaed betweerB00 V and400 V.
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Figure 3.1971 Plots of (3.5) through (3.9) when V= 1800 V.
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This detector was constructed several months after the GEM foil sheets were
originally purchased, over which time they were contaminated with dust, and the copper
beganto oxidize. Applying bias voltages sufficient to cauiee needednternal gain
could not beappliedwithout causing some sparking acraee GEM foils, so only table
top tests were performed on this detectdt. a primary voltage of +1800 V and a
compensating voltage of3%0 V the signal was very cleaother than the spark3he
noise level in the oscilloscope did not changigh or without the detectosignal
meaningthe noisedisplayed on the oscilloscope trasasinduced by the oscilloscope
and not the detector signdhe signal to noise ratio is better than 2fad the **’Am U
particles(5.49 MeV) depositing the greatest energy, again conversion volume was not
thick enough to f uThis¥yad she qupetest sigeal d all pfathet i c | e
detectors used in this work because no preifiemplvas needed to see signals ke t

noise pickedip after the detector was not amplified.
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Figure 3.2071 Oscilloscope trace of the signal from the third generation GEM foil detector operated

at aprimary voltage of +1800 V and a compensatinvoltage of +350 V. This signal is straight from

the detector, no amplifier was usedT h e

spread

in pulse height

from the side of the conversion volume, where the electric field does not put the electrons to the

perforated region.

GEM foils are well suited for detectors that can be constructed in a eamn

sealed, and never opened. Opening the detector exposes the foilgyém,chumidity,

and dust, deteriorating the foils and making them prone to spaf&inge construction

was done at RPI and some of the testing was performed at LANL, the GENbdetas

not very well suited for the development phase of this work. Endaghwas collected

so that thdinal GEM detector design can be considered.

Any final design can use the variable compensated circuit shovagure 3.17.
Considering the difficulty in replacing GEM foils, this circuit is still recommended over
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one in which the lowoltage side of GM Foil A is directly determined by to help
protect against damaging the GEM follhree GEM foils per detector side also
suggested for any future iterations to allow the three foils to operate at lowerigains (
lower voltages)which should helpeduce the likelihood afparking.

The second and thiEM detectodesignswere based off thé / 8 06 dGEMmet er
foils, allowing for a detector with a diameter less than 5 cm. This orientatiomatée
optimal A better setup may be to have a detectortithata baseo more thar20 cm x40
cmandis no more tha® cm tall the compensating side would have to be placettoe
the sample side instead of backback Assuming a fulll cm is needd around the base
to hold the GEM foils in place and connect any needed wires, the detector coulshhave a
18 x 18 cn¥ active area, whicks easily larger thamost feasible experiemts needThis
volume of gas and the high internal gain is likely large enough that even with the low
s ens i t trays and/higkerergyoneutrons, theharge on the anodes and later GEM
foils would be heflash.iTheydetattershoed extendsithe edgd e o
of the sample no more than one U particle
comes from the (n, U) o r Detentorgthis large avil alsoon b e
suffer from activation problems since so much material will benecticontact with the
detectordés active vol ume.

Transfer regions can easily be reduced to 1 each, if not smallerand assuming
~1.5cm of the 5 cm in the vertical directi@re needed for the anode, cathode, guard
plates, environment sealscetthe cmversion volume can still be around 3 cm thick,
comparable to the designs used in testihg.improve theo-flash recovery time and
speed of the detector, a thinner conversion volume should beWgbdan approximate
electron drift velocity of 0.6 x Fom/s[51], and assuming & cm thick conversion gap,
the pulse length fro theo-flash would be ~1.7us, not accounting for the preamplifier
time constant or recharging of the anodlbis isroughlythe limiting speed requiretb
measure the full energy range of the LSDS.

Since the detectors tested already are not thick enough daw &llll energy
deposition and signal to noise ratios are still very good, reducing the thickness will only
decrease the efficiendy thepr ot on o ris ndJlongea abte itocdepssit enough

energy to surpass the noise level and lower level discriorin@bnsidering the very low
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noise level of this detectathe reductionin detectorefficiencydue to this iss ma | | for
particles. However,igen the lower energy deposition rate of protomgas thedecrease
in solid angle may become significdot (n,p) reactions.
If a detector can be constructed in the right environment to avoid contamination with
dust and humidityhe GEM detector is |ikely suitabl
measurementprobably require avery different detector because asgbaseddetector
would have to be too large to slow a proton enough to be detectddilsaoo large not
to suffer any -flashlandenétdria activation. r om t he 2

3.3.4 Diamond Detector

Although diamond gn allotrope ofcarbon) can be turned into ansiconductor when
doped with high concentrations of boronnitrogen the principles behind the diamond
detectos are closer to ion chambersnhhgolidstate detectorism some respectglthough
incident radiation only neado excite electrons to the \eakce bandrequiring 5.5 eV)as
opposed tatripping the electron completelgiamond detectors are not doped and do not
require the presence of acceptor or donor levels in the forbidden eyegudgylectrons
and holes jump from atom to atom under thdueriee of an external electric field and
eventually reach the electrodésse of natural diamonds as radiation detectors date back
to 1945[57], while experiments were performed as early as 1930 but it was only
recentlythat synthetic diamonds of high enough putitgve been producdd construct
high performance radiation detect{®9].

Diamond detectors can be made much smaller thabaged ion chambers because
diamond isoughly10® times densethangas and can fully stop U p
and protons idependingdh e initalf ene@ynThis solves the GEM
detector 6s s i measurpng (jp)leacon evdse sections. Also, these
detectors can be much faster thgas based ion chambers (with electron mobility of 4500
c™V'Ldt[60)) which will help t hédlasidsednerkuttherr r ec o
analysis howeverwill reveal additional problemsreating of good electrical contacts on
the diamond surface has bgmanrticularly challenong in the pas

To be a good eleade the material mustdoconductivemechanically bonded to the

diamond to prevent it from peeling off, and be able to acebkptrons from the bulk
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diamond material. Mechanically bonding the electrode is not too difficult, and neither is
ensuring it is conductiveGalbiati et al. [59] remarks about the common problem
encountered with diamond detec{ensuring the electrode can accept electrons from the
bulk material),andreferred toit asthe polarization phenomenoGalbiatiattributed the
polarization phenomena to a junction formed atrttetgatdiamond (electrodeiamond)
interface. Tis junction isonly a few atomic layers thick, but has a built in fiefdabout
1 V/nm [59]. Electrons can become trapped at the edge of the bulk diamond and, over
time, reduce the electric field strength in the bulk diamond. If the eléetidcis reduced
to levels below what is needed to stay in the ionization region, the detector will enter the
recombination region and incomplete charge collection oceungch reduces signal
strength and decreases energy resolution.

The first diamond degctor testedvas a 500 pm thick 5 x 5 mn¥ single crystal
detector purchased from Diamond Detectors [6d]. The electrodesvere plated on
Di amond Det ect oiike carbono(DLE) layet,+280mm rofdgold and
relatively small amount oplatinum or chromiunto bond the gold téhe DLC layer{59].
A single crystal detector @ chosen over the cheaper polystalline detectors because
of their spectroscopy qualithigher energy resolutionYable toptests with this detector
and a®Am U sour ce ah50Wbias the podatizatiantphenomeséll
occurred and its effects weresialy within apparent in under one hour, as shown in
Figure3.21.
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Figure 3.217 MCA spectra over different 30 minute time intervals for three and a half hoursstarting
from the first minute the bias voltage was applied to the detectoiThe polarization effectdecreases

the average pulse height and broadens the energy resolutiog teducing charge collection

It was discovered that if the bias voltage was switched after the polarization
phenomena began to affect the signal, the signal would almost return to its initial state.
This was attributed to the annihilation of electrons hol@sduring their drift across the
detector from one electrode to the othler.addition if the original bias voltage was
increased, the polarization effect could be delayed or reduced. For this work, it was
decided to operate at higher voltages andraatically switch the polarity of the applied
voltage every five minutes.

Since the single crystal detector was cmmpensatedsoa second detector had to be
purchased A single crystal detectomwas originally chosen over the polgrystalline
detector toreduce the polarization phenomearad improve charge collectio®incethe
single crystal detector stilled exhibited incomplete charge complatidrwas limited in
size due to manufacturing ability,large polycrystalline detector was purchasddhe
seconddiamonddetector shown inFigure3.22, was a custom desigd 12 mm x 24nm

x 0.2 mm polycrystalline platewith three electrodes on the top of tieamond platend
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one on the bottomElectrodes were made from aluminum imsteof gold to reduce
neutron capture near the detector,andd uc e back gr onays.dwoofdhe nt s
electrodeswere 10 x 10 mn? and acted asthe two detector halves, the sample and
compensatingdetectors. The third electrodewas put in between thetwo detector
electrodeswith 0.25 mm between it and the two detector electrad&mmwide, and
electricallygrounded This electrode was added to prevehectrons and holes from one
det ect owoluse fraro migratiegver to the other detectoractive volume and
inducing signals in both detectoiBhe backide of the detector wame large grounded
electrode thatan the lengthand width of the other three electrodaead served as the
seond electrode for both detector halvAgrinted circuitboard was constructed with an
anti-parallel compensating circuit, and the diamond plate was held to the printed circuit
board by two coppeberyllium fingers. Electrical contacts were only made by

mechanical pressure to avoid introduction of additiondernas near the detector.
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The top electrodes were applied incorrectly and a spadh (not visible) was left
connecting one ofhe large detector electrodes to the center isolation strip. This
prevented biasing the detector correqtlyounding theback and middle top elgodes
and applying +250 V and250 V to the two top detector electrodes)d the detector
eventually had to beeturned to the manufacturésr repairs. After etchingaway and
reapplying he electrodg the diamond detect@eemed to beompletely insensitive to
radiationand Diamond Detectors Ltd. replaced the crystal with the one shoRigune
3.23. The crystal wag6 x 26 mnr and thetwo detector electrodes were £24.5mn¥,

andno isolation electrode was applied.
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Figure 3.231 Photograph of the second polgrystalline diamond detecor.

The second detector was testednsure the two detector sides wismated (hich

they were), and then to see to what ektbis detector was affected by the polarization

66



phenomenaFigure 3.24 showsMCA spectra taken of #Am U source usi ng
crystalline detectorThe collection time for the four runs was kept to one minute so that
the polarization phenomena could not significantly affect any individual spectra. The
black curve was taken immediately after turnargthe bias power supply and represents

the baseline pulse height spectra. As can be seen by the baseline spectra, the poly
crystalline detector shows very poor energy resolution, which is attributed to charge
trapping at grain boundarieéfter operatingfor one hour without switching the bias
polarity, the spectra shifteslightly (red spectra). This is not as dramatic ohidtss was

seen in the single crystalline detectidtely because of a combination of the already poor
energy resolution and theregter electric field inside the crystal. This shift is great
enough taaffect cross section measuremesusthe bias polarities do need to be shifted

After completion of the second run, the voltage polarities were switched and another
(green)spectrumwas c ol | ect ed. The s pect raftertheifitsth no
three runs were collected and the detector was powered down for several hours; the bias

was turned back on before the measurement was taken.
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Figure 3.241 MCA spectra from the poly crystalline detector showing the polarization effect and the
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results from switching the bias polarities

A measurement of th&V(n,p)*°Ti cross section was attempted in the LSRRPI
using this detectoiThe biaspolarity on the two detector electrodes we2&0 V, always
oppositein polarity,and switched automatically every five minutes. The detector suffered
from two problemsThe first problem was related to the activation of nearby materials,
shown inFigure 3.25. After a few minutes, background counts from activation would
compl etely swap any si g rranent @ RR CINACdvasf r om &
operated at a beam current of 12 fok approximately 1 hour, and immediatedfter
shutting the beam qgffdata was still collected to determine the decay constant activated
material. Two haHives of 93.71 minand 2.23 hr were found using a Levenberg
Marquardt fitting method62] and a trace of thetfed parameters is shown Figure
3.25; fitting three independent hdif/es did not significantly improve the fit and the third

one was found to be very lormgnd had a very low initial activityrhe 9.71 nm half-life
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is likely from the positron decay ¢fCu (9.72 min halflife [63]) since®Cuis only one
neutron away from the stabféCu located on the printed circuit board and in close
proximity to the detectorA specific isotope responsible fire 2.23hr half-life could not

be determined and is likely from two or more radioisotopes with very closévesf
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Figure 3.251 Decay of the activated material being measured by the diamond detector

Second while measuring background (no sampigth the beam onthe counts vs.
SDT showed significant structuteh at di d n o tflash asrshowrsig-iguned t o 0
326.Thepeaks after 20 O#fashaerdrcad nbtbeeither attfibutedr t h e
t o #fldskeor mngingc a u s e d -flash. Thelpeaks atikely clusters of resonances
making them difficult to identifyTo try to eliminate this background, two additional
measurements were performévo 0.25 mm thick 25 x 25 mm tantalum fois was
placed over the detector, one on each dmlé, e t e r mrayseould be the problem.
The presence of tantalum changed the SDT spectrum as sh&iguia3.26. To verify
that the new SDT spectrums not fr om ( n,5mlthick Kagton wdd) r e a «
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placedbetween the detector and tantalum. The addition of the plastic did not significantly

change the SDT spectra.
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Figure 3.267 Counts as a @inction of SDT. Counts were normalized by the number of counts from
the flux monitor. All runs were 30 minutes longand at an average beam current of 10 pA. The

similarity between the Bare Ta foil and Ta foil covered by Kapton runs indicates that the diffence

between those two runsandtheosampe run i s due to (n,92) reactions i
reactions.

Although this detector isery fast, can produce a reasonably high siymaloise
ratio, and is easy to compensate, it has several problems making it unusable in the LSDS.
The polaization problem decreases signal amplitude, which makes estimating its
detection efficiency very difficult. Single crystalline detectors cannot be produced large
enough to cover an entire sample and a pojgtalline detector would have to be used.
The por energy resolution of the potyr yst al | i ne detector woul d
particles and protons into the noise, which would lower the detectors efficiency. Finally,
and most i mportantl vy,-rays (@e paksiblgeautvonydd i s sensi
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3.4 Solid-State Detectors

Solid-stat devices are typicallgonstructed out of a single crystdlsilicon andelectron
acceptor [§-type) or donor(n-type) materials are implanted in the material to produee th
desired electrical propertie§his case of detectors offetsvo advantagesover ion
chambers but also hatwo major drawbacks.

As with the diamond detector, the fact that the active volume in astaliel detector
is a solidallows the detector to stop heavy charged particles fiew 100 um at most
Detectors this small would haveo pr obl em fully stopping pra
the size restraints imposed by the LSDS, which helps to create larger sigddietter
separate them from any noigeother note that hast been discussegktis thatunless
a detector is widethtin the sample by at least the range of the charged particle, particles
can leak from the sides of the detectors before depositing enough energy to be detected.
This could be a problem with some of the gas chambers used for this work and could get
worsefsampl e sizes exceeded a few cmbés in di
only need to extend beyond the sample by a mm at most, this is not likely to occur.

The secondadvantage has to do with the speed of the dete&todiscussed before,
the ion dlambers used in this work used @ as a fill gas, which has a maximetectron
mobility of 6000 m-§' [51], and the diamond detector had an electron drift spedBQsF
cn?-V'L.d Electrons can migrate muchore quicklyin silicon, the electron mobility is
1350cm?V't.d1 [51]. Given a 1 cm active volume for an ion chamber filled withOP
versus a 40 um thick under a 20 V bias (typical of the PIPS detectors that will be
discussed shortly)the puse rise time of the silicon based semiconductor detector is
almost 3000 times sharper than th&@Pgas ion chamber. Comparedat@00 um thick
diamond detectooperated with a 250 V biathe solidstate detector is about twice as
fast

The operation othese detectors relies on an almost perfect crystal struBtueeto
theirlow masse |l ectr ons, braypasendt likely t@ cayse damate to the
crystal lattice structuredeavy ions andigh-energyneutrons are more likely to cause
damage because they can trangileough momentum to silicon atomto dislocate it
from its oiginal lattice locationAlthough the LSDS does not have a significant neutron

flux at highenergies, there is a very large neutron flux at energies great enough to cause
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radiation damagdahe LSDS at LANL has a much greater flux at higher neutron energies
than the LSDS at RPOf the great number of dislocations tlaae createdonly a small
fractiondo notannealout in the subsequent heating and cooling of the material near the
area affected by the radiatiorteraction[9], butdamagecan build upover time

Radiationdamage in the crystal bulk can create traps, which can prevent full charge
collection redudng signal amplitude andlegrade energy resolution. Damage on the
crystal surfaceanincrease the leakage currebegage current can degrade the energy
resolution of the detector, but more importantly, if the detector leakage current is great
enough, the bias across the detector may fall below what is needed to keep the crystal
fully depleted, which again causes incoatplcharge collection.

Finally, ion chambers are commonly operated with internal gains greateuritsin
the GEM foil detector was able to operatith internalgainsgreater than 10 Solid-state
detectos can be operaté in the proportional region, bwre nottypically designed for
this mode of operation. Signals from these detectors are therefore smaller than the GEM
foil detector. The diamond detector was also not operated with any internal amplification
and the signals from the diamond detector aotid-state detectorshould be of
comparable amplitude, however the lower energy neexgdneratdiole/ion pairs in the
solid state detector will make this detector slighibgiet

When first used in the LSDS three decades ago,-stdig¢ detectors eerienced
significant gain shifts almost immediately after the first neutron palseording to R. C.
Block. In the 30 years since that attempt, the technology has improved enough to warrant
another attempt. Three detectors were considered which offeggdotvn benefits and

drawbacks.

3.4.1 Solar Cell Detectors

Rochmanet al. [42] used photovoltaic cells (solar cells)to detectfission fragments
during measurements of the fissiomss section of**Puin the LSDS at LANL As part
of the work presented here, Danenal [48] was able to perform a measurement of the
®L i ( I crbs} section using a compensatedaletealso based on solar cells.

The relatively low quality control during solar cell productalsocreates cells with

widely varying responses o  tflask At3-$5 per celldozenscan bepurchased and

72



tested until two produced similar results. Testing was done by measuring the voltage
output of each solar cell in the ambient light of a room light by fluorescent lights, results
varied from about 80 mV to 110 mV. Care was taken to ensure that each doleascel
facing directly upwards to minimize the effect different incident angles providing
differentlight intensities.

The first solar cell detector tested in the LSDS was anpanillel design andas
constructed from two 2 x 1@in? solar cells. To amunt for the differences in response
t o tfllsske between the two detectoesmotorized potentiometevas used to reduce
the signal from one detector. A motorizgobtentiometerwas used to allow the
compensation to be adjusted without having to rentbgedetector from the LSDShe
motorized potentiometer was too large and attenuated the signal too much so a second
potentiometer was added to the other detector. The second potentiometer was not
adjusted. The variable compensation wasufficient to prevet saturation of the
preampifier, as shown by oscilloscope traceRigure 3.28, but signals weralsovery
weak which may have also helped prevent saturatioaddition, the signal generated by
t he two det e c-flashrvarieddatfirsti As the geteatohs near the end of their
useful ness, t he wvari at i o-dilash wowWdbe pogtivenandr e d r &
sometimes be negativ&ignals from a®Pu U source recorded pr
detector in the LSDS are shownFhigure 3.29, showing a signal to noise ratio of 3 or 4
to 1.

Figure 3.271 Photograph of the antiparallel solar cell detector.
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Figure 3.281 Os ci | | o s c o p €flash from the antbdarallellsaar cell detector through a 45

ns Cremat preamplifier.
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Despite these issues, a measurement ofitHe ( i ,cross section was made using

this detector. The results are shownFigure 3.30 and publibed in Danoret al. [48].
The LANL LSDS was operated at 8 Hz and a proton current of 30 nA, far less than the
maximum beam current. The measurement diverged from ENDF evaluations above about

10

-ttasheissuesd he dp in the cross section from 1 to 10 eV was due to

structurein the signal, which dipped between about 200 ps and 400ylesch maycause

pulses to fall short of the lower limit discriminator.
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Figure 3.301 °Li( n ®H&joss section measured with the anfparallel compensated solar cell

detector.

A second detector based on solar cells was developed to test trmeraadi
compensation circuit. This detector was constructed by placing twm x 4 mm solar
cells back to back in a Teflon holder, shown kigure 3.31. Copper tape was used t
create the contacts on the topthe solar cells, the backs of the solar cells were pressed
together by the Teflon holder only. This detector did resfggm any better than the anti

parallel detector.
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Figure 3.311 Photograph of the antiseries solar cell detector.

It was determined thabkar cells were not ideal for this work because they produced
low signal to noise ratiosas shown irFigure 3.32. This made thentoo susceptible to
oscillationsin the signat hat <c¢can b e-flasha ln additionabsyall ainmoent of
radiation damage could case the signal to drop belewnbise level, making the signal
indistinguishable from noise
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Figure 3.3271 Oscilloscope traces o$ignals fromthe anti-series solar cell detectarThis screen shot
was recorded with a desktopexperimert using aCremat 45 ns preamplifier. The noise bandupper
band) and5.15MeV>*®PulU particle band (|l ower band) skows a si

5.15 MeV U particles

3.4.2 PIPS Detector

PIPS, passivatemnplanted planar silicanrepreserst the next stepup in quality solid-
state detectorsCanberrgd64] produces these detectors as high quality charged particle
detectors, which should translate to better signal to noise rHttbs. crystal structure is
of higher quality, it should also be possiblattmore radiation damage can ocbefore
becomingnoticeable.
Initially, two PIPS detectors (model number PD 13BEPI 40 AM) were purchased
and one was tested in the LSDS to see if radiation dassged permanent gain shift.
Before irradiation andfter 4 hours in the LSDS at RiBperated ahveragebeam current
of 8 pA, the detector was tested witHdsd U source and the MCA s

inFigure3.33 Asmal | i mprovement in the detectoros
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can be attributed temall differences irthe setup before and after the irradiatéord are

not likely a direct result of irradiatiofNo gain shift was observed.

800 ; T ; T ; T
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Figure 3.331 MCA spectraof318Me V. U par t i ‘¢%Gdessurcé heformand akr irradiation
for 4 hours in the RPI LSDS operated with an average beam current of 8 pAThe improved
resolution is likely due to slight differences in the setup and not actually due to radiation damage
i mproving the detectorés resolution.
Development ofthis detector continued to a silg-side compensated detector
shown in Figure 3.34. The compensating circuit was of the transfarntmsel
compensating circuit design. This detector was test in the LSDS at LANL and had a
natural samarium oxide (~4 mg) sabe placed in the sample holder, which would
emitted U particles with ~10 MeV during
Figure3.35 shows oscilloscope traces of the PdRSector with a beam cumeof 28 nA,
showing total of a b-tlash an@twarcounts éxgested tofbe fbra t a

samarium.
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Figure 3.341 Photograph of theside-by-side compensated PIPS detector.
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Figure 3.351 Oscilloscope trace oR minutes of data collected from the siddy-side PIPS detector at

LANL when the proton beam was operated at 28 n&arly in the experiment (i.e. before too much
radiation damage had occurred) Th e -flash from the sideby-side compensatedasted roughly 10 ps
andwas4-5 times stronger than the | arges signal

The compensating circuit turned the unipolar signals from the detectors into bipolar
signals, and the circuitwas attee d such t hat the @&produmadt i cl e
bipolar signalswhere the negative lobe occurred before the positive lobdater
measurements, the circuit was set up so that the sample always produced signals where
the positive lobe was first.

Due to delays in testing and adjusting other experiments, data collection did not
begin for several hours. By then enough radiation damage had been done to the detectors
that the bias needed to fully deplete the detector could not be established due to an
increasd leakage current (2 3 pA). This caused thsignal pulseamplitude todrop to
about a third of the amplitudesf the pulsesshown inFigure 3.35, and the noise
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increased substantiall measurement was still made of thess section of natural

samarium, and is shown gure3.36.
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Figure 3.361 Measured™Sm( n, U) cross secti on [@d0ohhalf’Sencandtao t wo e
measurement made by Gledenogt al [2] combined with the ENDFVII.O evaluation of the
YSm(n,U) cross section
Although the measurement is of very poor statistics, suffered from noise problems,
and could only exand up tobetweenl and2 k e V  dflask prdblemsthis cross
section is able to reprodu@yaluations[40] and another experimei2] with enough
accuracy to show that this method could bedugesecond set of these PIPS detectors
(same model number) and isotopically enrich&&m and"*°Sm were purchased for a
second attempt. Because of the very lighture cross section of samarium, the detector
system was redesigned so that the deteaters faceto-face,shown inFigure3.37. This
designwouldhelpt o reduce the count r-saysantedhtioms t o ne
withinadetectoaend made sur e t ha-aystemiged fcootha sgampleat e d

are roughly equal on both detectorihe data acquisition systermnd data analysis
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methodused n this work will be discussed in Chaptdrand acomplete description of
this measurement and the results will be given in Chapter

Figure 3.377 Exploded view of the faceto-face PIPS detector. Part of the detector shell was cut away
to see the detector inside.

The success of the PIPS detectors warrants aefudbk at its two faultgrirst, PIPS
detectors are doped with boron, which hasahigh ) cross secti on
significant, timed e pendent U background. must beseh e
above the 2.7 MeMthatt hes e (& cgmaossesse this backgrouwduld be
discriminated out easily. If not, the coufitsm the @mpensating detector can be used to
estimate the timeependent background on the sample detector.

Second the transforme basel compensating circuit was needed because the
detectors were commercially produced toithentical, anl no method was provided to
extract a signal off the bér side of the silicon crystal. As stated beforejiverting and
isolating transformes can act as antennas and pick up additional noise before the
preamplifier and when possible, and the -gtiallel compensating circuithsuld be
used.Producing a single detector where the crystal is simply installed into the detector
housing upsidelown and reversing the bias voltage polarityy be sufficient to allow
an antiparallel compensating circuit to be used. Alternatively,efattive region was on
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top of an intrinsic region (effectively a dead region), or electrical bonding relied on the
specificn-type orp-type material, thelopant materials can be applied in the reverse order
and with the other dopatype would normally beppled with. The later method may
increase of decrease the background counting rate ¥Bnf n’Li Wepctions if the
dopant concentrations were not identical in the first place.

Thefinal problem encountered when using the PIPS detectors is thatvietyially
will succumb to radiation damage. The simple solution to this problem is to replace the
detectors every few hour¥he more involved solution is use a material that is more

resilient to radiation damage, such as silicon carbide (SiC).

3.4.3 SiC Detecta

SiC diode detectors would have been the nsotid-state detector to develout
budgetary considerations prevedipurchasing these detectoiSiC is highly radiation
resilient[65], andhas large saturated drift velocitig66] , although its electron mobility
i's | ess t[blh BiCis tiypicallg doped withaluminum and nitrogenyhich
would eliminate the background fromB ( n’Li téactions present in the PIRBtectors.
SiC diodes havéeen used previousty detect light ions above 5 Md87].

Since SiC is of interest to several other fields of engineering, several companies
routinely produce SiQletectorsof different size, dopart concentrationsdopant layer
thicknessesas well as crystal lattice structure for reseancimdustrial useThis is useful
because, unlike the solar cells and PIPS, a SiC detectoreasity be designed
specifically for thecertainmeasuremest althaigh this adds cost.

Ideally, detectors should have an active volume that is only as large as needed to
r educe n-thashspeblemngwdile still collecting all of the charge possible from
each U particle and prot on aedetectortarea dnlyi s
slightly larger than the sample areada thicknessho thicker than the charged patrticle
can penetrate into the detectdhe charged particle range in SiC can be determined
using the Bethdloch equatiorf54], or calculated using programs like SRIB].

The depletion thickness can be calculated a p-n junction with an acceptor
concentration 0b in thep-type material and an donor concentratiom ofin then-type

material agthe sum ofQ andQ , where
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5
n6 0 O

is how fa thedepletionregion extends intthe n-type material, and

5
no 0 O
is how far the depletion region extends into t{ype material] is the dieéctric
constant of the materiadndn is thecharge of an electrom is the total potential across
the junction as is given as the sum of the applied voltage, and the contact voltage,
. QY. 00
w —I 1= h (312
N 0

where'Qis the Boltzmann constarityis temperature, and is the intrinsic charge carrier

concentration. Normallyp L @  and the approximatio® w can be maddf the

correct section oflopant concentrations is selected, the applied bias voltage can be
selected so that a small voltage will extend the depletion thickness to the surface of the
crystal, which eliminates or nearly eliminates the surface dead tiggrer voltages will
increase the thickness allowing higher energy or lower mass patrticles to stop within the
active layerAcceptor and donor concentrations of 0.5 *°1n'3 and 1.5 x 18 cm'®,
respectively can achieve this effecthe depletion thickess as a function of applied bias
voltage is shown inFigure 3.38. Using these concentrations, the minimum applied
voltage can be determined, which is the maximurf2of ‘Q and the minimum voltage
needed to fully depletine p-type region. Representative minimum operating voltages for

some examples is given Trable3.2.
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Figure 3.381 Depletion thickness in a SiC as a function of applied biag/was assumed equal to the

0 50

applied bias andAsand Apare 0.5x 16° cm'® and 1.5x 18° cm'®, respectively.

Table 3.21 Required bias voltages for a SiC detectowith N, and Np are 0.5x 16°cm® and 1.5x 16°
i3

cm .
Minimum Voltage [V]
Charged Particle Range | 5 pm thick | 10 pm thick | 20 um thick
Particle and p-type p-type p-type
Energy region region region
5 MeV 15.9 ym 55 16 7
10 MeV 46.3 um 795 615 325
2.5 MeV proton 46.1 pm 785 605 320
5 MeV proton 146 pm 9225 8585 7320

The voltages needed to stogVieV protons are likely too high to achieve without
very careful design considerations and machining. The required voltages could be

reduced if the dopant concentrations we@ucedHowever,Raciti et al. [67] found that
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devices withower dopantoncentrations wenmmoresusceptible to radiation damage and
Napoli et al [68] found someSiC materialto beless radiation hard thasertain silicon
diodedetectorgqlike the PIPS detectors purchased for this wofke only advantage of
moving to a SiC detector would be the additional flexibility provided by the
manufacturerbut Canberra would likely be willing to produce PIPS detector to specific
dimensons and with the desired depletion thicknesses for an extraSiGstliodes do

not seem to offer any additional benefits over the PIPS detectors and no SiC detectors
were tested as part of this work.
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4. DAQ SYSTEM AND DATA REDUCTION

Due to their similaties, data acquisitiodfor SDT measurement® a LSDScan be
accomplished with the same equipmeninvth ToF experimentsThe rapid decrease in
meanneutron energyissues brought about by tbelash andthe broad neutron energy
resoldion makesimple ToF clocks less than optimal faneasuremestin the LSDS. In
this work, a 12bit digitizer was used to colleanformation from the detectofThis
chapter will discuss thBAQ system,its associate@lectronis, and the prograsused
for data collectioranddataanalysisduring this work.

4.1 DAQ System

Much like the detectorshé DAQ system useldere evolveaverthe course of this work

but unlike the detectsr only one lasic DAQ system was developéelhis sectionwill
describethe general hardware making upet DAQ systema list of the component model
numbers and settings will be given at the end of the discussion. Some notes about the
software used to collect and analyze the data will be given isebiton;however,most

of the specifics will be gen inAppendixB and Sectio.3.

4.1.1 Hardware

The measurement described in Chaptevas performed before the final DAQ system

design was developed, and although the major fonstdescribed in thisectionwere

still performed, some of the components used were diffdrent those in the final

design. The specific components used to perform that measurement will be given in

Chapters, while the compaents used in the final design will be discussed in this chapter.
The only major change to the DAQ system betweermtbasuremendiscussed in

Chapter5 and the final desigwas the addition of a second digitizeyard, whichserved

to record the flux monitorA fission chamber|ocated in the LSDSserved as a flux

monitorat RP| ard the number of fission eventspsoportionalto the flux in the LSDS.

At LANL, a coil of wires around the beam tulsa)ledthe toroid, measuredhe induced

magnetic field from the proton beam direcflihe originaldigitizer board was produced

by Acqiris under model number DC440. Agilent Technologies purchased Ashoisly

after the first boardwas purchased, ar@bntinued to producthe same bard under the
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modelnumber U1066A001 The only difference between the two boands the color
of the front panelNo distinctionbetween the two boardsll be madefrom here orother
than when referring to which sigrelboardecorced

The DAQ boards shown in the DAQ crate inFigure 4.1, containtwo digitizer
channelseach A DC-coupled 100 MHZandwidthBNC connecto and an AGcoupled
300 MHz bandwidthSMA connectorare available for both of thaput channels.The
AC-coupla input was not used in this workwo userconfigurable input/outpuports

are labeledil/O Ao andil/O Bowere used aa n ndblE Di sabl ed input a

Re ady o, respettipelyandwill be discussethter. The DAQ computer and boards
wereconnecedthrough a PCI/PXI port offering transfer rates up to 100 MB%. The
ATrigger Ino, ARASdBAEDLK AN&®R pPmTods wer e

w1

Figure 4.17 Photograph of thetwo DAQ boards in a DAQ aate. The bottom board is the PCI/PXI
interface to the computer

The digitzer used in this work conved the continuous analog signal from a
detectorto a series of discretadigital measurements of the signal vokafgalled
sample} at a maximunsamplingrate of 420 MHz~2.38 ns between samplesith 12
bits of precision.Samples were in therange[i 2048,+2047]and correspontb the signal
input voltage by

Yo o ..

) OY— U™ (4.1)
TTTWQE
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wherew is the signal voltage in volts afidauis the sample value in its raw digital value
(RDV). The full scale;O%Yis the voltage chandeetweensanple value of 12048 and
+2047, and was limited tealues 0f0.25, 0.5, 1, 2, 5, or 10 #r the DC440 digitizerd Y
is the scaleoffsetin volts, and can be modified so thatsignal voltage 00 V could
correspond to any raw digital value, or even belythe sample range if desired. For this
work, U "Yvas generally kept close wr equal toO V for the channel digitizing the
detector.

Although the board will almostontinuouslytake samples and be able to save them
to an onboard memory bufferf & maximum sampling ratgcorresponding to data
collection rates 0800 MB/s) datais recordedfaskr than it can be transferred to the
computerto be savedand a data rejection method is needAdthreshold trigger
(composed of both level and directiae)used to identifyseries of consecutive samples
thatmay contain datéhatneed tobe saved for furtheanalysisThet er m fievent o
used to refer to when the signal crossed
will refer to the collection bsamples collected because of a single ev@amples not
part of a waveform are overwritten in the onboard memory buffer and never transferred
to the computer to be permanently sav@dure4.2 showsan example of one waveform
composed of 3Gamplestotal and 10 prarigger samples (samples taken before the
trigger threshold was exceede@amplesprior to the 1" beforethe triggerthreshold
was exceede¢red points)are measured buhever transferred to the computand the
waveformis composed of the remaining samples (green points)
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Figure 4.21 Example of awaveform. In this example,the DAQ system is seto record 10 pre-trigger

samples and30 samplestotal at a sampling rate of 100MHz (1 sample per 10 ns)The blue line

represents the actual signalthe gray line is the trigger thresholdof 0.6 V, thered dots are the

measured sampleshat are never transferred to the computer, and the green dots make up a single

waveform.

Immediately after the last sample of a waveform is taken, the board stops taking

samples, andpends & time marking the waveforms position in the memory buffer and

preparing to accept another evealso called rearmDuring this time, the board is also

incapabl e

of

accepting another event. Thi s

part of the system dead tinaed will be discussed imore detail in Sectiod.2.1 The

digitizer iscapable of recording singieaveformsand transferring them to the computer

individually, however, there is a large overhead accoryipgreach data transf and the

board cannot rearm until after the data transfer is finishibd.time spent transferring

dat a

S

c al

| ed

ard & thé athartcanpdnenbonn teefsystem deadrtiraed
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If one tried to operate in this mode, the first event at a low §Difo st | Hflask 1l y t h e
itself) would prevent data collection for a large portion of the SDTnterest,creaing
severe dead time issues.

Operaing in that mode is not feasible sat was necessaryo collect several
waveforms and trasfer all of theseat once.This collection of waveforms is called a
sequence. Opeiay in this mode greatly reducéke data transfer timand system dead
time butactually couldexacerbatéhe previously mentioned dead time problem

In sequence modewb methods are eagideveloped to minimize thgystem dead
time issue The simpler method t® make sure a single series is made up of several times
the average number of waveforms collegbed neutron pulseData transfer would still
be done without concern for ti&DT if enough neutron pulses were recorded at once and
data from the first and last neutron pulse in each sequeauckl be thrown out.
Accounting for this lost data is easy amihimal error would have been introduced into
the measurementhis method wuld wolk except thathe DAQ system developed here
was developed foan additional project with additional restrictionghich will not be
mentioned bre, and the second approach was needed.

A different method was developed which ensured that each sequenceauess
to a single neutron pulse. First, a sequence was defm#tht it could contaifl - 5 times
the number of expected events peutron pulseThis ensuredhat events from a single
neutron pulse would not trigger the board @i timesto completethe sequencegive
the board the number of expected waveforms and allow data transfeit)toSs&eond, a
seriesof pules was injectednto the digitizerinput at late SDTs for each neutron pulse.
The pulses would trigger the board in rapid successiorcamglete the sequencehis
ensured thatlata fom each neutron pulséegan transferringfterof the usefuportion of
the SDTdata was collectednd finished before the next neutron pul3éis method
could collect data continuously, and without throgviout any data from any neutron
pulse.

The pulsesinjected after the useful SDiere chosen to be square pulses that-over
range the digitize extend beyonaollected waveform windowand denoted RM(short
for termination) i n t ThekndwA ghapssgdethemmmasysto sour ¢
identify and remove duringhe initial stages of pogirocessingAt minimum, enough
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TRMpulses were injected to completsequenceontaining no evenid he TRMpulses
were actually injected long enough after the us&DIT region thata steady state
background measurement would be collected during the measurement.

In addition to samples, each waveform has an associated timestamp, doita 64
integer givingthe time thatparticular event occurred in pSoF clocks typicly have a
separate input f or a caf Semaasured frosnithisefeaence a n d
point. The DAQ boards used here did not have this separate input and timestamps were
measured from when the c¢ompcamimand. Ileadnda t he
reference signal was injected directly into the signal inphich triggered the collection
of a waveform. This pulse (denot&d0), was triggered off of the LINAC or PSR start
signal, and therefore occurred at the same time relative to eacbmputse.

An idealsequenceorresponds to a single neutron putgarts with ar_0, ends with
a few TRM, and contaims o me e v e n t-flashf noisenbackgnoendym( n, U) or
(n,p) events in the sampteetween thd_0 andTRM To ensure the first aveform in the
sequence was B 0, the board was prevented from accepting triggers after i by
use of theEnable/Disablesignal onl/O A. A logic-high signal would allow the board to
rearm from the previous waveform collection or arm for the firstefi@m in a new
sequence, while a logiow preverted rearming. In contrast to matisablefeatures this
disable signal would only prevent rearmirsp a disable signal would have no efféfct
the board was already capablereceiving an event. The EnalDisable signal wasent
a logichigh signal just before th& 0 was sentand remainedintil most of theTRM
pulses had been sent.

As a diagnostic, |/ O B was set to be the
capable of accepting triggetfO B outputted a logiehigh, otherwise it outputted a logic

low. Figure4.3 shows a timing diagram of one sequence
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Flgure 4317 T|m|ng dlagram of the T 0 and TRMpuIseson the DAQ input sgnal (blue line),

Enable/Disable signal gink) and the Board Ready signal (greenfor one neutron pulse A T_0 pulse
is injected prior to the neutron pulse thatbeginsthe SDTr e gi on (where (n, U) and (n
occur) while TRMpulses areinjected long after the SDT region has endedllowing a steady state
background measurement to be performed during the region marked BKGThe DAQ system is
capable of accepting a trigger (signified by a high on the Board Ready signal) only when the
Enable/Disablesignal is high and only after rearming from the previous waveform. The long low on
the Board Ready signal near the end of the timing diagram starts because the sequence was
completed and the board will not rearm until after data was transferred to the compter. The
spacingof the T_0 and TRMpulseswere chosen® ensure clarityfor this figure only and are not

representative ofthe actual timing parametersused duringthis work.

Two pulse generats wererequired forthe DAQ systemThe first pulse generato
was triggeredff the gart signal fromeitherthe LINAC or PSR and generdtéhe T_0O
pulse,Enable/Disable signahnd the signal that triggered the secputsegenerator to
begin the train of TRMpulses.The T_0 and TRM pulseswere combined with the

amplified signal from the detector before being digitizédgure 4.4 is the wiring
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schematic of the DAQ systewith two boardsTable4.1 contains the list of components
and model numbers for the final @Asystem.Table 4.2 gives typical pulse generator
setup parameters for measurements performed at RPI; the only difference at LANL

would be a greater number DRMpulses andhe TRMwould be injected later

DAQ Crate
Det:mor I/Oi I/Oj
Inpuf
|
\
To oscilliscope
Board Reag
< WOU
To detector
TO
<] 1IN | OU —
To flux monitor
e | 1| O U ‘
A B C Ext
Pulse Gen.
- — 1IN [OU e e e
To LINAC
Start Signal B -
g To oscilliscope
TRM Start
TRM
A Ext

Pulse Gen.

Figure 4.41 Basic wiring schematic of the DAQ system with twdDAQ boards.

Table 4.17 List of components in the final DAQ system.

Component Device Model
SC Fanin FanOut (FIFO) Unit CAEN N401
PG1 Pulse Generator BNC 555
PG2 Pulse Generator BNC 555
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Table 4.27 Settings for the two BNC 555 Pulse/Delay Generator.

EXTin Triggered
Burst Mode 1
PGL Channel
A B C D
Signal TRMStat TO Enable/Disable Not used
Polarity Active High Active High Active High N/A
Output TTL Adjustable TTL N/A
Amplitude N/A 12 N/A N/A
Mode Single Shot Single Shot Single Shot N/A
Gate Disabled Disabled Disabled N/A
Width [s] 0.0000001 0.0012 0.0000@1 N/A
Delay [s] 0.000001 0.0041 0.000001 N/A
EXTin Trig%?red
Burst Mode 1
PG2 Channel
A B C D
Signal TRM Not used Not used Not used
Polarity Active High N/A N/A N/A
Output Adjustable N/A N/A N/A
Amplitude 12 N/A N/A N/A
Mode Normal N/A N/A N/A
Gate Disabled N/A N/A N/A
Width [s] 0.00000105 N/A N/A N/A
Delay [s] 0.0 N/A N/A N/A

The DAQ systemwas always placed outside of the target robigure4.5 shows the
DAQ system setup as used at RRIpatch panel (labeld 1) was used to bring signals
from the target room to the data acquisition area. Signals from the detectéuand
monitor were amplified by Cremat GR50 shaping amplifierdgbeled2) with 100 ns
time constantsTwo Berkeley Nucleonics Corporation meld555 Digital Delay/Pulse
generatas (555 timer) (labeled3) are shownone was triggeredoff the LINAC start

! TRMpulses will start being injected at this time. At RPI, this parameter was aledu 4 ms but could be
increased to about 20 ms at LANL.

“This value is the number @RMpulses injected, 10 was standard at RPI but was increased to between 20
and 40 for an equivalent experiment at LANL. Larger values are possible, and necessargvirdge
number of event per linac trigger becomes large.
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signalto create thd _0, EnableDisable signa, and totrigger thestart the othe TRM
pulses The second55 timercreated théfRMpulses.Detector signalandthe T_0 and

TRM were combined using@aen Quad Linedfanin FanOut (FIFO) model N401unit
(labeled 4) Signals could be displayed ¢ime oscilloscopeldbeled5), were collected by

the DAQ boardslébeled6) and saved to the DAQ conmer (abeled7). Detector bias
voltages were provided by NHQ 20M high voltage power supplgfabeled8). Good

luck mgo was amply supplied by Enridbe sacrificial rubber chickemapeled9). Space
constraints at LANL cause the components to be mospetiedamong other
experimentsso no photograph is shown here. The toroid signal did not require any

amplification so the only difference between fites/sicalsetups at RPI and LANL was

thatonly one amplifier was used at LANL.

CEsEaEs

Figure 4.51 Photograph of the DAQ systemin its final configurationat RPI. Components are: (1)
patch panel to target room, (2) Cremat shaping amplifiers, (3) pulse generators, (B)FO used to
combine theT_0 pulse, TRMpulses anddetector signal,(5) oscilloscope , (Bis the DAQ crate, (7)
computer, (8) high voltage power supply, (9) Enrico the good luck rubber chicken.
A computer code was written in Visual C++ and ran on a Dell OptiPlex GX620 (3.2
GHz, 2 GB of RAM) to communicateith and control the DAQ system. This program is
too long to be included here its entiretybut flow diagrams of the more major threads

and code segments are included in Appedix
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4.1.2 Trigger

The triggemg mechanisms worth discussing separatelince ashortdiscussion now
will aid in clarifying the signal processing discussion latererEthoughthe board only
has a simple threshold trigger instead of a more advaRE&A (field programmable
gate array) when used in combiation with the digital signal processirapnd some
manipulation of the signal prior to digitizatiotihe threshold triggeallowed additional
data to be collected during a measurement.

Detector signals can be divided into two categories, unipolar and biggal
noise is typically composed ofboth positive and negativparts so unipolar signals
(signals having only positive or negative componerghould be easr to distinguish
from noise than bipolar signafsignals having botlpositive and negativeomponents)
Signals from the flux monitor at RPI and toroid signal LANL are unipolar signals.
Convertingthe signal from the detector into a bipolar sigbhafore digitizationhas
certain advantagdsecause of the detector compensation and diggahsprocessing

The detector signal is composed of signals from the sample detector and
compensating detector, which would be unipolar signals with positive and negative
polarities, respectively. The trigger threshelulld only be set to a single valuehich
meanghatcollecting signals from both detecta@isnultaneously would benpossiblefor
unipolarsignals If the signals were bipolamand the threshold was set to some positive
value, signals fronboth detectorsvould be recorded and the only diéace would be
whether the negative portion of the signal occurred before or after the positive portion.
To distinguish thehree kinds of pulseshey were termetdPS(unipolar),PLL (positive
lobeleading bipolar), andNLL (negativelobeleading bipolar) Figure 4.6 shows

examples oPLL, NLL, andUPSpulses, in addition t&_0 andTRMpulses.
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Figure 4.6 1 Examples of digitized waveforms of typd 0, TRMPLL, NLL and UPS

Two posible advantages to being able to record bb#h sampledetectorand
compensating detecware apparent. First and most simply, the effective detector size is
doubled sdhatthe sample mass can be doubled withoateasing the sample thickness.
This wauld effectively turn both detectors into sampletedtors, but the detectoras a
whole would remain compensad s i n ¢ e-flagh lweuld still produceroughly equal
magnitudeandopposite polarity pulses in each detector. Care should be taken if expected
count rates are | arge because (n, Upearlpr (n,
simultaneously wod compensate each other and signal or a highly distorted signal
would be recorded.

When counting rates are higland background from the sampleaixoncern(asit
wasduring he measurement that will be discussed in Chdptehe sample can be kept
on justthe sampledetector In this way,the signal from the compensating detector is
composed of only timelependent antime-independent backgroundnd because signals

from the compensating detector and sample detector are distinguishable, a measurement
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of the background countingate can be made simultaneously witlie cross section
measuremen(This was the preferred mied during this workand urther discussion on
how the background counting rate wadetermined andemoved from the measurement
will be discussed in Secticgh3.

4.1.3 Software

Three programs were writteéa collect and analyze datar this work.Thei L SDS DA QO
programcontrolled the DAQ boards, compressed theadand saved the data to raw data
files. Thefi C o n v enograenrdecompress the raw data files, removed and TRM
pulses, and reduced the remaining waveforms to a s#rlesy parameterdzinally, the
AData Reducero program read i nerot hper opgaraame
binned many of the parameters into histograans outputted the measured cross section.
The source codesre all too large to include hermstead,AppendixB contairs some
importantcode segments, flow diagrams, and descriptions of key aspects of the DAQ
programsnot strictly necessary to ayzing the dataAppendix B is intended to bea
reference fohow the LSDS DAQ prograns structuredSome aspects of the Converter
andData Reducer prograaresimpleenough and important enough to data analysis that
they will bediscusedlater in Sectiort.3.

Before ontinuing, some code segments will be given later in this chapter and in
several of the appendicelll variable names, function names, and code segmdgtitise
set in font typeCourier New . When discussing the DAQ softwareray indexesb, c,

j , andk will always represent the index of a board, channel, waveform, and sample,
respectively All four indexes are used in almost every class but each class wdllaha
different instance of each indea avoid confusiorby unintentional cross talketween
different threads.

The clas€CStup was used extensively throughout the LSDS DAQ and Converter
programsCSetup contains all of the parameters needed to define a sequence (including
the total number of samples per waveform, number of waveforms per sequehce, ful
scale, offset, etc.) in addition to other parameters need to perform control the DAQ

boards. The full definition of thidass can be found in Appendix
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Finally, names ofvariables,classesand pointerswritten in all captal letters will
signify that they are pointers to the same location in memory regardlesscof thiread
is being discusse&,g. a pointer to clas€Setup written asSETUPwill always point to
the same location in memoryariables, classes, and pointevatten in lower case are
local variables.The only exception to thigs when goingbetween lie three different
programs The information in thesgariables andlasses willbe identical, bubecause
information is only passed in one directiong(eLSDS DAQ to Converter to Data

Reducer) using binary fileshey will not point to the same location in memory

4.2 System Capabilities

Knoll [51] defines @ad timeas the fiminimum time that must separate two events

order thatthey be e cor ded as t w8ome mentom & the sygpem ldeagd s 0
time has already been made and alttodgad time in the detector was minimized during

the detectodesign, the DAQ board is unable to trigger while rearming after collecting
each waveform mowhile transferring dat&Knowledge ofa s y scapahifities isvital to
understanding its strengths and weakneasds thisendthe dead tims associated with

the rearmingand data transfevere characterized.

4.2.1 Rearming Time

The systemdead timefrom the time spentearmingafter each eventO'Y , can be

approximatedy

oY = = & (4.2)

Q Q

where( is thetotal number ofsampésperwaveform,”Qs the sampling ra¢, and i and
ware constantsThe sampling rate was kept 420 MHz for the entirety of this work
except when characterizing the system dead timed,he sampling timed 0 jQ
varied but remained nedr ps Figure 4.7 shows somesample dead time data taken
compared td4.2). Dead time was measured as the pulse waditihe board ready signal
from 1/O B, which correspond$o the time betweethe board accepting oreentand
being @pable of acceping another triggeri and dwere found to be 140 and 0.5 ps,

respedtely. The dead time did not vary significantly between triggérsen the typical
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sampling times of ~1 ps and sampling rates of 420 MHz, typical rearming times were
approximately 1.5 to 2 ps.

5 ! | ! | ! | ! | !
e
(D)
£
I_
(@))
c
% s 420 MHz |
S e 315MHz
A 210 MHz
i v 105 MHz
0 ' | ' | ' | ' | '
0.0 0.5 1.0 1.5 2.0 2.5

Sampling Time [ns]
Figure 4.7 1 Measured deadtime at different t;and f compared with (4.2). Sampling times of ~1 us

and sampling rates of 420 MHz were typicalor this work. The number of sampks per waveform,

Nws, Was changed so the same sampling times were measured at different sampling rates.

4.2.2 Data Transfer Time

The time spent transferring datisom the computer to the boar@)’Y , forms the
majority of the system dead tim&ransferring dataelies on the software being allocated
processor timeand communication time through th&Cl busand this carnfluctuate
significantlydepending on the other tasks the computpai®rming and their priorities.

Figure4.8 showsthese delays are normally small but occasionally can be quite long, over
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99.9% of the data transfers were completed in under 0.75 msni8.48eragejor this

particular setupwhile the majority of the remaimy times were greater than 4 ms.

10-1 ' 1 ' ! ' ! ' ! '

10

107

Fraction of Occurrences

107
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Data Transfer Time [ms]
Figure 4.81 Measured data transfer times for operating parameters typical at RPIf = 420MHz, N
=504, N, =1,N. =1, 18 sequences per send, and 10 waveforms per sequenc®Tpr was measured
by injecting only T_O pulses (noTRMpulses or detector signal)The time between consecutivé_0
pulses was ~5.556 ms (corresponding to 180 HZhe timestamp of the firstT_0 pulses in the
sequence wa$.556 ms minus the delay caused by transferring the data and beginning the sequence
acquisition. If the data transfer occurred instantly, the average timestamp of the firsT_0 in a
sequence would be equal t6.556 msand DTt would be 0.Measurements ofDTpt less than 400 ps
were actually recorded when data transfer bok longer than the time between consecutivé 06 s an d

should actually be tallied at times greater than 5.556 ms.

The time needed to transfer all of the datar@portional tahe amount oflatabeing
transferredFor a single sequence (all of the information collected from a single channel
anda single neutron pulse) the data that needs to be transferred comeékdroumber

of samples per waveform, , (2 bytesper samplgplusthe 8-byte timestampm@ssociated
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with each of thel  waveforms. In addition, a small paddjngpmprised of0
bytes, must also be transferredith the data from eactwaveform. 0 was
approximately 400 for the boards used in this work when operated at a sampling rate of
420 MHz[70]. Total data transferred per active channel on baatal be calculated as
[70]

0 -k co g ¢ v 8 4.3
0 ,and0 must be identical for each channel@hoard but may vary between boards

so the number the of bytes per boaid, , is found by multiplying(4.3) by the

number of active channels on board , which was akays equal to one for this

work. The total number oflatabytes transferred) , is found by summing

overeach of the) boards and becomes
0 C(j 0] CU 0 0 38 (4_4)

The data transfer rateyp , for boards onnected to the computer through a
National Instruments MXR interface (as was done for this work) is ~0.012 us per byte.
There is alsoraoverheadn beginning the dataansfer,é X , whichis related
to the computer recalling the requiredmomands from memory and opening up a
communication line with the boardh directto-memory (DMA) method is used to
minimize this overhead.For the computer used in this work, R was

approximately 15.6 pyg/0].

In addition tothe DMA overhead, a conversion from the circular buffers on the DAQ
board to a linear buffer is needed and has its ownheageré (1 is typically a
factor of ~20 smaller thas D [70], but must bepaid for each waveformFor the
computer used hege D was approximately 0.8 ps per waveform

The time to spent copying the samples to the computer bsffemnegligible when
a large number of samples is being transfeirede,&d> was ~0.00156 ns per sample.

The minimum data trafer time, "Y")Ycan be appromated by adding the overhead
timesto the time actually required to transfer the data, agd/en by[70]

oY 0 20 ) V) O 20 h (4.5)
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where( is the total number of waveforms summed ovebaards and) is the

number of extrasamples that must be transferred with each wavefBanthe example
shown inFigure 4.8, (4.5) comes out to be ~270 pg&l.5) under predicts the dead time
from data transfer bacse(4.5) is only the data transfer time and additional overhead
must beincludedto determine the dead time

The data transfer time could not beeasuredindependently and is actually
irrelevant in this work. istead the timebetween thecollection of the last event in one
sequence to when the board was armed for the collection of the first event in the next
sequencavas measured using the Board Ready sid@®8l.us per boardnust beadded to
(4.5) to account forthe delay until the computer wasld the sequence was completed
and the overhead in starting another acquisitligure 4.9 shows some sample data

transfer time measurements comparethémodified version of4.5).

1500 - . - .

=

o

)

o
|

500

Data Transfer Time [ns]

0 20000 40000 60000
Noytes [bytes]

Figure 4.917 Measured data transfer times compared tq4.5) plus an additional 200 ps per board

Nuwi, Was held constant at 10 and the differeniy,swere obtained by varying N,
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The approximate equation fits the data with reasonable accuracy. Since this is only
the minimum transfer time, additional time should be allotted to ensure data transfer has
time to be completetefore the next neutron pulseiaes. Figure 4.8 showedthat the
spread of data transfer times was aro808 ps, which should be independent of the
amount of data beingransferred. fie minimum recommended time allotted for data
transfer0 , canbegiven as

o) oY ¢nmd) omnTos (4.6)

4.3 Raw Data Reduction

Data reductionwas accomplisheth several partsteadin raw data filesjdentify T_O
and TRM pulses redue the remaining wveforms tokey parameters eliminate bad
sequencespartially correct their timestampspply the pulseshape and pulseeight
discriminationmethods, and finally compue the measuredcross sectionThis section
will describe theanalysismethod Since sgnal shapes and sigA@aknoise ratios can vary
between experiments, depending on the detector, electronics, cabldbeetethods of
pulse shape angulseheight discrimination will be discussed without specifying specific
values which need to be chiged for each experimerithe values used fohe analysis of
themeasuremenhade orthetwo samarium isotopes will be discussed in Chapter

Raw data filescreated by the LSDS DAQ programere read by the Converter
program.The Converteffirst reads in the file headewhich gives all of the necessary
parameters to defifBETUR continues by reading iandanalyzing a single sequence at
a time.A flow diagram of the analysis method for a single file is givefigure 4.10.
The sequence is stored in a class call&kquence (definition is given below)which
stores the samplemd timestamps anarray s calledWFandTS, respectivelyDuring
the analysisCSequence populates tharray s WFTYPELMIN, LMAX VMIN, VMAX
ZLOWZHIGH, andAREA(defined inTable4.3); these parameters, am®, are written to
the a reduced data files which are read in by the Data Reducer prdgr@anemainder of

this chapter will discuss the dataatysis method in more detail.
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ref class CSequence

{
public
CSequence( void ); ~CSequence( void ); //contrsuctor/destructor
void Define( void ); 1
void CorrectTS( void ); /ladjusts TS so T_0 ooccurs at 0
void PrepareWF( unsigned char board, unsigned char channel, long wf);
void ModifyRawWFs( void ); //modify waveform if needed
void LocateExtremes( void ); /Idetermins L and V of min/max
void AnalyzeWFs( void ); 1
void AnalyzeSequence( void ); 1
bool UnPackSequence(FileStream /fs); /lextracts TSs and WFs from file
bool PrepareWFOutput( unsigned char board, unsigned char channel, long
wf, array <unsigned char > "Resultschar); /I prepare to write waveform
/las ascii
CSetup "SETUP;
bool UseSequence; /lis sequence usable
unsigned char ID; /I b,c,flags
array <unsigned char > "SEQTYPE; /Isequence type
String AWF_string; /I string rep of WF
array <array <array <short >">"> AVMIN, AVMAX, //min /max sample value

ALMIN, ALMAX; //min /max sample loc
array <array <array <long >">"> /ZLOW, NZHIGH; //base line
array <array <array <unsigned char >">"> AWFTYPE//TYPE of WF

array <longlong > ATO; /ITS of T_O pulse

array <array <longlong >"> ATS; [ltimestamps

array <array <array <longlong >">"> NAREA; //area under WF
private

bool IsSWF_T_O( void ); //returns true ifthe WFisa T 0

bool IsWF_TRM(void ); //returns true if the WF is a TRM pulse
bool IsWF_OSC(void ); //returns true if the WF is a OSC

bool Mod1, Mod2, Mod3; /lsequence modi  fiers  or flags
unsigned char i /lindex of channel
b,c; /I of board , channel
long Js J, /I waveform
to, /IT_0O waveform
K, /lsample
kex, /Imin  or max sample while searching
m, /loutput sequence array
Imax; /Nocation of max sample
array <array <array <short ,2>">">  AWF;// samples from one sequence
array <unsigned char > Asequence; /lcompressed sequ ence
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Table 4.37 Meanings of thearray s used inCSequence.

array Meaning
WF Collection of all the samples form a sequence
TS Timestamps of all the events from a sequence
LMIN Index of the lowest samplalue in a waveform
LMAX Index of the greatest sample value in a waveform
VMIN Value of the lowest sample value in a waveform
VIVAX Value of the greatest sample value in a waveform
ZLOW Average of the first few samples of a waveform
ZHIGH Average ofthe last few samples of a waveform
AREA Integral under a waveform
WFTYPE | Code used to identify the type of pulse described by a wave
SEQTYPE Code used to identify problems with the sequence

4.3.1 BasicWaveform Identification

Basic waveform identificadn is the first step in data analysi¥he AnalyzeWFs
function (given below)assigns each waveform a code, identifying its tjfjpe waveform
type was stored in an array call@d~TYPEThe meanings of th®VFTYPEcodes are
given inTable 4.4. As stated before] 0 and TRMpulses are square pulsesknown
length and arrive at given times relative to the neutron p&sth pulses are analyzed
using the code segmergs/en below which simply statethat before theulse begins,
thesignal should be near the baselaRDV of 0 (normally0 V) and musbver rangdghe
digitizer (have RDV 0f2047 or be greater thatOJY;) during the pulse. After th& 0
pulse, the signal should return to a baseline value a€&DV of 0. Thelengths @ the
recorded waveforms werrgt long enough to see the end of TfRMpulses.In reality,
samplegaken before or after any pulde not have RDVs of 0 because of noise. Instead
of requiring signals to be zetmeforeT_0 and TRMpulses they are only regired to be
belowNoiseLevel , someRDV above the noise levaNoiseLevel was determined

by locating a hand full off_0 pulses manually and raisingoiseLevel until all of
these events returndgdie when processed through t@NVF_T 0 functionand were
typically between 500 and 100Dastly, some signal smoothing was noticeable near the
edges of the square pulses so a few samples around the beginning and end of the pulses

excluded from this analysis.
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void CSequence::AnalyzeWFs( void )
{ //Determine wach WFTYPE
for (b=0;b<SETUP - >NumBoardsinUse; b++)

for (c=0;c<SETUP - >NumChannelsEnabled[b]; c++)
for (j=0;j<SETUP - >NumWFPerSeq[b]; j++)
{
WFTYPE[b][c][]] = -1;

switch (SETUP- >Mode & 0x0E)

{
case O0x00: /ALPHA - SDT

if  (ISWF_T_0() { WFTYPE[b][c][j]=T_O ; break ; }

if  (ISWF_TRM()) { WFTYPE[b][c][jl=TRM ; break ; }
case 0x02: //ALPHA - MCA

ModifyRawWFs();

LocateExtremes();

if (I sSWF_OSC()) { WFTYPE[b][c][j]=0SC ; break ; }

else { WFTYPB][c][j] = OTH ; break ; }

default : //????
WFTYPE[b][c][j] = 3;

break ;
}
}
}
}
}
bool CSequence:IsWF_T 0( void )
{/l is the waveforma T_0O ?
for (k=0; k<SETUP - >NumPretriggerSamples[b] - 5; k++)
{ if (WF[b]c][,K] > NoiseLevel ) return false ; }
for (k+= 10;k<( long )(T _OLength* SETUP ->SamplingRate[b]) +
SETUP- >NumPretriggerSamples[b] - 5; k++)
{ it (WF[b][c][j,k] < 2047) return false ; }
for (k+=50; k< SETUR >NumSamplesPerWHb] ; k++)
{ if (WF[b]c][,K] > N oiseLevel ) return false ; }
return  true ;
}

bool CSequence:: IsWF_TRM( void )
{/lis the waveform a TRM?

for (k=0; k<SETUP - >NumPretriggerSamples[b] - 5; k++)
{ if (WF[b][c][j,k] > NoiseLevel) return false ; }
for (k+=10 ;k<SETUP ->NumSamplesPerWF[b ]; k++)
{ if (WF[b][c][j,k] < 2047) return false ; }
return  true ;

}
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void CSequence::ModifyRawWFs(
{ /Imodify the raw waveform is needed
switch (SETUP- >Mode & 0x0C)

void )

{
case 0x00: //ALPHA
if (Modl&&b ==0&&c==0)

for (k=0; k<SETUP
WF[b][c][j.k] =

break ;

}
}

bool CSequence::IsWF_OSC( void )
{/lis the waveform a OSC?

- invert if diamond voltage was switched

- >NumSamplesPerWF[0]; k++)
- (WF[O][O][j k] + 1);

if (b==1) return  false ;

for (k =0; k < MAX(0, LMAX[b][cIi] - 100); k++)

{ if (WF[b][c][j,k] > VMAX]b][cIIi] - 200) return  true ; }
for (k +=200; k < SETUP - >NumSamplesPerWF[b]; k++)

{ if (WF[b][c]i,K] > VMAXIb][c][j] - 200) return  true ; }
for (k =0; k < MAX(0, LMIN[b][c][i] - 100); k++)

{ if (WF[b]lc I1lj,k] < VMINIb][c][j] + 200) return  true ; }
for (k+=200; k < SETUP - >NumSamplesPerWF[b]; k++)

{ if (WF[b][c]i,k] < VMIN[b][c][j] + 200) return true ; }
return  false ;

}

void CSequence::LocateExtremes( void
{ //[determine AREA, LMIN, LMAX, VMIN, VMA
AREA[b][c][]] = 0;
LMIN[b][c](j] = O;
ZLOWI[b][c][i] = O;
for (k=0; k<Z_Length; k++)
ZLOWI[b][c][j] += WF[b][c][j.K];
for (k=SETUP ->NumSamplesPerWF[b]

ZHIGH[b][c][j] += WF[b][c][i,K];
for (k=0; k<SETUP

AREA[b][c][j] += WF[b][c][j.K];

it (WF[b][c][j,k] < WF[b][c][j,LMIN[b][c][]])
LMIN[b][cI[i] = ( short ) (k);

it (WF[b][c][j,k] > WF[b][c][j,LMA
LMAX][b][c][i] = ( short ) (k);

)
AREA[b][c]Ii]
VMINb][C]f] = WFTb][c],LMIN[BI(C]L);

VMAX[b][c]fi] = WFb][c][ LMAX[bICIGT):

)

LMAX[b][c](j] = O;
ZHIGH[b][c][]] = O;

X, ZLOW, ZHIGH

- Z_Length;
k < SETUP - >NumSamjesPerWF[b]; k++)

- >NumSamplesPerWF[b]; k++)

X[b][c]0l)

- = (ZLOW[b][c][j] * SETUP
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Table 4.47 Meaning of the codes used iWWHYPE

Code Value Meaning Program Used In
TO 0 Start time reference pulsé Converter
TRM 1 Termination pulses Converter
OSC 2 Oscillation Converter
OTH 3 Everything else Converter
PLL 4 Positivelobeleadirg Data Reducer
NLL 5 Negativelobe-leading Data Reducer
UPS 6 Unipolar signal Data Reducer
NFG 9 No good Data Reducer

If a waveformwasdetermined not to baT_0 or TRMpulse,it is processed through
the ModifyfRawWFs function. The PIPS detector wouldroduce bypolapulses with
PLL pulses from thesampledetectorand NLL pulses from the compensating detector
However, the polarity of the singals from the diamond detector were not defined because
the the bias voltage was switched every few minut@s.conform results from the
diamond detector, which constantly switched signal polarities, to the stndards
developed for the PIPS detector, the remaining waveforms were processed with the
ModifyRawWFs function. This function looked for a specific flagysng that the
applied polarity would produc®&lLL pulses on the sample detect®When flagged
ModifyRawWFs inverted the original waveformso thatnegativelobeleading pulses
would pass th@LL criteria andvice versa.

After being processed by thdodifyR awWFsfunctions, each neii_0 and non
TRMwaveform was analyzed by tHeocateExtremes  function. Seven parameters
were determined including the location of the minimum and maximum sanydeBsl (
andLMAX respectively), the values of the minimum and maxinsamples YMIN and
VMAX respectively), the pulse integradREA, and the sum of the first and last few
samples ZLOWandZHIGH, repsectively). Since the signal voltage was a function of the
gain of the shaping amplifiers, which could not easily be sanged bne experiment to
the next, the vertical scale of the waveforms were kept as its RDV. The time difference
between samples is given as the inverse of the samplingwhieh ends up asna

awkwarddecimal value, so the horizontal scale was kept in tefreamples.
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OSCpulses are events from oscillations from the prddi@por noise in general. If
signal amplitudes are too | ow, some of the
for OSCpulses, so this criteria was not commonly applied. The remaining waveforms are

all classified a®©THand will be further categorized the Data Reducer program.

4.3.2 Sequence Analysisaind Timestamp Correction

Although efforts were made to ensuilgat each sequence corresponded to a single
neutron pulsgethat the first waveform in the sequence was the ®nly pulse, andhat
each sequence @ad with at least onéRMpulse occasionally a problem would occur
this would render a particular sequence unusdliie.two primaryways that sequences
were rendered unusable were data transfer from the previous neutron pulse was delayed
significantly emugh that theT 0 pulsewas not recordedor too many eventswere
receivedwhich prevented anJRMpulsesfrom being recorded

If data transfer was significantly delayed, moO would berecorded and data
collection began in the middle of the useful SDgioe. First, all events in that sequence
were left without a referencestarttime and second was that the no data was collected
during the early SDTUsing thefirst TRMpulse as referencestead of thelT 0 ard
accounting for the additional dead time atre | y s iS mTddficult.

On the other handf too many events were recorded before M pulse was
injected, noTRM pulses would be recorded aride measurement of the lesmergy
portion of the cross section and background measurement would be ¢hieséo dead
time issuesAgain, this is not difficult to account for.

Since these were bottare evets (L 1% of all sequences)o attempt to recover
these sequences was made syl were normally removed from further analystther,
rarer problems were easily accounted for at@ data could be recovered some
situations A small amount of further invagation could be performed to determine why
these sequences were ridaal.

The functionDetermineSequenceType  was called to identify problems with
the sequence and assign it a co@aved to thearray SEQTYPE to ease
troubleshootingthe code segment given below a flow chart ofthis functionis shown

in Figure4.11, andSEQTYPEcodesare given inTable4.5. Sequences that begin with a
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T _0 and have atleast oneERMare assignea value of Oand sequergs that should be
removed from analysis are flagged with values greater than Q@QB8e analyzed,
DetermineSequenceType would call the CorrectTS function to adjust the

timestamps athat the firstT_0 pulse occurred at time 0.

Table 4.57 Meaning of sequence analysis cod®EQTYPE

Bit Meaning
0x01 There was nd@_0 pulse
0x02 A T_0O pulsewas not first
0x04 There are multipld_0 pulses
0x08 Missed part of the SDT
0x10 There were nGRM
0x20 There were n@RMpulsesafter theT _0 pulse
0x40 N/A
0x80 Flag- Do not use this sequence

void CSequence::CorrectTS( void )
{/l corect TS so the first T_0 occurs at 0
for (b=0;b<SETUP - >NumBoardsinUse; b++)
{
for (j=0;j<SETUP - >NumWFPerSeq|b]; j++)
TSb]i]  -=TO[b];
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void CSequence::AnalyzeSequence( void )
{/l analyze sequence and determine SEQTYPE

for (b=0,c=0;b<SETUP - >NumBoardsinUse; b++)
SEQTYPE[b] = 0;
for (t0=0; tO<SETUP - >NumWFPerSeq[b] && WFTYPE[b ][c][t0]'= T_O; tO++);
if (t0= =SETUP->NumWFPerSeq[b])
{/InoT_O
SEQTYPE[b] [= 0x01; //missed T _0
for (j =0;j<SETUP ->NumWFe&rSeq[b] && WFTYPE[b][c][j]'=TRM i)
if (j==SETUP ->NumWFPerSeq[b])
t
SEdTYPE[b] |= 0x80 | 0x10; //miss ed T RM's, don't use
els e
TO[b] = TS[b][j] - ave_TRM_TS;
if (TS[b][j]<ave_ T RM_TS)
SEQTYPE[b] |= 0x80 | 0x08; //missed part of SDT, don't use
}
else

{/lat leastone T_O
TO[b] = TS[b][t0];

if (t0!=0)
SEQTYPE[b] |= 0x02;  //T _0 not first
for (j=tO+1;] <SETUR >NumWFPerSeq[b] && WFTYPE[b][c][j]!= T_0; j++);
if  (j!=SETUP ->NumWFPerSeq[b])
SEQTYPE[b] |= 0x04;  //multiple T _0
for (j =SETUR >NumWFPerSeq[b] - 1; j>=0 && WFTYPE[b][c][j]!= TRMj --);
if (j<tO)
{
SEQTYPE[b] |=0x20; /o T RMS befor eT _0
if (== -1)

SEQTYPE[b] |= 0x10;  //no TRMS
if (TS[b][SETUP ->NumWFPerSeq[b] - 1] - TS[b][t0] <ave TRM_TS)
SEQTYPE[b] |= 0x80 | 0x08; /Imissed part of SDT
}
}
}

UseSequence = true ;
if ((SETUP ->Mode & 0x02))
{/ISDT

switch  (SETUR >Mode & OxO0E)

{
case 0x00: //ALPHA
for (b=0;b<SETUP - >NumBoardsInUse; b++)

if (SEQTYPE[b] & 0x80)
UseSequence = false ;
}

break ;

}

}
CorrectTS();
}
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Figure 4.1171 Flow chart of DetermineSequenceType
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4.3.3 AdvancedWaveform Analysis

After eachsequence as analyzedthe Converter progranwrote theTS, LMIN, LMAX
VMIN, VMAX ZLOWZHIGH, andAREAvalues for allOTHpulses in usable sequences.
The Data Reducer program was than m order to analyze the remaining waveforms
orderto determine if they we rfremtheeithenthdsampld)) and
detectoror compensating detectanr, if they werejust noise.

Pulse shape analysis was not strictly requiredJiB® pulses.The toroidsignal at
LANL was not s e nflash,tandvad a largeendudghesignal to noise ratio that
no noise was recorded; aayentrecorded from the toroid asassumea UPSpulseand
used in the <cal cul at i dzationoféctortAREAwWas summedr e me n t
over every waveform from the toroid signal to determine the flux normalization factor
since he total number gbrotonsin a single beam pulsgasproportional to theotal area
under thetoroid signal Most of the ggnals from thefission chambent RPI werealso
large compared to the noise, however, some signals could be quieblavigwer limit
discriminator was used to ensure all events from noise were eliminated and the remaining
eventswere classified atJPS pulses Because of the lower limit discriminatat, was
important to ensur¢hee f f e c t of any s gflash)lwasmihimhizee t (dur
The flux normalization at RPI was taken as the total number of events from the flux
monitor exceeding the lower limdiscriminator and between times corresponding to
mean neutron energies of 1 eV and 1 keV.

Events from the detectare put into one bthreeclassifications PLL, NLL or NFQ
based on three criteridhe first step attempt® eliminate pulsewith positive and
negative lobesf very different heightsThese events may have been driven by RF
interference on the preatifier or bythecoinciderreo f s e-kays iThe lsamfes used
in this work were thick, i.e.the chargd particle may lose an appreciable amount of
energyand enter the detector with a large range of energies. For this raastio, of the
maximum sample value to minimum sampkdwe was nore appropriate than setting a
lower bound to the maximum sample value andupper limit to the minimum sample
value this ratio will be called the amplitude ratim addition, here is no reason to
assume thathe amplitude of the minimum anchaximum sample values must bee

exactsameso upper and lower bounds the amplitudeatio are needed. Finally, it is
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conceivable that a small D@ffset could exist on the signal input. To remove the effect
of this DGoffset on the amplitude ratio, th®C-offset can be subtracted from the
minimum and maximum sample valudhe DGadjustedamplituderatio can be written
as

Y ©__® v p 4.7)

O W

where®w andw are the maximum and minimum sample val¢gisen in their
RDV), respectively.'Y and'Y  are the maximum and minimum allowed DC
adjustedamplituderatios respectively, anddi s t he wa ofésétmritstRDY DC
The DGadjusted amplitude ratio was defined such that it is always podtiyere4.12
illustrates these valuesith an example wavefornAs stated before, since experiments
can vary drastically badeon amplifier settings, electronicsletector, experimental
conditions, etc.sovalues forY and’Y , and a method for determinimgmust be
done for each individual measuremeit. and’Y  should not vary much if the
detector and electronics are kept constant, aad be determined by taking a
measurement witla n pdticle source and determining the range of the-&@fjusted
amplitude ratis for the setup.An eay method to determingd is to collect several

samples before and after the pudsel average them to get the D@set.
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Figure 4.127 Example waveform with values needed for pulse shape analysis labeled. The waveform
is the black curve, the minimum and maximum of the waveform are annotated with red points, and
the green dashed line is the D®@ffset. Theblue dashed horizontal and vertical lines are drawn for
clarity.
The secondpulseshapediscrimination criterion eliminates pulses that are gsbarp
or too broadby comparing the time between recording the minimum and maximum
samplesMuch like the amplitde ratio, a range of values must be accepted and the pulse
shape criterion foPLL andNLL pulses can be given as
30 0 0 30 h (4.8)
and
30 o) o) 30 h (4.9
respectively.This criterion may depend on the detector and electronicsoso and

30 must be adjusted for each experiméwnt can be measured with a soarto
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calibrate the systemThe two critera differ only by a negative sign because the
maximum sample will occur earlier than the minimum pulsePioc pulse (i.e.0
0 ), andviceversa folNLL pulses.

Waveforms failing critea (4.7), or both (4.8) and (4.9), are categorized aMIFG
Alternatively, if a waveform meets criteriqd.7) and(4.8), it is charactezed as &PLL,
and if it meetg4.7) and(4.9) it is aNLL. (4.8) and(4.9) are mutually exclusiveo no
waveform may meet both criteria

In addition tothe pulse shape criteria,l@ver limit discriminator is placed on the
maximum sample valuand can be writteas

&) 00D (4.10)
wherew is the maximum sample value, abd0 ‘@G the value of the lower limit
discriminator.PLL andNLL pulses meeting4.10) are allowed to contribute to the cross
section.Thiscriterionisappl i ed t o el i minate very | ow en

parti crhygs or 2

4.3.4 Cross Section Computation

Timestamps ofPLL and NLL pulseswere binned in time bins of varying widths
according to the LSDS resolution functjovi O , asgiven by(2.14). The lowerenergy
edge of thé®) energy bin is given by

O O ® ©O Y O 8 (4.11)
The factor of 0.2 narrowed the bin widthso that moe bins were used, which better
showed changes in theeasured broadened cross section and avoided averaging the
broadened cross section over too large of an energy range. Statistical uncertainties begin
to overwhelm actual changes in the broadened cross section if too many bins were used.
0.2 was a compromideetween these two situatione upper edge of tHé bin is the
same as thiower edge of théQ p™ bin with the upper edge of the first bireing 100
keV. The measuredcross sectionfor each bincan be attributed to the energy
comespodi ng to the binds average tgnwiththevhi | e

values calculatedsO
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The calculation of theneasured cross sectiendescribed in Thompsaet al. [71] .
The number of counts over ti&energy bind can be calculated as

6 QG B h (4.12

whered is the number of atoms of the isotope being investigdgedhas units of chf

and is calculated as
B k %00 QO (4.13)

where%o O is given by(2.20). "Qis a normalization constant accounting for the detector
efficiency and flux normalization and can be determined either from calibrating the flux
monitorstou si ng t hat to determine the absolute
using the flux monitor to normalize the measurement of an unknown sample to a known
sample.’Qmay vary from bin to bin if2.20) was de¢rmined to be inadequate to describe
%00 .

6 is the background corrected counts over théin is the number oPLL pulses
counted over biriQ0 minus and background counts. Although the pulse shape and
pulse height discriminatoae houl d r emove most of the Dbackc
particles or protons, some other events may be able to pass the pulse shape criteria, and
some background events may have come from radioactive decay from either a radioactive
sample or activatioof the detector. Long aftexr neutron pulse, the number of neutrons
left in the LSDS is small, and a tirmedependent background rate can be collected. The
time-independentrate of background pulses passing tR&L pulse shape and pulse
height criteria isgiven by number of PLL pulses recorded during the background
measurement) , divided by the length of time per neutron pulse the background
measurement was performed fe®) , and the number of counts in bi@rom this
time-independent background can be calculated as 30j 30 , wherez0 is the bin
width in time. SinceNLL pulses are a combination of tirdependent and time
i ndependent pul ses, and no (n, Ulepandent( n, p)
background can be determined by performing the same stsfpsytiined to theNLL

pulses.The full background corrected counts from zan be calculated as
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30

= Y h (4.14)

6 U

where'Y and 0 are theNLL time-independent background counting rate, and
number ofNLL counts in binQrespectivelyFinally, the measured cross section can be
calculated as
5
" Ol

The uncertainty in the countsample massand normalization constant cdre

8 (4.15)

propagatedhrough(4.15) to give the uncertainty in the cross sectjonand is given by

| 1 | -
— — — 4.16
(-I ” 6 0 “Q h ( )

where] is the uncertainty in theumber of atoms of isotope being investigatedis

the uncertainty in # normalization constardand

30

. 0 0 8 (4.17)
30

Thermal valueganalsobe extrapolated fronthe measurementhe method used to

extrapolate thermal cross section values is discussed in Apgendix
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5. SAMARIUM MEASUREMENTS AND RESULTS

As a proof of concept, a measurement of(the , U) ¢ r a ¥'Sm amd**¥Sm ivas n
performed The majority of the information present in this chapter can also be found in
Thompsoret al [71] , which was published in support of all of the work presented here.
Samarium was chosenbecause it isan intermediate mass isotgpgome measured
isotopic ratios show discrepancies with astrophygieand s-processcalculations[15],
enriched isotopic samples were readily available from Oak Riig®nal Laboratory
(ORNL), and a recent measurement thie **’Sm( n *“Ng cross section was performed
by Gledenovet al [2] and provided independent verification of the resulpsesented

here This chapter will review the work presented in referdiidé.

5.1 Sample Preparation

Two isotopically enriched samplewere purchased fro®RNL, **'Sm and'*°sm
Isotopic compositions of the two samplesagsayedy ORNL are given infable5.1.

Both samples wemprovidedin the oxide formSmyOs.

Table 5.17 Isotopic fractions (in percent) of samples as given b RNL.

Sample | Sm144 Sm-147 Sm-148 Sm-149

Sm-147 0.05+0.00 98.30+0.05 0.85+0.02 0.36:0.01

Sm-149 0.0%5+0.01 0.3710.01 0.7810.01 97.669+0.03
Sm-150 Sm152 Sm154

Sm-147 0.11+0.01 0.21x0.01 0.12:0.01

Sm-149 0.5710.01 0.392:0.01 0.1810.01

The samarium oxidevas reacted with concentrated nitric atidform the highly
solubleSm(NQG)s. The heat released during this reaction was enough to boil away most

of the waterfrom the nitric acid so the remaining material was dissolved in deionized

Portions of this chapter have previous appeared.ds:Thompson, T. Kelley, E. Blain, R. C. Haight, J. M.
Od6Donnell and Y. Danon, " Mé&Bm and'®meUsing addadl¢wing U) Reac
Down Spectrometer Nuclear Instrumentation and Methods in Physics ReseareblA673, no. 1, pp. 16

21, 2012.
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water until no sediment remained after sittowgernight; albbut 3 mL of deionized water

was usedThesolution was stippled to 99.9% aluminum disks forming ~1 cm diameter
circles. To ensure thall of the samarium nitrate was depositeédde container waslled

a second timewith deionized waterwhich was also stippled to the sampleheSe
samples wereeft on a hqgtlate turned to high for a day to reduce the water mass in the
sample.Mass of the samarium in the sample was derived from the mass of the oxide

initially used. Table 2 contains all of the sample parameters.

Table 5.27 Summary of sample parameterg71].

Sample Oxide mass [mg]| Sample area [cn] Mass of isotopgmg]
Sm147 9.6+ 0.05 1.45+0.08 8.11 +0.04
Sm149 9.4+ 0.05 1.55+0.04 7.91 +0.04

The heat from thediplate was able to decompose some of the nitric ions and some
of the Sm(NQ)3; decomposed to Si;. Flaking of the sampledid not begn until after
the measumaent so the total mass of the samarium isotopes could still be calculated
using the initial mas of oxide reacted with the acid. A photograph of the two samples is

given inFigure5.1.

Figure 5.17 Photograph of the two samarium samples. Th&"Sm sample is on the left, and*’Smis

on the right. The US quarter is shown for size reference.
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5.2 Detectorand Electronics

The 2" generation PIPS detector (as discussed in Se@&idr) was used for this
measurement. Quickly repeating its desfgatures two Canberra model RPD50-30-
40EPH0 PIPS detectors were arrangedaimm aluminum shell such that their active
surfaces wereentered onfacing, andwvithin ~4 mm of each otheEach detector had an
active area of 150 mfrand a detion or activethickness of 40 um whetbiased with
+20 V.

The sample was inserted in between the two detectors. Since the sample was only on
one side of the al ucodldoolyreabhaooekléetettor,(thedampla r t i ¢
detector).An air gap of 2mm separated the sample dete6tar act i ammlthes ur f ac
samplé® surface.After the sample was inserted, aluminum tape was placed around the
opening for the sample to block any light from entering the detector houAing.
photograph of the two detectors, detector housingsantple holdeplates are shown in

Figure5.2.

Figure 5.27 Photograph of thedetector chamber. The detector shell with one dtector installed is

labeled (1) and the second detector is labele(®). Samples are held irplace by the disks labeled (3)

and are placed in the slit in the detector shellAluminum tape was placed around the slit in the
detector shell after the sample is installed to stop ligftom reaching the detector.
Detector compensation was achieved gsthe transformer basecbompensation

circuit described in SectioB.2 The circuitschematiovith component values and model
numberslabeled is redrawn ifrigure 5.3. Signalsfrom both detectorsvere etracted
through 4.7 nF capaciterand sentthougR hi | | i ps Scientiycs 460 i
one of these transf or mer fnvenrg.sSigmis dereyteed s o t
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combined and coupled to the input of a CrematlICRO pr eamp | toflawga modi vy
cap

45 ns decay time though another 4.7 nkF

toaCrematCR 00 shaping ampliyer with a ti
from each detector were negative, the compensating circuit invertecigma and
produced large overshoots in bpthaking them bpolar pulsesPulses from theample
detector werepositivelobeleading bipolar (PLL) pulses, while e compensating

detector produced negati@beleadingbipolar(NLL), as was discussed in gfter4.

2 (/]
S/
%)
PIPS PIPS
{1 Det. Det.
MV M\
—— 5MW 5MW
4. 7nF 4. 7nF
I
¢ ||I \J Q¢
< > < >
Ill 9¢ /] Ill 3¢ Ill
| Phillips | Phillips |
Scientific Scientific
Model #460 Model #460
Inverting Inverting
Transformer Transformer
(Modified)
l4.7nE
Il
||| ||4.7nF M
I 5MwW

- I.
'll || NHQ 204M

NG N HVPS (20V)
45ns Cramet 100ns Cremat *
model 110 model 200 To DAQ

Pre-Amplifier  Shaper Amplifier
Figure 5.3 1 Wiring diagram of the compensateddetector and electronics. The top box is the dector

chamber shown inFigure 5.2, the bottom box is the compensation circuit.
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5.3 DAQ System

The DAQ systembased on an Agilent 1Rit digitizer, model number U1066801)
used during this measurement was previously described in Chéptath three
exceptions. Firstonly onedigitizer channel wasavailable, so no flux monitor was
recorded. Second, a Tabor Pulse Generator was used to creBRMbglses instead of a
second BNC 555 Timer; one 555 Timer was still used to generatd tbepulse,
EnabléDisable signal and TRMStart signal.Lastly, theT_0 pulses,TRMpulses, and
shaping amplifier output werdirectly coupled throught.7 nF capacitar The DAQ
system wiring schematicused duringthis measuremenstarting from the shaping
amplifier andthroughthe digitizer boards shown inFigure5.4. The pulser settings ad

for this measurement are givenTable5.3 andTable5.4.
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Figure 5.47 Wiring schematic of theDAQ system The circuit diagram of the detector and

compensating circuit is shown irFigure 5.3.
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Table 5.37 Settings for a single BNC 555 Pulse/Delay Generator us@ conjunction with the Tabor

pulse generator.

Burst Mode 1
EXTin Triggered
Channel
A B C D

Signal TRMStart T O DAQ Enable Not used
Polarity Active High | Active High Active Low N/A
Output TTL/ICMOS | TTL/CMOS | TTL/CMOS N/A
Mode Single Shoot| SingleShoot | Single Shoot N/A
Gate Disabled Disabled Disabled N/A
Width [s] 0.0000001 0.0000006 0.001 N/A
Delay [s] 0.0040005 0.000001 0.0045005 N/A

Table 5.471 Settings for the Tabor pulse generator.

Frequency 500.0 kHz
Amplitude 4.00 V
Offset 0.00V
Output waveform Square
Duty cycle 50%
Burst 12
Trigger Ext

The digitizer was set to its maximum sampling rate of 420 MHz (~2.38 ns per
sample) andhad a full scale ranging froiiil V to 1 V. Waveforms condisd of 84 pre
trigger samples and 336 samples total, making each waveform 800 neflargch 200
ns were before the trigger threshold was exceeded. The trigger threshold was set to a

+300 mVand required a positive slope.

5.4 Analysis

The anaysis method decribed in Sectiod.3 formedthe basis of the analysis performed
for this measurement.

The capacitor coupling thERMpulses to the digitizer board input and thew ar d 6 s
termination acted as an RC filtand changed the shapéthe TRMpulses A modified
ISWF_TRM function was neededand is given below The modified function

discriminated waveforms that were too high before thggén (indicéing it was not a
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step increage or where the maximum sample waset close to wherehie trigger
threshold was exceedetlhe T_O pulses were short enough in duration thateffects

from the RC filter were noticeable

bool CSequence::IsWF_TRM( void )
{/lis the waveform a TRM?

for (k=0; k<SETUP - >NumPretriggerSamples|[0] - 10; k++)
{ if  (WFI[b][c][j,k] > 600) return false ; }
if  (VMAX[b][c][j] < 1000 ||
LMAX[b][c][j] < SETUP - >NumPretriggerSamples[0] - 1
LMAX]b][c][j] > SETUP - >NumPretriggerSamples[0] + 20)

return false ;
return  true ;

}

The next step wasotidentify the paramets for pulseshapediscrimination, the
limits in (4.7), (4.8), and(4.9). For this,an*”’Am U swasplaaedin front of the
sample detectorThe limits for (4.7), (4.8), and (4.9) were selected based on results
obtaired from thé*'Am source

The first pulseshge-discriminationcriteria appliedeliminated pulses that were too
narrow or too broad andasdescribed by4.8) and(4.9). Figure5.5 shows the difference
betweenthe time theminimum of the waveformwas recordedp , and the time the
maximumof the waveformwas recordedd . To pass the first discrimination criteria
thelocation of themaximum and minimurnof the waveformwere required to be between
80 and 120 samples apart (~190 ns to ~ 286 ng)aftat isto say thatPLL and NLL
pulses must satisfy

g o o) pC (5.1
and
g o o] pCm (5.2

respectively.
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Figure 5.571 Histogram of the time between the minimum and maximum samples recorded from an
“Am U source.
The seconctriterion is placed on the D@djusted ratio of maximum to minimum
values, or
DO
- = 53
& oop P8 3
where 0 0 wand 0 'O0are the values of the maximum and minimum samples
respectively.® accounts for thé&C-offset and wa computed as the average of the first
20 samples fowaveforms satisfying5.1). For waveformssatisfying(5.2), ® was taken
asthe average of samples 180 to 199 corresponding to the 20 sdogaltex] roughly
after the positive lobef the NLL pulseandroughly 229 ns to 274 ns after the trigger
threshold was exceedefigure5.6 shows the results obtained fréfifAm that was used

to select these limits
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Figure 5.6 Histogram of the DC-adjusted amplitude ratio, (4.7), recorded froman®*’Am U sour ce.

These results do not vary significantly when tF&

The pulseshapediscrimination criteria limits in(5.1), (5.2), and(5.3) were always
selected to be less strict than #Am results would suggest. This was because the
samarium samples were thick enough to significantly degrade the energy of thd emiite
particles. The UUpeaction coald rangesfrore 0 teyeadiion®-m ( n ,
vauesi nce some U particles were compUetely
particles with only a small amount of ergy remaining were smalleand therefore
affected more by noise. The criteria limits were relaxed tonathore of hese pulses to
pass.Some representatiRelL pulses and pulses failing pulskapediscrimination NFG

pulsesor no good pulsgsare shown irFigure5.7.
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Figure 5.71 Representati\e pulsesforPLLc aused by ( n *Sm(top) and coisé causesl i n
by t-fhas h a nup (bottorp)icdleeted during the measurement of*’Sm sample The x-axis is
time relative to the event trigger.

PIPS detectors are constructed with a boron dopanfptbdi c e s a | ow ene.
background which is capable of passing the pulskapediscrimination criteria and
required a second method of discriminatiGhy al ues o feactiohsen**m,, U
199%5m and'°B are 10.127, 9.436 and 2.789 MeV, respectively, morbU events were
easily removed through puleightdiscrimination. Figure 5.8 shows pulse height
spectra from both detectorBL(L andNLL) during the*’Sm run. All of theNLL events
were cased by®B ( n’Li Weactionst h ep a® h or -up so phe llogver limit
discriminator value of 600 was chosen to eliminate the majoritjldf events. The

remainingNLL6 s ¢ o mp r i -depathdemt haekgroundn e
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Figure 5.8 Pulse height pectra of NLL and PLL pulses for the'*’Sm run for all slowing-down times.
SomePLL pulses were able to overange the digitizer producing the peak at @ RDV of 2047. Below
an RDV of 600the NLL pulsescount rate is comparableto the PLL pulse count rate,indicating that a

large portion of PLL pulses are from background events such as theflash, *°B ( n’Li tejctions.

Time spectra from th&’Sm measurement are showrFigure5.9. Noise pickedip
after the signals were combined caused ringing and limited the measurement without
pulse shape discrimination to bel 10 keV. As can be seen iRigure 5.9, the
combination of pulse shape and height discrimination eliminated much aduhés from
theo-p a snhhe highenergyrange and extended the measurement fromusi61 keV)
to ~1us (~100 keV).
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Figure 5.9 Time spectra of counts from the**’Sm measurement. The top plot is the spectra created
by all events with no pulseshapediscrimination, the middle plot is filtered to include only PLL pulses
(passing the pulseshapediscrimination criteria given by in (5.1) and (5.3)), and the bottom plot is

filter ed to only include PLL pulses passing the pulsbeight-discrimination.
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5.5 Results

Figure 5.10 shows the*’Sm(n)'*Nd cross section measured here compared to
ENDF/B-VL.8, ENDF/B-VII.1, JENDL-3.3, JENDIL-4.0 evaluations and the
measurement by Gledeneval [2], dl of which were broadesd by applying(2.16) and
using the method given in Appendi. The evaluations between ENDFXBI.O and
ENDF/B-VII.1 did not changeso only ENDF/BVII.1 is labeled.The nhew measurement
presented hershows the best agreement with the shape of the measorenade by
Gledenowet al [2].

-1
107 14I7Sm(n,al)144Nd (IThis melasuremlent) | ]
® Extrapolated Cheifetz et al. (1962)
Gledenov et al. (broadened)
1024 — JENDL 3.3 ¢ — ENDF/B-VI.8
——— ENDF/B-VII.1 1

{ —— JENDL 4.0

“’Sm(n,a)***Nd Cross Section [barn]

A
l:'\\
NN
|W ‘:§\
D

Energy [eV]

Figure 5.101 Measured**’S m( n*/Nd yross sectior{71] compared to previous measurement§2],

[72] and evaluations[40] broadened byapplying (2.16) and using themethod givenin Appendix A.

Figure5.11 shows the results of tH&°Sm(nl)**®Nd cross sectiogompared to the
broadened evaluations from ENDMBI.1, JENDL-3.3 and JEND4.0. Again, the
evaluation from ENDF/B/11.0 and ENDF/BVII.1 were identical so only ENDFA¥I11.1
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is shown.The measurement here lacks the strugweelicted in both ENDF and JENDL
below 10 eV. Some structurepsesent in the 10 e 1 keV region but not tthe degree

that appears in the evaluations. It seems,ttae to lack of informationthe evaluated

(n,U cross section is a simple scaled dorension of the total cross section. The lack of
structure near th@.0976 and 0.88 eV resonances would suggest that these resonances do
not contribute Wreagtion( fica)nd | y to the (n,

1

10" g—m T T
i —1498m(n a)“eNd (ThIS measurement)
= T ® Extrapolated Okamoto (1970)_
g 192 o ENDF/B-VII.1 Beg et al. |
2, —— JENDL 3.3 (1965)
S JENDL 4.0 Adreev et al.
5 (1965)
o 1073 Cheifetz et al.
0 (1962)
o
@) -4
< 103
Z
©
S 10”3
=t Popov et al. (1980)
W Andzheevski et al. (1980)
3 10° Andzheevski et al. (1988)
I rorre | | I

Energy [eV]

Figure 5.117 Measured'®S m( n**Nd §ross sectioff71] compared toprevious measurement$72],
[73],[74], [75], [76] [77], [78] and evaluations[40] broadened byapplying (2.16) and using the
method given in Appendix A
Results published bndzheevskiet al [77], [78] werethe results ofiltered beam
measurement®uring their second measurement in 1988], a beam monitor based off
of t he Li (n, U)t to manaatize ithe mesulahereasu dusng the
measurement published in 19807] used a curve fit to estimate the fl@onsidering the

spread of autron energies reported in each publicatiBwM of 0.72 keV[77] and
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0.65 keV[78] 1.37 keV and 2.0 keV, respectivilpuch a largerdp over the average

cross section in partially overlapping egye regions is not likely. Evaluatiorjg2] tend

to put more weight tahe results reported if¥8], and data collected during this work

shows better agreement wifi8] then with [77]. In addition, the measurement agrees

with Popovetal [73]r esul t s t hat at an average neutro
section was <6 pbarn.

Large error bars are present in botleasurements abovekeV and in the*’Sm
measirement below 2 eV. The primarygause of the large error bars is from the counting
statistics. Al t hough t he | ar ge error b aesomancena k e i
parameters, the results are useful to compapssstructures and differensdetween
different evaluations.

Zhanget al [79] also performed measurement of i m ( Nt feaction at 4.5,

5.0, 5.5, 6.0, and 6.5 MeV in order to improve the statistical model calaidativanget

al. performed TALYS[80] calculations to fit their experimental results, which can be
used to model down to 1 ke[@0], part oflower energy region from thisworkZ h an g 6 s
TALYS calculaton falls slightly above the data presented here, but still below
Andzheevsket al [77].

To extrapolatehe cross section to values at 0.0253 eAtadfrom 0.09 eV td eV
were ytted t o0Q hsing thegnondinedr, terative Levenbeévigrquardt
methodmentioned Sectiod.3.4and described in Appendi€. 6 anda are constants
and error in theneasuremenwas taken as the each weight of each data.pbimig model
was closen over the characterispgU shaped  10.5) because the losying or bound
level (negative energyjesonances can caudeviations from thej 0 shape.

The results othis extrapolatiorgive & 10.4 £ 0.2 and predicta thermal cross
section of 0.3t 0.3 mbarn for*’Sm. Thethermal cross section predicted here'fdsm
is lower than th®.69+ 0.15 mbarn reported by Cheifetz al [72]. Low count statistics
below 1 eV from**’Sm lead to the large uncertainty in theedicted thermal cross
section In addition, no correction was made for tbes end of the resonance structure
(which has a much shallower slgpbat was made fonearby resonace at 3.397 eV

[40]. To improve the fit,an LSDS resolution broadenecksonance (which can be
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modeled using the BriaVigner singlelevel formula[32] and the broadening method
discussed in Appwlix A) at 3.397 eV can be added to the simplified model

Using the same methodgsults gived  10.684+ 0.001andpredict an 11.5 1.1
mbarn thermal neutron cross sectifom ***Sm. Okamoto[74] reported a 28.% 3.7
thermal crossection, Cheifetzt al [72], Beg and Macfarlang/5], and Andreevand
Sirotkin [76] reported higher values closer to 43 mbafgain, this measurement
predicted a lower thermal crosection than previously measured.

The **’Sm cross section is very low compared to tH8m below 1 eymaking a
199%Sm contamination of th&’Sm sample a concern in this energy range. To eliminate
any crosgsontamination from the two samples different glassware and pipettes were used
and each contained only the oneusion being dposted. The small amount f°Sm in
the enriched™*’Sm sample (0.36%jvould contribute less than 5% dhe measured

17Sm(n1)*“Nd cross section.
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6. MAGNETIC DEFLECTION AND COLLIMATION

The energyeleased during the decay of unstaflelei canbe deposited in the detector
andmimic( n, U) or (amdif@nough enargytsideposied quickly enotigé

detector may becomeapalyzed andnsensitivetod parti cl es andinprotor
order to expand themehod presented herto allow shortlived radiasotopesto be
measuredparticulaly ones t hat a md deBay g methbd ofeliminating b

particles from the ekectorwith minimal effect orp r o t o n Earticeawes developed

This chapter detalthework performed designingraagnetic deflectdcollimator.

6.1 Basic Physics

A charged peicle with charger] and velocityo moving through a magnetic fielof ||
will experiencea force |, given by
1] ne |8 (6.1)

For simplicity, the direction of the magnetic field will define theaxis the source of
chargel particles(i.e. the sampleyvill lie on the xy-planeandbe centered on the origin
and the detector is placed a positivez-location, parallel to and centeredbovethe
source along thez-axis. Thissimplifies(6.1) to

0O 99 WELh (6.2)
where—is the angle between andthe +x-axis. 0, 6, and™O are the magnitudes of
velocity, magnetic field and the centripetal force, respectivalitie absolute value df is
taken to ensurthat™O is not negativeln addition,”O is confined to theyzplanemaking

—a constantThe radius othecircle (or heli® traced out bya chargeal particle is given

by

a VOE+
—_— 8 6.3
= 63
a Lis equal to the particles momentimTherestmassy , of a b particle

keV/d3), making it necessary to use the relativistic form of momenfomall but the

absol ut el y padiglesThe elaivisécfognyof mMomentumis expressed as

n G0 © Y oad w G @ h (6.4)
where"Yis kinetic energyand ®is the speed of lightCombining(6.2), (6.3), and(6.4)

gives the radius of theelix asa function of'Yand—as
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OE+8 (6.5)

Figure6.1i Geometry of 'paetemi et e@hé bdfronsthee-aistatded at an
angle(i from the y-axis in theyzplane causing it to travel along a helix with radiusR.

This is already enough information to pr
particles from the detector withouTablesi gni f
6lshows an example of thandabli paofi®res oam
under the influence of three different magnetic field strengthse mo st ener ge
possibleis deflectedwith a radiusat least80 times smaller thathe radius okither theU
particleor proton Figure 6.2 showssomerepresentative paths that these particles could
follow. Given the already low count rates encougdien this work, it is reasonabléo
assume thdistance between the detector @odrce will be kepassmallas possiblé~1
or 2cm) to keep the solid angle efficiency as high as poss®ler this smalblistance,
heavycharged particlesan be assumed #till travel in straight linesand the remaining
di scussi on widariclebFer cdnsistenciak ahalysiin this section will
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be performed assuming positromse beingdeflected; however, b would behave

i dent i CiltHe magneticdieldvas directed alonthei x-axis.

Table 6.11 Energies of charged particles emitted by and their radii of deflection in different

magnetic fields. All particles are emitted perpendicular to the magnetic field

Particle Energy Radius of Deflection under a Magnetic Fieldmm]
[keV] [ oaT [ o2T | 04T
U 2056[81]" 4144 2072 1036
p 4697[81]° 3136 1568 784
b 295[82]° 20.8 10.4 5.2
696[83]" 36.5 18.2 9.1
! The value was obtained by assuming@e a | u e the (n,U) reaction

kinetic energies of the relsut a n t

181].

2 The value was obtained by assuming@e a | u e

kinetic ener gi pasiclecahd®Sc hueleus. walue aas bbtalled from Wapseaal

[81].

® This is the weighted average of all possible positron emission enf8g]es
* This is the maximum energy of the mosbipably decay scheme emitting a positron. Approximately half

U 7PSe nucléus. Th®-value was obtained from Wapsehal

t he

(n,0)

reaction

of decays will undergo electron capture and the other half will follow a decay path that emits a positron

with an energy up to 696 ke}82]. 0.395% of all*® decays 6llow a decay path in which higher energy
positron may be emitt@1]. This path was ignored due to its low probability.
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Figure 6.21 Traces of the pathdollowed by a3 MeV proton, a5 Me V U gnadtrwa cll éMeV b
particlesin a 0.5T magnetic field directed into the page Energies were selected to be representative
of typical emission energies of isotopesthat mayleen count er ed whil e measuring
cross sections of shottived radioisotopes.One positron is emitted with an initial velocity pointed
along they-axis, theinitial velocities of other three patrticles aredirected along thez-axis, all are
perpendicular to the magnetic field. The particle energies were selected to represdikely energies

that could be encountered during this work.

Figure 6.2 shows that theazimuthal angle of emission becomes partant in
determiningthe apex height('O, or ma x i mu m h eartglé will reach B-rom
geometric consideratiorshown inFigure6.3, theapex heights found to be

OYHo Y Y—p Al % h (6.6)

where %dis theazimuthalangleof emission and immeasured from they-axis.
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Figure 6.31 Possible path traveled by a charged particle emitted witlzimuthal angled. In three
dimensions thecharged particle (red path) would follow a helix around a magnetic field line, either
directly into or out of the page depending on itsnitial direction . The maximum heightis a function

of the G and the radiusR and is a maximum whend = 0 for a givenR.

The detectorcabe pl aced at | arge distances from
particles aredeflected away from the detectdout this also decreases the solid angle
efficiency for c ol | ec tMostmetectdrs shbuldpbe mtleitec | e s
function with a smallincidentb f | ux s oalsolto oiksi nwo ratth t he nu
particles reaching the detector as a functiothefdetector heighabove the samp|é€O .

The fracti on0, ceéching ormeceetingc tae be, calculatediom the
distribuions of Y — and%.by
00 QY Q— Q % "YoTiﬁ (6.7)
h
whereb p ardreiborh m s spread of energies whigenerallycan be closely
approximated84] by
O0°Y 6°Y ¢¥v® ! 0 Y Y &a&h (6.8)
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wherel is theQ-value for the decay anil is used tanormalize the area undér Y to
unity. The factor of T O E- is insertedto ensureproper normalization over all
solid anglesvhen emission is isotropic
The limits of integrationn (6.7) are selected to include glbssiblekinetic energies
and emi ssi on an gl sdosreathlautpasgha begtd of the geteatot, i c | e
i.e.
© 08 (6.9)
b  pcescannot be born with more kinetic energy thla@Q-value for the decay, which
sets the first limit of integratioas
Y 08 (6.10)
By solving (6.6) for “"YwhenO 'O, and—and %care selected to maximiZ® (i.e.
“j ¢and%. 1), the minimum emission energlyat can satisfy6.9) is

— v ¥ j
OoOnow - -
2 & & 4@ &8 (6.11)

The limits of—must be chosen such that the vsdof the helixraced outby ® par ti cl e

“y

with kinetic energy'Yis at leastO | ¢. Solving (6.6) for these conditionsvhen %o Tt

yields
v AGERS (612
and by symmetry
oy v AGERNOg (613

%0 is found to ke

% YA— AAT’—%‘Y—HY h (6.14)
by solving (6.6) for %owhen© "O. All smaller%é s i n'@ makiagsthee lasimit of
integration

% Y— T8 (6.15)
%o is not simply the reflection o%e  about 0 as— was of— about“j ¢
because all particles born with®  %. 1 beginby moving into the sampléacking
and are stopped before turning back up towards the detdegure 6.4 shows

representative plots ¢6.7).
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Figure 6.47 Plots of(6.7).The detector is assumed infinitely 1larg

protons reaching the detector is 0.5. This assumption will be changed in the next section.

The magnetic field can be increaseddeflectb  p a rawaydrbne the detector
faster but at somgpoint, technological limits are reached and the magrfetld reaches a
maximumachievablevalue. sing strong rare earth magseind geometriesimilar to
those used in the samariuneasurement (source and detector diametetiseoarder ofl
cm), magnetic fields of ~0.5 Tor slightly greater) @ be achievedinstead, other

methods can bemployedio reduce) further,including the use of a collimator

6.2 Collimation

Without a collimator%. was limited to O because all particles with 1 would have
immediatelyenter the sample backing abhdenstoppedbefore reaching the detectak
collimator wall @n be added teliminates o m garticlesemittedwith %o 1T because

these initial trajectories send b particl es

146



heights. Even i f telimenattdbgctihen cof | bmaaot ic

partides that ae removedare tlose thatwould have reached the greatest apex hekgirt

now,i t wi | | be assumed that b particles ente
The simplesgeometry taanalyze isa verticalwall, located ato Y andflush with

the sample and detectéior symmetryand to ensure the source and detector have a finite

widths, it will be assumed thahere isa second collimator wall ab Y .Y will be

referred to as the collimators halidth. Figure 6.5 shows this geometry and its effects

on the upper and lower limits a nd how t he laationic beeotnes i ni t i

important. Following this example, the collimator walls locateduat Y and at Y

will be referredto as rightand left collimatomwalls, respectively.

Detector

Hy>

azimuthal angle of emission that causs the chargd particle to impact the collimator and detector

simultaneously(blue trace),trace out a path where the collimator surface is a tanger{red trace), or
0 (green trace)if the particle is born too far from the collimator to impact the colimator. (i iS

either the angle that caussthe charged particle to apex at the dector surface (plum trace), orthe
angle which causes the charged particle to reach the corner between the detector and collimator

(lime trace).
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Three possible situations give rigethelimitations on%. , resulting in three limits
shown inFigure6.5. First, ®me combinatiosof Y —andw (i.e.’Y Y ®) makeit
i mpossible for the brigptadlimatocwak and% istheé er ac't
same as the uncollimatesketup (green path frorRigure 6.5). Secondly,b particles
emitted with small deflection radwill typically need to extend far in they+direction
before gaining enough heigttd reach the detector. The small#sis determined by the
path that has the surface of the right collimator wall as a tangleistlimiting factor is
al so true for b lagedeflectionl ragisbutexceetirgly dosesmod then
right collimator.b particles along these paths skim
not enter it (shown as the red pathFigure6.5). Finally, b p amittedwihl laege
radii (relative toO ) but far from the right collimator wall are ableto reach the detector
without having to first change direction of motiatongthe y-direction. The minimum
possible value of% c a us e s t he b particle t o reach

simultaneously (blue path FFigure6.5). For compactnesshe definition

k'Y o (6.16)
is made, anthe lower limitof %cbecomes
) mth Y o oo
:f,, AG Y. 3 ﬁ . v 0o =
Uy E I'Y “ C 3
% Y .. 3 0 AW o 3 . (617
[AAl O— AO Aé h Y
’v CY (G
Uy “ -
N — 3 T
v G
where
3h Y O
o 0 3 . .
ap k _ E o 'Y8 (6.18)
¢O

%0 is limited by two mechanisms. As with the uncollimated sefuparticles
must still be born with a small enougito allow theb particle to each the detector
which can begiven by equating(6.6) to 'O, and is shown by thplum path fromFigure
6.5. Additionally, the particle musreach thedetector before th&eft collimator wall at

(@) Y. This upper limit on%cc auses b part iecdetecwmr andolefti nt er
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collimator simultaneously and shown as the lime path Figure6.5. The uppe limit of

%ocan bedefinedas

. QY o ) 0 9
- AAI —GY— h Y g
[0) VA N
%o Y+ A . o) 6 1 - 0 ‘Yh (6.19)
o cY Aé ¢O
where
1k Y w38 (6.20)

Thelimits onthe”Yand—mustalso be modifiedit is easiesto derive the limitations
on“Yand—by looking at the limits ofY. The maximum radius is not limited by geometry
since paths described by straight liné (H) can avoid the collimators indefinitely
with the corret selection of emission angles. Instead, is limited by the maximum
energy b particles can possess, and is giyvV

Y Y Y ﬁc— 8 (6.22)
“Y  remains limited solg by theQ-value for the decay ar(@.10) holds true.

The minimum radius is limited by three situationsvhenab parti cl e i s
sufficiently far fromthe rightcollimatorwall for %oto be equaltod i ke any b part
the uncollimated geometrihe radius of the path must be at Ié@sit ¢. This particle will
not interact with either collimator wall but will follow a path that has the detector surface
as a tangentAlternatively, if the collimato walls are far part butt he b parti cl
emitted close to the right collimator welheb par ti cl e «c ahasloththé ow a
right collimator wall and detector surface as tangents. Finally, when the collimator is
narrow compared t o patide ndebe abbettoointeratt with dgpdiht | t h
collimator walls, causing the limiting path to have the right collimatall as a tangent
and intersect the detector surface and left collimator wall simultaneously.
Mathematically, these limits cdewritten as
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“Y is found in an identical manner asthe analysis of the uncollimated system

but can be left in terms of |, resulting in

Y Y 6w a4 o a4 o8 (6.23)
(6.23) reduces td6.11) when3 "Oj ¢. (6.5) can be used to equate the limiting radius
from (6.22) to thelimiting —for a given"Y and is

. . N.06
— Yo AO Erlhl-'v 8 (6.24)
The maximumallowedvalueof —remains the reflection e~ about”j ¢.
With the introduction ofb it becomesecessary tanodify (6.7) to
OE+
00 Quw QY Q— Q% wo "Y78 (6.25)
Owis the function descri bi n dutddanhe samge b par

surface eg. for a point sourc&) w | w, for a uniform rectangular source w

cY and for a uniform circular sourde Y ®“Y where'Y is eithe
t he sampl e 6-width Ehetivainew linits oftindegrdition must also be defined.
Theleft most position a fsomheikftcolimaterwallan be

that is

() Y (6.26)
since this example assumed the source extends to both collimator walls and no further.
Determining the r i glbctanbeecmited foomandtstill ;each the b p &
collimator is more complicatelblecausehreedifferent situationsmustbe examinedThe
first condition is simply that the b part:.
source or collimator wall. Thewd remaining conditions can both be determined by
setting %o % andsolving for®w when”Y 0 and— *“j¢. Emission avalues

of %f rom t his | ocati on witherbeddeflected directlytintoeghe b p ar
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right collimaor wall while large%wo ul d | eave the b particle
detector height or colliding with the left collimator before reaching the dete¥dtonf

these pathbave the right collimator wallsaa tangent. Mathematically,

'Y h o Y
w Y 'Y ¢Y O Ohoa Y ¢y h (6.27)
) @ Y Y
where
°_ tY h Y Y
ag, Y TR (6.29)
[O) ¢cY Y
and®is one of the solutions to
A 3 S K I I
AGBT— AAI—éC,Yi AOCAL 8 (6.29)

Analytical solutions tdhis quartic equationan be writtenbut writing out theatherlong
result does noadd anything to this discussioso it will not be given With this result
(6.25) is fully defined.
Evaluations of(6.25) are shown irFigure6.6 forad 1 MeV andd 0.5 Tfor
various collimator widths as a function of detector height above the saffy@eddition
of collimator wall s can be seen to decr ec:
detector and the improvement is more drastic at emadillimator wall separations.€.
at small values of'Y ). Before the addition of collimator walls, the dette was assumed
infinitely | ar g e, which meant t hat the solid ang
particles wag“ . Since in this exaple, the detector had a finite width (but still infinite
length)curves were added showing how solid angle efficiency decreasSéddasreased
or 'O increasedSection6.4 is discuss howlanting the collimator wadl (so that the
detectoris wider than the samplecan increase the solid angle while only slightly

decreasing the fraction of b particles def
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Figure 6.6 1 Plots of (6.25). The detector is assumethfinitely long in the x-direction. The magnetic
fieldandQ-v al ue for b decay were held corsantegaions at 0. 5 T
andlor U p a r ard remowed due tathe decrease irsolid angle efficiency of the detetor, but are
still assumed to be unaffected by the magnetic field.
Eli minating a gr eat edesirablg utctheicalimatoo ias & p ar |
second, more important effe@ettingO greater than the maximum apex hejgot
doesnot aid in el isminmatiand M panrttiiclles have
away from the dector at that point. HowevemndreasingO above’O  doesdecrease
the solid angle efficiency fesLookindimackato! | ec't
(6.6), the maximumiOwill occur when'Y 0, — “j¢, and% %o which, in turn,
occurs whemw 'Y . Plugging these values in(6.6) and(6.17) yields
cY h cYy Y
¢ Y Y ¢Y h'y QY

As long as the collimator width is less than the greatestiradi a b particl e ¢

O

8 (6.30)

the b particles cannot reach as high in a
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The infinitely long geometry analyzed shows thablimator can be used t@duce
the fraction of b part itil and marecimportantip, go a de
reduce the maximurapex heightHowever, onstructing such a systeis not feasible
because no limits were placed on the sample, collimatatetector in the-dimension.
Adding collimator walls ato 'Y furtherreducedd "O because particles must then
reach the detector before impagteither of these wallsvhich,depending on th® and
'Y, can furtherlimit the range—may take. These additional collimator wadliso give
i mportana@ar t dnitd Mepesiidn w, and add aextra variable to integrate
over just aghe first two collimator walls addetthe dependence ot . Moving to more
complex geometriege.g. cylindrical or parallelogram collimatorsgjuickly makes the
already complexintegrals almost unmanageable and it becomes much easier to analyze
collimator designs using a Monte Carlo procésdMonte Carlo program (catl PTIM)
was written for this workand is described in Appendi®0. A simple experiment was
performed to verify that the PTIM code could accurately predict the effect of a magnetic
field on b particle detection.

6.3 Experimental Verification

Experiments with magnets andmai x efil solide were performea tverify that the
theaetical model(PTIM code)could be used t@ccuratelydescribe a physicaltsiation
Themi x e Hsoudce nade 6f°Th (O 4.77 Me\) and?®*TI (O 764 ke\) was

used to simulate a (n, U) -emiting sadioistomecThe on me
center of the sourceontained al0 mm diameter deposition 6f°Th used to simulate
( n redctionsand the®Tl was deposited in a ring extending from the edge of fidn
area toan outer diameter of 20 mmMm h e t o t adtiviti€swere? thCifnd100uCi,
respectively.

A Canberra PIPS detector (Model # PD 4508100 AM) with 100 um depletion
thickness was used to meastiie Ua nd b  @nargytspectriared counting rate
simultaneouslyCounts were recorded for 1 hr for 4 differsstups.

Threerunswer e per f or med wNaodymitnironvBordngNdbe3) 10 t a
magnets. The magnet thickness was varied to generate diffieagmietic fieldstrengths

between thesample and detector. An additionain was performed with no magnets
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Table 6.2 contains the magnet thicknesses used in eagcland the measured magnetic

field at a position directly between centers of the two magRetseach of the three runs

performed with magnets, two identical magnets vpdaeed in éholderseparated bg4.5

mm and orientedso that they attracted each oth&ne magnetic field produced byish

geometry was roughly parabolic along three axes, dropped twlf its center value at

the upper, lower, front, and back edgasthe magnetics, and increased to roughly twice

its center value at the surface of the magnélbe measured magnetic field profile is

shown inFigure6.7.

Table 6.27 Parameters for dfferent magnetic deflector runs.Two 10 wi de

by

10

given thickness were separated by 14.5 mm and produced a magndiatd in the center plane

between the two magnets equal to the giverenter magnetic field strength.

Magnet Thickness [in] Center Magnetic Field Strength[T]
0 0
1/4 0.23
1/2 0.35
1 0.48
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Figure6.7TMeasured magnetic field profiles f

Deflector Volume Center [in]

To minimizethe introduction of geometridifferencesbetweerruns, the source was

fixed to the bottom of the magnet holddiQ) mm below the bottom edge of the magnets.

Two 2.35 mm thick Teflorsheetavere also fixed to the magnet holder. One Teflon sheet

had a 13 mm diameter hole and was affixeth&surface of tk source such that the hole

in the sheet & s

concentric avdiat H ralkéi &@nsofir té@e

visible. The second Teflon sheet had a 6.6 mm diameter hole and was plattedtop

surface of the magnets andncentric with the hole of the first Teflon sheet. These two

or

b

Teflon heets ensured that the detector area visible to the source remained at the same

relative position fromone run to the nextThe relatively narrow holeg the Teflon

sheetscompared todistance between the sheetsnimized the effect othe varying

magnett field in thex- andy- directions A single Teflon sheet was abledtop all of the

b particles emitted from the sampl e.
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The entire geometry describea this sectionwas placed in a vacuurhamber,
which wasevacuatedising a rough pump. Thexperimental setup ishown inFigure
6.8.

/6 1

Detector

Magnet

T

.urce

VY 4

Figure6.8T Nd FeB magnets (106 x 16 x 10) in a vacuum cha

particles.
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MCA spectra weragakenfor the four runsand are shown ifrigure 6.9 and Figure

6.10. Figure69s hows t he ener gy areynaffectedbythearfagndiic p ar t i

fedexcept for a small shi ft tTbecdrrespondingg h t

spectra, shown ifigure6.10, could not baneasured down tohannel number O due to

noise, and a lower limit discriminator removed data below about channgber 60.

Table63cont ains the area under the U and
100 ] ! ] ! ]
Magnet Thickness
O 1]
SO —T 3 | y
i 05" |
g e — U J i
—
£ No Source [
2 40 ]
-
(@)
@)
20 - -
O T T T T '
800 850 900 950 1000

Channel Number

Figure 6.91 Experimental U p ar t i c. Data waspcellectedvizhout a source for 15 minutes;the

results are scaled up by a factor of four.
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>
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100 ' ! ! I
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Figure 6.101 Experimental b particle spectraafter recording for one hour. Background
measurements for each geometry are not shown but never constitute a significant contribution to the
count rate. Data was collected without a source for 15 minuteshe results are scaled up by &ctor

of four.

Table63iArea under thi@mondhoarnd b peaks

Center Magnetic Field Counts 1in Counts in
Strength [T] (Channel 900 to 1000) (Channel 60to 125)
0 2576 33100
0.23 2421 13866
0.35 2533 5429
0.48 2777 3625
Since the detector i' S not thick enough

i mportant to determine the endpoint energ

energy scalefFigure6.11 shows MCNP snulations of the distribution of energy deposit
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in the 100 um thick active thickness of the detebfomonoenergetic electronBhe peak

near the full energy of thel ect rons i ndicates that i f a 7
the detectaqrit is likely that it could deposit its full energy and the endpoirtheb p e a k

from Figure 6.10 doescorrespond to 764 ke\Linearly extrapolating on a log scale

shows that channel 125 is roughly where all four experisnendss they-axis. The

energy calibratiorwas performed knowing that channels 125 and 920 corresponded to

the maximumb paenieclgg and t h eespéctiyelgwhich meansthe ner gy
lower limit discriminator was set to roughl¢¥60 keV. Above thelower limit

discriminator, noise did not significantly contribute to the signal.

1.0 —
— T =300 keV
_ — T =400 keV
— T=500 keV
. —— T=600keV]
— T =700 keV
” — T =800 keV
S 05- ) i
@)
0.0- . L-[

0 200 400 600 800
Distribution of Energy Deposited in Detector [keV]

Figure 6.117 Distributions of the energy deposited in 100 um of silicon from several monoenergetic

electrons as calculatedyy MCNP.

Finally, to show that the PTIM program is capable of reproducing these results,
simulations were performed matching the experimental geometry. The magnetic field

profile was simplified to aonstant along thg- andy-directionsand aparabolic shpe
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along thez-axis The magnetic field had eentervalue given by Table 6.2 and and
dropped tdhalf its maximumvalueat theupper and loweedges of the magnetsas given

by the equation

. o .

0 adix 0O P C (‘); h (6.31)
whered is thecentermagnetic field strengtly  is theheightof the magnets, and
ais thez-distances from wher@ was measuredsimulatedpulse height spectrare
shown inFigure6.12.

100 - - T - T - T : ]
] —B=0T ]
——B=0.23T |
B=035T 1
——B=048T 7
)
I< 10 -|.
S ~ -
@) ] ) ] ]
@) i
i L I
1 T H T T T T T
0 200 400 600 800

b Particle Energy [keV]

Figure 6.127 Simulatedb p ar t i cdnergy speotrareaahiag the detector.

Figure 6.13 shows exprimental deflection results compared to simulation results.
Experimental U ¢ o werd sormalized to the average of the four runs while
experi ment al a nsaveres normalized to éhe nuimbercob coumisen no
magnets were preser@imulations 6the magnetic deflector show reasonable agreement

with experiments. Error was most likely introduced into the simulation with the
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approximation of the parabolic magnetic field profile beyond the space directly between

the magnetsthe assumed perfect atigent of the holes in the Teflon sheaisd the
assumption that b particles wi.Skctiodéedosi t a
will show how the magnetic field behaves slightly beyond rttagnets (in the Teflon

sheets). Slight misalignment of holestire Teflon sheetsither couldcause additional

collimation or reduced collimatioo f b pdaerpteincdiensy on t he aver a
particles near the upper Teflon sheet, which can be affected by the magnetic field
strength and idection. Lastly, MCNP results from the energy deposited in the detector

could be used to improve the MCA spectra from PT8mulations using the PTIM

program given in AppendidOs houl d be satisfactory to de
particles ca be deflected given a specific geometryaddition, the program can be used

to determine theminimum detector height above the sample needed to defedb

particles from the detectaompletely
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Figure 6.13i Nor mal i zed U and b counts from the experi ment
and simulations. U particle counts were normalized

of the U particle means no mdphpctountratdshoaldtbedndtapfc t i on wa
particle counts were normalized such that the setup with no magnets was normalized to unityhe
error bars the normalized b counts from experi men:

6.4 Magnetic Deflector/Collimator Design

In designing a magnetic deflector/collimator system, there are several parameters to
select and optimize. Additionally, the purpose of the magnetic deflector/collimator is to
extend the range of measurable isotopes to-$hortv enditters, vhich meanghateven

the sample should ndtave any a priori definitioii.e. shape, siz&Q-value, or energy
spread). This is enough flexibility to make amgngral optimization impossible so this
section will discuss eneral design considerations in tbentext ofan example a “%v
sample prepared for the measurement of @, p)*°Ti cross section. It will be assumed

that
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1. a 2x10° Bq*® sample is uniformly deposited in a 1 Tarea,
2. exactly half of the decays follow the
energy of~700 keV[83] while the other half undergo electron capture
resulting in no emission of charged particles,
3. (6.8) describeghe energy spectrum of the emitted positrons exactly,
4. the detector is only sensitivepor ot ons and -faysparticl es,
5. the total detector area is limited to 4 Trat most by either
technological or budgetary consideratioasad half of this total aea
mustbe used for the compensating side,
6. a minimum magnetic field strength &5 T magnetic field is present
and the field is uniform throughout the deflector volumjng the
700 Kk e Vesta mpxanurh radius 6f7.3 mm
7. the protons remain unaffext by the magnetic field,
8. anyparticle entering the collimatds instantlystopped
9. ab p a meadhing tlee detectadeposits all of its energy in the
detector and
10.t h e detector and el ectronics recover
interactions in ~400 nand the signals produced by

particles are indistinguishable by pulse shape discrimination.

6.4.1 Optimization

Designing the deflector/collimator will require optimization of sevegalometric
parameterdy the correct selection afertaingeometricparametersFigures-of-
merit, FOM, could includegeometricefficiency for collection of protongraction
of b p a rdefleatedawvay from the detectpand energy depaton rate from

t he b mpoedeflecied. Mesetermarecalculatedas

i Tﬂh (6.32
0 O h (6.33

T P
and

163



O

iogh (6.34)

respectivelyEngineering and construction difficulties will also be congdehowever it
is difficult to construct a meaningful RDso no formal definitiorwill be given

T is the geometric efficiency for collection diie emitted protons and can be
calculatedasthe solid angle m, subtended by the detectdx large] keeps thegroton
collection efficiency high andlows for shorter experiment times, lmwer masssamples
with lower activities The calculation ofisdiscussed in Appendik.

T is the fraction opositrors deflecedfrom the detectorSmall changes irhis FoM
becomeimportant whert he r at e of Dtheplaectorisdolw erugh thad ¢ h i n ¢
individual b 6 and may appeareas mrotonsete DAQAsystem Larger
reductiondn] becomenecessary wheb p a rappeas dseise in the signandcan
causesignals from protonso fail pulse shape discriminatioRor minor design changes,

T can be used tooughly estimatethe improxement of the mdification, but larger
changes in  mayalsobe indicative of a change the energy spectrumf b parti cl
reaching the detectowhich can affedt .

T s theratio of O, the energy deposited by a single protonakd by pulse length
(~10 keV/nsin this examplg to O, the energy deposinthe on r a
detector If this ratiois near unityand he number of b detactotis cl es
smal | , it is stati s tclextaihtdract wphahe slatebtor quicklyor s o
enough to mimic a single protorlowever, ifO is large andheb par ti cl e i nt e
rate is high, a steady current may be drawn through the detector @dricresult ina
worstcase scenario @omplete étector insensitivity to protons.

Table 6.4 contains a list of problems that caxtcur under certain conditions.
Numerical values areom given to the ranges of the M3 because they are dependent on
several other factors, includig b u't not ' i mited to sampl e &
energy spectrum di p ag reaching tke detector, detector recguane, electronics,

di scriminator | evel, detectcor response to
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Table 6.41 Problemsthat may be encountered atlifferent values of themagnetic

deflector/collimator FOMs.

Additional Consideration

Effect

Longer counting timewill be
needed

Counting time is meh larget
than sample halife

Sample may decay away befc
measurement is finished
Multiple samples will be
needed.

Counting time is loger than

Multiple attempts will be

Low available machine time needed to collect the desired
statistcs.
Very Highgne.rg.yb partil_ndi.v_i dual b
High low discriminator level discrimination and be counted
as a proton.
A large background rate will
Low need to be subtracted from th
low proton counting rate.
Modest energMultiple b pa
low discriminator level, verya single proton
relaxed pulse shape criterig
Modest energMultiple b pa
low trigger threshold, strict trigger thresholdbut shouldbe
Modest pulse shape criteria e!imi_na.tedl:?y pulsg shape
discriminationand increase
system dead time
Low ener gy b [Theb particle signals on top o
modest trigger threshold, the proton signal may distort t
very strict pulse shape proton signal enough to fail
criteria pulse shpe discrimination
b p a rwillicredteaa ©C
current from the detector.
High current through the [The bias across the detector \
Very detector be_\ o_Iecreased to below the
high minimum requ_lred voltage anc
the detector will become
Very unresposive to protons.
Low Low current through the  [The biasvoltage power supply

High

detector

will supply the additional
current needed to maintain th
required bias voltage. The
\voltage across the detector m
still decrease, and increase to
the desired leveds the sample
decays.
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Eliminating unnecessary degrees of freedom early in the design process is always
useful To that extentit is eadly shown thatthe optimalradii of the collimator near the
surface of the samplé/ , and detectoryY , areequal to theadi of the sample,

'Y , anddetector,Y , respectivelyAs an examplekigure6.14 shows some evaluatiasof
T and] for constanty Y 5.64 mmandO 5 mmwhile Y and’Y

areindividually varied

1.00 : . : . : . : 0.15
e,
Rzpper > Rd
Rupper —

0.951 R = 4 mmF0.10
o o
0.90{ _~%, RIPP=R™"" 10.05

—a— R™" =4 mm —v— RP*=6mm
e Rgpper: 5 mm e R;‘pper =7 mm|
_ A Rupper - R Rupper - mm
0.85 SRR C R E8mMM
4 5 6 7 8
R [mm]

Figure 6.141 Plots of ( (curves)and { (points) for different R.°**"and R."""*' when Ry = Ry = 5.64
mm and Hyg = 5mm. Data points for (§ were calculated using the PTIM program.Absolute errors on

all ¢ points are not shown but are lesghan 0.02 The points in green circles represent collimators

with vertical walls (i.e. R;°"®" = R“PP®),
The elatively steep slogeof] and] when'Y or'Y isless than 5.6nm is

due to the source or detector being directly covered by the collirdditove this domain,
T is constant and continues to decrease slowlytilithe collimator is too large to see
b particles that woul d h a Vable @5t chngainsthe s e

combined FOM 7 |7 showing that the greatest value occurs whén Y and

Y 'Y . Although this is just one example, it is easy to reason thatetistis true
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regardless of otliegeometric conditionsAt this point the definitionsY k 'Y and

Y k 'Y will be made and there will be diorther mention ofY or'Y .

Table 651 FOM (4, for the different geometriesplotted in Figure 6.14.
Upper collimator radius (4 & =% mm]
4 5 dm 564 6 7 8

Lower 4 0.043971 0.043589 0.07207|0.072003 0.071974 0.071917
Collimator 5 0.061286 0.060447 0.103085 0.10294|0.102827 0.102804
Radius d, 5.640.072013 0.070769 0.122972 0.122812 0.122696 0.122639
(=| 1°om 6 0.071968 0.070709 0.122817 0.122729 0.122641] 0.122645
[mm] 7 0.071939 0.070637 0.122684 0.122658 0.122641] 0.122675
8 0.071888 0.070652 0.122666 0.122613 0.122612 0.122586

Section6.2 showed how adding a collimator comprised of two pelravalls could
help eliminate positrons that would have reached the detector in the absences of any
collimation and Figure 6.14 assumed a circular detector, sample, and collimdtoese
are not the only two geometries and it ti@es necessary to define wiggbmetries will
be consideredAs a first step, it would seem natural to limit this discussion to the more
common detector shapes and their close geometeatives

In general, acircular geometryhas threeindependent vartdes source radius,
detector radius, and detector heighbve the samplé&/,Y , andO, respectivelySince
the source ared) , is assumed to be 1 émY is fixed at 5.66 mm. The assumed
maximumdetector area) , was set to 2 cingiving'Y a maximum value 07.98 mm.
At times during the dpmization, it will make sense to talk about the slant of the

collimator wallratherthan the detectaradius, whichwill be defined as

A XY
I AOA—ITS

[ is not an indeperaht variablesince it can be expressed in terms of the of geometric

(6.35)

parametersOval and ellipsoidal geometries will not be analyzed because they are very
uncommon shapes for detectors.

A rectangular geometry has more parameters that can be,\soigdeand detector
half-widths in both thex- andy-directions and theetector height above the sourtde

additional subscripts aband wwill be added tdY and‘Y to specify the hatfvidth in
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the x- or y-direction, respectively. In additionhé collimator walls do not need to be
parallel or perpendicular to the magnetic fielthis analysis will assumthat one set of

collimator wallstraces outhelinesw Y on thesample surface, andahthe other

setof wallls traces out the lines ®OET Y ,wherg i s the col.Farmat or €
geometries with 1, the sample and detector are adyuphrallelogramsAgain, 0

must still equal 1 cfy but since this is only one constraiivt will typically be treated as

the independent variable ard can be defined in terms af and'Y . A similar

statement aa be made for the detectdfor therectangulargeometry] will define the
slant of the collimator walls parallel (@t least not perpendicu)aio they-axis andi

will define the slant of the collimator walls paralleltaxis, i.e.

oY Y
i AOA—IT h (6.36)
and
P 4 Y
1 AOArI—,,O 8 (6.37)

Although parallelogram detectors axemmon a restangular detector may easily be

seated into the parallelogram geometry with minilos$of active arealepending orY

and’Y , and will be discussedrigure 6.15 shows the parallelogram geomgtivith the

adjustable parameters labelethble 6.6 shows the effects of different setup geometries.

Squars andparallelogramsre special case$ the rectangulageometry
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d)

Figure 6.157 Images of he parallelogram geometry showing the parameters that can be varied.
Image a) is an isometric view, b) is a side view, c) is the front view, and d) is a bottom view of just the
sample. Images a) b) and c) are dramwith no skew( U for clarjty, image d) shows sample with a
skew of 20°.0One magiet and a collimator wall were movedin the isometric view (a) and removed in
the front view (b), and a collimator wall was removed in the side view (b) to gain a better view inside
the coll. The green components are thdetector. Bue componentsrepresent thesample backing, with

the light blue being the area the sample is limited to. Magnets are drawn in grey and the dark grey

and white components are the collimator walls

169



Table 6.67 U{ and [ for different geometries. The Geometry column gives the shape of the sample

and detector.o and U were set to zero for each simulation

Geometry | 1™ RECRECRED ) "y !
[mm] | [mm] | [mm] | [mm] | [mm] | [rad] [%] [%]
Circle 5 5.64 5.64 N/A | 93.423B 13.161
Circle 4 5.64 5.64 N/A | 90.1981 16.185
Circle 6 5.64 5.64 N/A | 95.7513 10.851
Circle 5 5.64 5 N/A | 94.405 10.909
Circle 5 5.64 6 N/A | 92.886 14.406
Circle 5 5 5 N/A | 94.9826 12.491
Square S S S 5 5 0 93.688 11.465
Rectangle 5 2 125 | 2 125] 0 95.574 9.457
Rectangle 5 125 2 125 2 0 95.4712 9.457
Parallelogram| 5 5 5 5 5 “Jo | 93.8474 11.182
Parallelogram| 5 5 5 5 5 “Jo | 94.2066 10.677
When?Yy Y 'Y , the circular gemetry is able todeflected and eliminata

greater

fracti on

of

t he

emi tted

b particle

by noting thatY for the circular geometry is always less than or equaY towhich

means that the aveyae

di stance

bet ween

t he

coll i mato

location isless in the circular geometry than the rectangular geonmtryaverage

Reviewing the results from Secti@n2,

are born with a%o

%0 and %o

b

i S

p a i inpact the llinatar linless they

greater

f or

b particl e:

collimator wall. This effect can be reproduced in part by skewing the left collimator walls

in the rectangular geometry. With skewed waligarticles initially enitted in the+x-

directionwould see an effectiv& smaller than the actuat , which increase%o

On t he

i sotropi c,

ot

her

f ewer

hand,

increase in'Y and a corresponding decrease %n

b

p aix-directoh see an efféctivé al | y

, however, sine emission is

bthe praaller¥d s | easn darteheb @r s hwiut

increasé . Figure6.16 shows simulations run to verifiis effect.
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Figure 6.161 Plots of { and { for different Uas a function ofR, for a A;= Ay = 1 cn.
At small and large values of , opposite collimator walls are so close together that
b rptai cl es arendt | i kieglone silemfthe collimagol or theaotherb e f o r
and theeffectof| on] is small For more intermediate values ¥f |, the majorit)

particles are born far enough from any collimator walt thaa

significantly

change

b
and

effects

R-losition cal e 0 s

from t he

Although a clear trend is presanf

, the improvemenbasedsolelyon changes in

IS marginal however, twoother effects work tdhe skewedcollimator design First,

Figure 6.16 shows thaf

is a maximum when

1. Secondly,it will be discussed

later, but the skewedollimator walls are the permanent magnets used to create the

magnetic field andomplications ase intrying to constructa strong uniform magnetic

field if these magnets are skew@&hth of these problemsanbe overcome, however, at

this point it is easiegevenif not necessarilyes) to set|

Although not strictly necessary, the high energ o f

TL

the b particl ec

activity of this sample in this example indicates that iprigbablynecessary to ensure
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t hat al | of the b particles are defl ectec
necessary in the general case, itwould sbeenst t o try to el i minat
the detector.The exception to this would be when tRevalue is very low and the

detector can function under small but constant current flowing through the detector, or
when the activity is very low and the alhconstant background can be easily subtracted

out from the measurement.

Prior to nowj was used in this discussion to remove any effects of changing the
detector height. This has been fine up until now because the discussion was limited to
eliminating unnecessary degrees of freedom that would have been shown to hold true
regardless of when they were introduckdt sincéO is now defined such that all of the
b particles are def | e dsequal toaunitgAt thi$ poiotmist he de
prudent to introducéOd t he maxi mum apex Qakulagomiof of ar
‘O  for both circular and rectangular geometries as a function ahd/ is somewhat
lengthy, but can be found in Appendi®. To ensur e t hat every b p
away from the detectof® must be set 'O . For the remainder of this discussjon
O ©

Figure 6.17 shows evaluations ofO  as a function of'Y andr; O IS
independent of . At large values ofY b particles mé&y mbe e mi

allowing them to reach an apex heightcdf , where’Y k 'Y OH j ¢ . A smaller'Y

willremoveb par ti cl e%0d se msintatisdnde mmirhtintnevalue dbo(defined
as %o in AppendixF) anddecreaséO ; the point wheréso  begins to increase

from 0 is dependent gnand0 .
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Figure 6.177 Plots of Hhxf 0or a 7 00 lkaeafunétionmiiry, evaluatédor different values
of 2.

Although it was necessary to determii@® , it was only so that could be

calculated correctlyfFigure6.18 shows the BM | as a function ofY ,[, and] . At a
small'Y ,T asymptotes to a value corresponding to a line source and a detector of
width ¢'O O A[T , while a at larger'Y , the asymptotic value corresponds to a line

source ana detectoof width of O O Ajl .
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Figure 6.1871 Plots ofL"Jl for a detector placed atH.xfor 7 0 0 k e V  das pfanctioni ofR}, e

evaluated at different values ob and ti. A;was held constant at 1 cfbut Ay was allowed to vary
beyond the assumed maximum of 2 ¢
As can be seen iRigure 6.18, larger values of or] result in larger solid angle

efficienci es whil e maintaining c¢omWiheonlethisdef | ec
information, it would seem desirable teet’Y mandl to a large value nedrj ¢,
however physically this is not possibl&éhe main reasof increaseswhen| is
increasd is simply that the detector gets larg@he detectoarea 0 , can begivenin
termsof the source geometry, and anglesnd] as

6 tYy 1Y ©O OAT Y O OA1 8 (6.39)
If eitherf or] were set equal tbj ¢, the detector would have an infinite area, which is
not physically possible. Sintedoes not appear in the derivation©f , butaffects ,
and when constant magnetic field is assurhedan be chosen to maximize . This

provides the last constraint needed to specify the circular geometry.
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To fully specify therectangular geometry¥ and/ can the chosen by seledithe
values that maximize . As can be seen iRigure 6.19,7 is maximized at roughly

Y 5mm,J “j¢ 1givinga] “] ¢ Uor this example.

0.06 e —

0.04

0.02 -

0.00 ———rr ———— ——
0.1 1 10 100

R, [mm]
Figure 6.191 u1 as a functiono and Rs,. The detector area was held constant at 2 @The non
symmetry is caused by the smaller values ¢f4 allowed at smallRsyand smallo.
Thusfar, no mentiorsof s ¢ a t t panictes,ele€trons ejectettom the collimator
wallsas a result of b parti cinaesial, orehargng afthe i n g
residual gas in the deflector volurhave been madd&hese will be discussed shortly, in

addition toan examination atheassumption of a constant magnetic field.

6.4.2 Magnets and Nonruniform Magnetic Field Effects

Ideally, the strongest magnetic field possible is best. This statement is made knowing that
there are technological and physical limitations to achievable magnetic field strengths. It

would seem logical to use supenducting electromagnets due to their prevalence in the

175



super colliderd85] and given the fact that their sole purpose in super colliders is to
deflect charged particles. These superconducting electromagnets require exkbamely
temperatures to operate and typically use liquid helium as coolant because it boils around
4 K. Size restrictions imposed by the LSDS and a desire to keep to total amount of non
lead mass as low as possible to preserve the-d@imeegy relationship mea that the
normally required thermal insulation most likely cannot be used. Even if the magnetics
could be sufficiently cooled without insulation, moisture from the air would condense on
the magnets in the form of ice (adding hydrogen into the DSB&in all likelihood
damagedhe detector.

Since superconducting electromagnets cannot be used, it is reasonable to consider
nonsuperconducting electromagnets. Helmholtz coils (a pair of inductor coils with the
same number of turns and current aligned akivegsame axis) are typically used when
uniform magnetic fields are needed. The magnetic field at theplaie,6 i , can fe

calculated from

. . cow 1AT S .
0 i —0 0 (OF
T Q - (6.39)
&) c i CRIAT ©

where’ is the permeability of fregpace, Qs the current flowing through each cail,is
the number of windings comprising each cadilis the radius of the coils, arffdis the
distance between the two coils. To achieve the most uniform edtipuld be set equal
to ¢j ¢. Looking at typical electromagnets (Helmholtz coils included), copper wire is
normally used due to its abundance in industry and favorable thermal and electrical
properties. To reach a magnetic field strength of 0.5 Helanholtz coil ofcd 25 mm
and'Q ¢ ¢, constructed from 18auge magnet wire (1.02362 mm diameter, and a
recommended maximum current B8 ampswhenisolated from other wiref36]), and
operated ab ampswould require 2780 windings around each cBiéch coil woulchave
across sectional area of over 45%amd likely still melt due to ohmic heating and the
close packing of the wiredloving to a simple solenoid does not significantly improve
this situation and it seems likely that electromagnets must be abandoned.

NdFeB are very strong permanent rare earth magnets. Experiments with a number of

these magnets have shown that pl acing two
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can produce magnetic fields 0.5 T or greater at the center point between the two magnets.

Reducing the spacing to ~1 mm can increase the magnetic field to 1 T. These fields are

strong enough to produce the desired defl e
Unfortunately, permanent magnets in this configuration do not proawergform

magnetic field. The magnetield from apoint dipole can be calculated

| » —— cotr» O (6.40)

"I
where is the dipole moment vectomis the vector pointing from the dipole point to

the point wherghe magnetic field is being measuréds the magnitude o#; and »is

the unit vector pointing in the same direction»ad-or a distributed source of dipoles
(eg.apermanentnagnet)J can be taken as the dipole density, and the magnetiafield
ofuftn can be approximated by integrating over the volume of the magnet. Evaluating
the integral would show that the magnetic field along the central axisd«f ) is
roughly parabolic in the region between the magnets and drops to about hif of i
maximum value at the edge of the magnet.

To help flatten the magnetic field prof
extend beyond the source and detector. In addition, strong magnets can be placed on top
and on bottom of the main magnet; the dffgould be to strengthen the magnetic field
near the edgslightly without significantly affecting the magnetic field strength near the

center. Two examples of these effects are also showigume6.20.
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Figure 6.207 Magnetic field profile in the x-direction along the central axis of the deflectof{x = 0,y =
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0) calculated by integrating (6.40). The magnets are 2.5 cm thick in the direction of magnetizatn,

centered aboutz= 0, and spaced 1 cm apart. The black curve was evaluated for grade 42 NdFeB

magnets (M = 1036kA/m assumed) with a width and height of 25 mm. The red curve was also

evaluated for grade 42 NdFeB magnets, but the magnets were 50 mm iidth and height. The blue
line was found by adding 12.5 mm tall grade 52 NdFeB magnetsi& 1160kA/m assumed) above and

A uniform magnetidield, such as the one used to perform the theoretical analysis in
Sections6.1and6.2, is easy to analyze but difficult to construct. As long as the deviation
from a flat profile is small, most of the analysis performed in this chapter can still be

assumed true. Howevepurposely creating a neimiform field can be beneficial. If the

below 25mm tall grade 42 NdFeB magnets.

magnetic field near the detector were significantly increased above the field in the rest of

t he defl ector vol ume

faster rate.The only negative effect this could have is if the increased magnetic field

, the b particles

wo u

started to or more significantly affected the detector response to protons. Conversely, if
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the magnetic field near the detector were significantly weakened (like the black turve i
Figure 6.20) , b t hat
would then be allowed to reach the detector. When attempting to flatten the magnetic

particles woul d have been
field, error on the side of a stronger magnetic field near the detector is desirable. A
different effect occurs when the magnetic field near the sample surface significantly
deviates from the average magnetic field, but the results are the same. Continuing the
design process, it will be assumed that grade 42 NdFeB magnets will be placed between
thesample and detector and stronger grade 52 NdFeB magnets will be placed above and
below the grade 42 NdFeB magndigjure6.21 shows the magnetic field profiles along

central axis for different distances between the magnet assesmbl

1.0 - ! - . - |!
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>
T 9 X
= &N
0. 8 - 2 % p,
/‘, "ﬂ-
— 1 ~\\ 1
||: / \\
o 06- — b
(D) ~“-
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— » 25 mm Detector  Field Direction >eL,
-.Q_)' O 4 n / ~ -“~ =
%) / 7.5 mm| Grade 52 Magnet i Grade 52 Magnet -*~
S . - Separation
2 15 mm| Grade 42 Magnet -— | Grade 42 Magnet p
. 7.Tn Grade 52 Magnet | /| Grade 52 Magnet — 10 mm
- - 2smm /] Magnet — 15 mmA
Sample Separation 20 mm
0.0 I T T . ;
-2 0 ) 10 15 20

Height Above Sample [mm]

Figure 6.211 Magnetic field profiles for the final magnet assembly setup plotted for different magnet

separations. The magnets must be at least as far apart as detector and sample are wide.

The reasn for analyzing the magnetic field strength is to ensure the 0.5 T magnetic

field is indeed possible arfeigure6.21 indicates that it is. For both geometried( or
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¢’Y is the limiting distance between magnets which is ~15 mm, which creates a fairly
uniform field of almost 0.6 T except near the source and detector surface where the
magnetic field drops to about 0.55 T. This is close enough testhereed 0.5 T magnetic
field is present with a small margin of error. As a rough approximationefteetive
uniform magnetic field generated this magnet geoméiry, , in Tesla can be given by

6 4 ppo mxwiih (6.41)
where'Yis the minimum distance between the magnets in mm.

Applying (6.41) to the collimator design considerations shows that a maximum value
of7 can be found for the cylindrical geetny, as shown ifrigure6.22. Above the'Y
corresponding to the maximuym, the magnets must be placed too far apart to allow for
a strong enough magnetic field to be created in the deflector volume. As a result, the
detector must be placed far from the sample thasuffers. A peak value occurs near a
detector radius of 7.8 mm, giving a detector area close enough to assumed maximum of

200 mnf that the optimal design is constructed with  7.98mm.
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Figure 6.22i ( as a function ofRy for a circular collimator with three different source radii plotted
over the domain ofRy ORs. The limits on Aq were ignored in this plot. For the majority of the curve
defined by Rs = 1 mm, Hpa was within 10% 2Rq, and, for the other two remaining curves,Hpma = 2Rq
over the entire plotted range. The red curve is the only one applicable to the exampt®wever the
other curves show the effect of varying the sample radius.
Applying this same idea to the rectangular geometry is more complicated because
two degrees of freedom remained but can be approached in a different way. Assuming

that the'O C¢'Y (which would be the case except ®osmall’Y or large’Y ) the

effects off and’Y can be separated. Increasingncreases the detector area without
affectingO , and therefore will only increaSe.[ can be selected to give the detector its
maximum allowed area. Changes ¥ will change the detector area too but also

magnetic field strength, and in turM, andO . An optimal value ofY and’Y can be

found simultaneously as shownHigure6.23.
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Unlike the circular geometry, inclusion 6.41) changes the results for the

rectangular geometry drasticalfyigure6.23 shows tlat geometries with largéyY and/
perform better, whileY has an optimal value depending ®n andr . It is likely that
the sample cannot be deposited in too narrow of a line,Yandhould be selected to
make sample preparation easy. Atilogp sample dimensions of 15 mm x 6.67 mvh (

7.5 mm andY  3.33 mm) seems reasonable and leaveg jastd] (or'’Y and’Y )

unspecified.
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coO )~ 0000000000
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Figure 6.231 LJ{ as a furction of Ry, and 2. The limits of A were ignored in this plot.

Figure6.23 showed thaty , and therefore, had an optimal value which depended
on( , and the larger values pfproduce larger values for up to“j ¢. As| departs
from 0O, the maximum value &f begins to level off while the detector area increases
without bounds. I n addition, y-dincensloryandt a u s e s

large values of correspond to long and very narrowtectors. Much like the sample,
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long narrow detectors are difficult to construct and must be avoided. Selegting a

“] 1 TCreates a geometry with an optirhal 13°,'Y 5.77 mm,Y 8.334,0
192.3mn, and  8.5%.

6.4.3 Scater ed b &hd $putiered Eéestrons

b particles were assumed to be instantly
entirely true.l n r eal i t y , Il sldw dpwa rquicklgwhiée sscatiering in the

collimator wall Whi | e s c aparticlesrwill ntrgnsfer imbse of their original

energy to electrons in the collimator wall. Some of these electrons may be given enough
energy todeposit energy in (and possiblyee) electrons from the collimator wall.

Although these ejected electrons hawech lower energiecs han t he or, gi nal
enoughelectrons may be ejemtby a single b part.iTchlee bt o &
particles may interaawith the collimator in two locations, as shownHigure6.24, and

each location presentdéferent problem.

Location 2

Location 1

Figure 6.241 Diagram of the twolocations that scattering may produce a problem in the deflector.
The original b particle follows the teringeventpaat h, a b
l ocation 1 on the right collimator wall may foll o
particle does not scatter at location 1, it may reach locatio® where alow energy electron may be
sputteredfrom the collimator wallwhilet he b particle sl owssputewedn i n t he
electron may follow the green path.
b particles i mpact i ragfrom the detedtogamd at glaading i ma t
angles. Figure 6.25 shows results from MCNP simatlons of five different
monoenergetielectronsources incidermn a Teflon (CE) wall atan angle 00.58 from

thew a | dudase.The peak from 0 - 25 keV are primarilysputteredelectrons ejected
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from the material. These electrons are such low entiaytheir radius of deflection is

much smaller thathatoft he or i gi nal b particle and cann
0-6 ! ] ! ] ! ] ! ] !
B — T =200 keV
—— T =400 keV
— T =600 keV
] —— T =800 keV
0.4+ —— T =1000 keV"

0.2 1 —[
L

0.0 - ; : |
0 200 400 600 800 1000

Energy [keV]

Figure 6.257 MCNP simulations of monoenergetic electrons incident on a Teflon wall &.58°.

Electrons per Source Electron

Ejected electrons includesource electrons that scatteout of the material, and electrons from the
bukmat erial that gai n s senmsgy Alfpointsthaverslative eroms ofkedse ct r on 6
than 2.5%.
The simulatedelectrons are incident on the collimator wall at such a glancing angle
thattheseelectronsand the camndergo a small angle scattering event near the surface of
the collimatorandescape the collimator with very little energydoproducing the peak
near the el ect r. ghisépsak ®nds © ideceedse as rineidegt yenergy
increases because scattering events become more forward peaked at high energies.
No matter howlittle t he b parti cl e @y scatiersg gvegnt wille c r e a
reduce t lisenefgyEpcaarntiindlneg t h e puaitidefardsagsumingia c hi n g

undergesthe most minute scattering event possible at location t he b parti cl
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still have less energy than making its radius of deflection less tH¥n , and itwould
no longerreach'©O . Scattering events from the right collimatwall cannot deposit
energy in the detectas longasO O

At location2, b particles can interact with thelimator is at the left collimator wall
near the detector. The incideamgleis much steeper thaat the first impact location
which decreases the likelihood ofeej ect i ng t he ,asrshogniirkigute b par
6.26. Unlike the impact location 1, location 2 may be close to the detector and the large
number of low energy electrons can reach the detegithough the total energy is
reemitted from the collimator is | ow per ¢

the total energy deposition rate can still cause problems.

1: T T T T T T T T
] ——qq=1deg
—— g =30deg

0.1 —— =60 deg
] —— g =90deg

0.01 5

Electrons per Source Electron

1E-3 4 !

1E-4 - . - . - T - .
0 150 300 450 600
Energy [keV]

Figure 6.267 MCNP simulations of the energy spectra of electrons emitted whefd0 keV

monoenergetic electrons are incident on a Teflon plate as a function of energy.

Further increasingO to reduce the number of sputtered electrons reaching the

detector is possiblés possibé, however, i f the detfector 6s
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decreases and the deflector system suflestead,removingthe left collimator wall
caugsimpact location 20 move dowrto thesample Since this collimator wall does not
have an effect ofD , the rest of the collimator design may remain unchangbis.
cannot be done with the right collimator wall becatlepresence of the collimator wall
is what removes the b particles.
A secondnecessarc hange addr esses fhe gda collimatoises t h
(magnets)near the detectof6.41) gives the effective uniform magnetic field and was
derived by extrapolating the minimum magnetic field strength for the gepsteiwn in
Figure6.21. The minimum field strength always occurs in the center plane between the
two magnet assemblies, whereas near the magnets, the field strength can be up to twice as

high. Increasing the magnetic field that much has a

6.4.4 Charge Build-up and Fill Gas in the Deflector Volume

Charge buildup can occur on the collimator walls if they are not electrically grounded, or
if they are electrically insulating. Although thigll not stop the higbe ner gy b part |
from impacting the collimator walls, it may cause pesb$ with lowenergy sputtered
electrons. These electrons may slowly migrate towards the detector and contribute to the
signal noise. In addition, any gas present in the deflector volume will act similarly to a fill
gas in an ion chamber. The electron/ioairp generated in this manner may also
contribute to signal noise as the sputtered electrons can. It is not likely that either of these
effects can cause the sewggr obl ems t hat b particles <can
detector signal can still make a measurement impossible, so these problems should be
addressed.

The electrons and ions produced from both of these effects can be drawn away from
the detector by placgha small bias on the collimator walls and sample. The electric field
can be simple and go from one collimator wall to an opposite one (@gpm@ither
polarity to one wall and grounding the other), or designed more intelligently knowing that
the sputter lectrons are generated near the detector and at the collimator wall, and most
of the gas ionization occurs near the sample. Applying a positive voltage on the
collimator walls greater than that on the surface of the detector will make the sputtered

electrans tend to move back to the collimator wall and avoid the detector. A negative
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voltage can be applied the sample backing to ensure tblgictron/ion pairs generated in
and/ornear the sample will be drawn towards the collimator and sample backingtand no
the detector. Small voltages should be used because under such low pressure, gas
multiplication can be achieved with much lower voltages than normal.

Lastly, if this method is found insufficient to mitigate the negative effects on the
detector signal, # hi n al umi ni zed Myl ar sheet can be
vol ume. This wild/l decrease the energy of t
energy electrons and ions will not be able to pass through and the detector should only

seeth@r ot ons and U particles.

6.4.5 Final Designand Considerations

Taking inventory of what has been discussed so far, the circular geometry had only four
parameters to defineY(, 'Y , 'O, andr ) and only three of these were independent. The
assumptin of sample area of 1 éndefined’Y  5.542 mm. O was later selected as

'O , which is a function ofY , 'Y, and[, which also forced to unity,] to be
undefined, and left as the only FoM worth analyzingh& assumption of a uniform 0.5

T magnetic field was replaced with a constant magnetic field defind@.41). Figure

6.22 shows that evaluated as a function of reached a maximum of 6.1% very
nearY  7.879 mm, the radius corresponding to assumed maximum detector area. The

final design parameters for the circular deflector collimator are givéabie6.7.

Table 6.7 1 Optimal parameters for the circular magnetic deflector/collimator.

Parameter Optimal/Required Value and Considerations Eczrlrllzle
. 0 |Selected to give the necessary sample thick 100 mnf
Sample Size — —
Y oj" 5.64 nm
. o) Selected to maximiZe 200 mnf
Detector Size [— —
Y o " 7.98mm
Detector Heightt "O O 13.63mm
.Y Y
Slant [ r AO A—lT 9.0°
Proton Collectiot : Largest possible valuealculated from the 6.1%
Efficiency previous geometric values '
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The rectangular geometry had more adjustable parameters than the circular geometry
(Y ,Y,Y ,Y ,0,|,I,and] ) and requird six constraints to fullydefine the
collimator.Again, & was assumed to be 1 gmvhich allowsY to be defined in terms
of 'Y ,and’Y and’Y were specified to create a sampl&row in they-direction to
help maximize the magneticefd, while still being easily produceWith an engineering
argument, was chosen to equal O even if it did ma&cessarilyproduce the optimal

results.’O was still selected to be equal® .Y andY were selected tmaximize

T while maintaining a detector area less than the assumed maximum value 0f?200 cm
Table 6.8 contairs a summary of theoptimal geometric parameters and the values

selected for the exampémalyzed in this section.

Table 6.8 7 Optimal parameters for the rectangular magnetic deflector/collimator.

Parameter Optimal/Required Value and Considerations Ei(/zmzle
0 |Selectedo give thenecessargamplethicknesy 100 mnft
. Y o 1Y 3.33mm
Sample Size i
- Selectedo make sample preparation easy w
Y AR . L 7.5mm
maintaining a narrow sample in tkalirection
8 As large as possible’Y 'Y 1923 mn?’
v Selected to make detector construction easl 5 77mm
Detector Size maximizg , Y , '
v Selected to make detector construction easy 8.33
maximizg , Y >omm
Detector Heightt "O O 10.6mm
Skew | Selected to simplifgonstruction 0
r Small but positiveO A —— 4.5°
Large enough to increase but not too large t
Slant drastically reduceh ic field
g rastica yrAe 'uAc e magnetic field, 12.95°
OA+——
Proton Collectior : Largest possible value, calculated from th 8.5%
Efficiency previous geometric values '

The solid angle efficiency for tharcular and rectangulageometries aré.1% and

8.9%, respectivelyshowing that eitheregpmetry will work butthe rectangular geometry
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offers a slight improvement for this exampldis analysis would have to be reproduced

if either the sourcer the maximundetector area were significantly changed.
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7. EXPANSION OF THESE METHODS AND CONCLUSIONS

Nucleosynthesis and stellar models still suffer from a lack of experimental data to
constrain theoretical reafetye dnalysisoof theUveapans | e u s
stockpile and reactors rely heavily on cross secgwaluations which are based on
expeimental measurementsThe method presented here can be usedcdlbect
information on a wide variety of s ot opes and f or (n, 0) and
improve both theoretical understanding of nuclear processes, and sadétygisaand
design calculadbns which cannot currently be used to accurately predict cross section
below level densities of 510 MeV %,

Only two restrictions are placed on possible samples and reactions. Samptede
thin enough to allow the charged particle to escape to leetddi because these are the
telltale signs that the evehasoccurred. In addition, the reaction being measured must
have a positiv€)-value.Reactionsmap e measured bel ow threshol
particle or proton must tunnel through the coulomb barrier to escapeothpound
nucleus) but if insufficient energy is available for the charged particle to leave the
nucleus, the probality that the reactin can occur is zero. The ngn flux in the LSDS
(< 1 MeV) ensures that the incident neutron will not provide enough enexgetcome
negativeQ-valuee.Amagneti c defl ector/ collimator can
emitted by the sample froentaing the detectoallowing even shotlived isotopes to be
measured. Shaofived positron emitters are of particular importancestellar models,
particularly duringp-process calculations.

Use of he LSDSallows energy dependent measurements to be nededn 0.1 eV
and 100 keV, which significantly overlaps the energy range of interest to nucleosynthesis
models Accurate measurements of cross sections in the pb to mb range can be made in a
matter of hours, evenlven samples are only as largeaas f e w; givengy the same fast
neutron sourceloF techniques would require days or weeks to obtain the same statistical
accuracy.The LSDS does fall short of ToF techniques with its achievable energy
resolution, being about ~30% at bdst many cases, ToF teclyoies are not an option
due to the prohibitivelyow neutron flux

Several detector concepts were analylmrduse in the LSDSGEM detectors may

work for (n,U) cross section measurements
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guality control and operated at lower internal gains, dué to the long track lengths of
protons in gas, this detector is not an option fgn)(measurements. The conversion gap
would also have to be shortened to increase the deiectos peed and r-ecover
flash. Other gavased ion chambers do not possess the necessaryosisegubl strength
to measure as hor t SDT 06 s néulran grergies)®iamoddedetéctors have
excellent speed and sigrtatnoise ratios but suffer from activation problems. The
electrical contacts on the diamond detectors should be replaced with a carbon based
contact to eliminate the amount of materialttban activate. Solar cells were investigated
as a novel detector tymndit was found that they mighie able to function when the
requiredmeasurement time isveryshasnd t he U par tHowdves, heener gy
low quality control during manufacturing of these devices may produce adequate devices
to generate small amounts of panw butthis amountis far from what is needed to
produce stable charged particle detextand even farther from being able to be used as a
compensated detectoRPIPS detectors were used to make measurements of the
S m (N and**°S m( 1*Nd eaction cross sections. Producing a PIPS detector
that can be used in the aptarallel conpensating circuit instead of theansforme basel
compensating circuit would help reduce noise on the signal and additional shielding on
the preamiifier should make measurements above incident neutron energies of 10 keV
easier with less pulse shape fitg). The PIPS detectors still succumb to radiation
damage and moving to a more rad hard material like SiC may improve their useful life.

A DAQ system developed in support of thisork allowed simultaneous
measurement of the sample and tidependent backgund using just one signal. There
is little need to improve this system other than to improve the filtering criteria.

The measurements of tH&'S m( A*Nt aind**°S m( n*NW jeaction show that
measurements of neutrimduced chargegarticleout readbns are feasible in the LSDS
and can be done very rapidly. In addition, the measured cross section of the
1995 m (- *NW jeaction shows disagreement with evaluations, showing that there is
room for improvement in both ENDF and JENDL evaluatiolased onthe
measurement of th&"’S m( r*Nt yeaction, which used <10 mg &fSm (3x16°
atoms) and measured a cross section averaging ~1 mbadnhiours, a FOM of ~10

atoms-barn-hr can be used as a minimum levidasibility for a measurement.
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APPENDICES

A. Cross Section Broadening

Broadening ofa cross section by the energy dependent LSDS resolution fungtion
(given in (2.14)) cannot normally be solved analytically and must bevakiated
numerically.Starting with an evaluatioor highresolution measurement, , apoint

wise curve fit function,, , can becreated by linear interpolatiopetween the points

given by, . From this,(2.15) can becast into the form
, O L %00 , O Q08 (A.1)
(0]

where%. OHO is defined by(2.16) and isthe flux of neutrons with energ® when the
average neutron energy@ Thelimits of integration in(A.1) are chosen to b® and

‘O to eliminatethe need to perfan the integration over energies far from the mean
neutron energy, i.e. where there arery few neutrons.The trapezoidal integration
method was used to evaludi.1). Figure A.1 is a screen shot of thidathcad Prime

worksheet used to evalud16).

201



A:=10" range:=3 ppd:=100 nd:=8§ sd:=—2

A:=0.0835 B:=0.128 C:=3.05-10""

B, 11
T E.\/AJFEJrC \fE —("7)2
¢ E[),E 2= ‘e 2 StDev (Ey)

2-1/2 In(2) (-5 StDev (Ey)-\/2 7

G-Ff (E,) = lintcrp (O—fﬂtci‘(‘.d(U) ) o-fétte-rcd(l) ,E!)

StDev (E) =

a ppd - nd

for k€ 0..ppd-nd
k

Ek_H10 =

E]:— sum «—0

+ sd

E,; < max (Ek_ —range+StDev (Ek) > [})

forie —A+1.. A
E!ow ‘*Ehi
E;; — max (Ek +1+ A-range-StDev (E;) s O)
if EEO‘UJ:)&O
H T—¢ (E,i_ rEEmu) * 0t (Eiow) + ¢ (Ek_;Em) Tt (En)

E hi— E Low
.S’UJ?’."I,!h — S’UJRR "

sum

k
sum ———
E
;‘.
-

[E su:rn]

Figure A.17 Mathcad program used to broaden cross sections.

Since broadening should preserve the area umdesonancéand therefore the total
area under theross sectiorior any reactioh a sample resonance was broadened. The
Briet-Wigner singlelevel formula [32] was usedo define the shape of the resonagnce
that is

O ©O .
. o h (A.2)

o 3 0O
b "3 0O !
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where thecross section at ener@yis given by, O, theresonance is centered ab@ut

3 is the totaline width, 3 is the radiative line widthand, is the value of the total cross
section at the resonance enei@y As an examplethe 6.67 eV?**U resonancdwith
O 208.49eV,3 73.6meV,3 23.7 meV and, 21600[87]) was broadened

Between 0.01 eV and 1 MeV, the total area under the unbroadened and broadened
resonance ig.1 x 10° barneV.
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B. DAQ Programs

Three prograns werewritten to control thdDAQ systemand analyze datd SDS DAQ,
Conveter, and Data ReduceiThese programs aréoo large to include herein their
entirety and much of the Converter program has already been given in Chapités
appendix primarily discuses the LSDS DAQ programthe programthat controls
communication with DAQ boards and saves

Although previously stattk code segments and variables used in any of the DAQ
programs will be set in font typ€ourier New . Many variablenames are used in
multiple classesbut each class will have a different instance of each variable written in
all lower case letters. Names of pointers in all capital letters will signify that they point to
the same location in memory, and will always have the same value.

Indices b, c, j , andk will always represerihe index of a boardnput channel(1 or
2), waveform, and sample, respectivdly addition, the indermwill be usedas the index
for arrays contaimg compressed datandi will denote a specific location in tHauffer
thatstores sequences before they are written to the hard disk

Each board only contained two inptitannels. ldwever, the AS Bus could hesed
to combineany numberof the boardsin the DAQ cratento a single boar@s far aghe
software was corened This feature was not used for this wobut the software was
programedo allow for a maximum of four boardand boards were allowed ¢ontain
up to fourchannelseach.Since only 4 bits are needed to specify the channel and board
given the mentined restrictionsthe 8bit unsigned char ID was createdo specify
a board and channelith a single variableThe four least significant bits (LSB) were
usedto specify the channel and board ahé three most significant bits (MSB)ere
used a flags tepecify certain things about the sequerncdy one flag was used to signal
which bias voltage polarity the diamond detector was receivihg faurth MSB was set
to 1 so that the ASClrepresentation of each channel when all flag bits were 0

N AR N AN AN AN A= A=Y A~ AL LN AN AaN AL, N AL N A

ANO, andfiOo. The valuesisedfor ID are given inTableB.1.
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Table B.11 List of meaning of each hit inID .

Bit Value Use
0x80 Mod1 Polarity of the
(MSB) diamond detector
0x40 Mod?2 Not used
0x20 Mod3 Not used
0x10 1 N/A
0x08 MSB of board number Board
0x04 LSB of board number
0x02 MSB of channel number| Channel number ot
0x01 LSB of channel number board

The LSDS DAQ pogram controlled the DAQ boards, collected the raw data,
compressed the datand savethe compressedrawddtao t he c o mp uTheer 6 s
programconsistsof severalmain classes, which are listed iFable B.2. Several other

minor classes were used, but are of small importance and will not be mentioned.

Table B.2171 List the major classes in the LSDS program.

Class Purpose
MainwW Main control windowuser interface
CSetup Contains all of the basic setup conditions
ClLog Keeps a log of what is happening and saves it to the
disk
CTally Tallies preliminaryresults
CDAQ Communicate with the DAQ boagrdollect raw dat from
the DAQ boardsind send results to the buffer
CBuffer Memory bufferin RAM where sequences are saved
before being written to the hard disk
CDSThread Write information from the buffer to the hard disk

MainW created the main control window, whicllowed the user to input the
parameters needed to be selected for the measuréviantV also commanded the other
classes and threads when to start performing their t&sfsre B.1 shows the main

control window.
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B LSDS DAQ System

Fle Run  Settings Mode  Info

Charnnel Settings Flat Channel Sequences wiitten to this fils: 72 / 10800 Buffer Level: 0%
Channel 1 2 3 4 T B Channel 1 2 3 4 Number of Files in Analyzer Que: 0 t aximum Board Temperature: 31 F
Boxd 0 @Em@E@E  Eoard D fm(m)(mm 3/26/2011 4:21:37 PM | Could net connect to first NHE HVPS

Boardl mEmE EE N EBoad] M E E N /2642017 £:21:37 PM | Could not connect to second NHQ HYPS

Board? mmEEE N Board? mm mm 32642011 4:22:08 PM | Acguisition starting

Bosrd3 (mmm m m|m Boxrd3 m/m/mm 32642011 422:09 PM | File "3-26-2011 4_22_09 PM_tet" created

Bearn Conditions Scale
Fep. Rate | 120 Hz

Analysiz Mode Grouping
O ®102 O3 361l Point
Display mode

Flot

[0 ]
Dreatination
Saveto: |C:A\Beast Dumpsh
[ Start ] [ Update Graph ] [ Clear Sequence ] I Clear Taly ] Enter Motes Here, Press Tab to save [ Update Log HCIEarHistoly I

Figure B.17 Screen shot of thd. SDS DAQ main command window.The DAQ program was written

to allow for up to 4 boards, and 4 channels per
open a windawv to control the parameters that can be changed independently on each input channel,
e.g. full scal e and oopeh awitdow tdBcantrdl thenparanmeters that damban 7 B 0

changed independently on each board but not on each input channelgenumber of samples per

waveform and number of waveforms per sequenc& ut t ons in column ATO contr

parameters and for each boarde.g. trigger threshold.

It is prudent togive the definition of the class that contains most of the
information needed to describe the run parameters before going any furtieeDAQ
board needs a large number of parametedetzribe asequencde.g. total number of
samples, number of samples taken before the trigger threshold is exceeded, trigger
threshold, trgger slope, &) and more to describe the remaining experimental s&tugp
class called CStup (given below) stores all of the information about the run
parametersParameters that are not storedaasay s (eg. Mode) describe the beam
conditions or proggm statusMany of the operating parameters are defined in one
dimensionalarray s (eg. NumWFPerSe(; these parameters can be different on
different boards but must be the same on all channels on a single board. Some parameters
are stored as twdimensionaarray s (eg. Coupling ) andmay be different on each

channel.
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ref class CSetup

{
public

CSetup( void ); ~CSetup( void );
void UpdateOutputFileName(
void UpdateDAQParameters( void );
void );

void PackSetup(FileStream ~fs);

bool UnPackSetup(FileStream ~fs);

void DefaultSetup(

array <bool >
array  <unsigned
array <char
array <long >
array <long >
>
>

\Y

array <long
array <long
array <double >
array <char >

array <bool ,2>
array <bool ,2>
array <char ,2>
array <long ,2>
array <double ,2>
array  <Stringh,2>
array  <Stringh,2>
array <ViSession>

unsigned char
unsigned char
bool

char

char

short
long

long

long

long

long
String
String
String
DateTime

array <AgReadParameters*>

private

unsigned char b, c;
unsigned char NumChannelsOn;

I3

"BoardInUse;

char >*NumChannelsEnabled;

ANumChannelsOnBoard;
ASamplingRate;
"NumWFPerSeq;
ANumPretriggerSamples;
ANumSamplesPerWF;
TriggerLevel;

ATrigger;

“ChannelExists;
“ChannelEnabled;
AScale;
ACoupling;
NOffset;

Detector;
ASamplelD;
~BoardIDs;

NumBoards;
NumBoardsInUse;
IsRunning;

AnalysisMode;

Mode;

Time;
NumSegPerFile;
Temperature;
NumFilesWritten;
NumSeqWritten;
NumSeqgPerSecond;
FileDestination;
FileName;
"FileNamelLong;
now;
"DAQParameters;
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/IConstructor/Destructor
void ); //Updates FileName and
/IU pdates DAQParamters
/I | oad def ault settings
/IWrite the header to the file
[lget setup from file header

FileNameLong

/I atleast one ch enabled
/lon each board

/lon each board

Il [ HzZ]

/I waveforsm per sequence

/I # ofsamp 6s before tri g

/Itotal number of samples

Iltrigger threshold level
/ILSBtoM SB [0O] [1]
//Slope + -
/[Channel Chi
1 Ch2
I Ext

/I ch is avai lable
/I ch will collect

/I full scale

/I3 :DC 500hm, 4 : AC 500hm
V]

/IDetector name

//[Sample  name

/Iboard ID's (only used by

/I Acqiris functions)

I/l # of boards to computer
11# of active boards

/I true when program is

/I gearing up, or down from

/I or currently taking data
/I realtime method of

/I analyzing the data

/I Bit [0] [1]
//0x01 Location RPI LANL
//0x02  Mode SDT MCA
//0x40 Diamond No Yes
/ltime  output  was open [s]
/# of seqper outputfile

/I hottest board temp [C]
II#  of files writen

/I to output file

/lbeam repe tition rate[Hz]
/Ipath of output files

/Iname of output fi le

/[file path and file name

/ldate/  time , for file name
/Ineed to uploaded to DAQ

/Iboard and channel index
/It of channels enabled



The Mode variable in this program stores the location (either RPI or LANL) as its
LSB, whether the experiment is supposed to measure SDT or pulse height as its second
LSB, ard if diamond mode (bias voltage switching) is enabled as its third LSB. The
remaining bits can be used to specify what experiment is being performed. For this work
the5 MSB were set to 0, and MCA mode will not be discussed since this work focused
on meastements of counts as a function of SDT.

The CDAQxlass controls all ofhe communications with DAQ boards and contains
the DSThread . DSThread is the thread responsible for downloadingad&bm the
DAQ boards and beginnindpe acquisition of the nexsequace A flow diagram of the
DAGThread (shown inFigureB.2) is presentednstead of the code segment, because
DAQrhread is quite long and uses severatqiris functions making it difficult to

understand withountroducing most bthe discusson from [70].

Allocate memory for Start DAQThread
some basic variables

Collect new board
temperatures

Stop data collection on
KILL . all boards, set data

thféaséaif;s 4>STOPPED stream thread to _
START STOPPED", and wait
10 ms

Reset buffer, send settings to
Wait until a DAQ boards, allocate memory to _
sequence has required variables, run through a Has 5 ”?'““teﬁ
been collected few sequences to synchronize No ~ passed since the
board temperatures

system with T_0 and TRM pulses,
and set DAQ thread state to
"RUNNING"

were taken?

v

Transfer data Begin acquiring Transfer data

[y [y [

from boards next sequence to buffer

Stop acquisition on all boards, and close
B .
communication to all DAQ boards End DAQThread

Figure B.27 DAQThread flow diagram.

As discussed in Sectigh2.2 the data transfer time consteg a large portion of the
system dead time and 200 us per board of the measured data transfer time cannot be
accounted for by the discussion giia [70]. This additional dead time was attributed to
the time it takes a board trearm forthe next sequencand any additionaltsps that
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delayed the program from starting the acquisition ofmiéset sequencélo minimize the
dead time, th&AQThread saved the raw data after the next sequence acquisition was
started. Since writingot the hard drive can be time consuming (relative to writing to
RAM), DAQThread was only required tdransferthe rawdata to a buffer in RAM
instead of straight to the hard drivighis memory buffewas part of th&€€Buffer class

The buffer consisted of &array sWFE TSLo, TSHi, ID, andFull . Each of these
arrays had enough memory to hold one miduteorth of data, asalculatedby the
number of neutron pulses per minul&Fwas the largestrray , a 2dimensional
array nested inside three-dimensionalar ray s, and contained the values of the
recorded sample§SLo andTSHi are three nesteddimensionalarray s and contain
the 32 LSB and 32 MSB, respectively, of thel@dtimestampID is also three nested 1
dimensionahbrray s, andcontainghe board/charel numbers and flags for each channel
data was recorded on for a sequeedl. is a 1 dimensionarray of Boolean values,
where a value ofrue in locationi means that buffer location contains a sequence
t hat hasnot been wrwhiletfdsa reans thdreeisohdataind di s k
buffer locationi or it has already been written to the hard disk.

In addition to the bufferCBuffer contained several functions and other variables
needed totransfer raw data fron€CDAQor to CDSThread, compress thegaw data,
perform preliminary analysis, and communicate with t@&ally class . The

CBuffer definition is given below.
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ref class CBuffer

{

public :
CBuffer(CLog ~Log, CSetup "Setup, CTally ~Tally);
~CBuffer( void );

void Reset( void ); /Isets the si ze of the arrays

void getNewSeq( void ); /I get a new sequence to display

void BufferWaveforms( array <array <short *>">" dataArray, array <array
<array < long >">">"TOFHi, array <array <array <unsigned long >">">"

TOFLo, bool modifierl, bool modifier2, bool modifier3); /Itake the
output from the Aqiris board and add to the buffer

bool WiriteSequence(FileStream ~fs); [lanalyze the next sequence
array <unsigned char > Aseguence; /lcompressed sequence
array <array <array <short ,2>">">  AWF2display; //Waveforms to display
unsigned char Level; /Ibuffer level

private
CLog ALOG; /lsame as everywhere else

CSetup ASETUP;
CTally ATALLY;

array <bool > AFull; /I contains data
array <array <array <unsigned char >">"> AD; /Ib /cand flags
array <array <array <array <short ,2>">">A> AMWEF [Isamples
array <array <array <unsigned long >">"> ATSLo; /ltimestamp LSB
array <array <array <long >">"> ATSHi;  /ltimestamp MSB
bool CatchingUp, /lif b uffer fills up too much catch up
GetNewSequence, //plot a new sequence
HasT_0, /lsequence hasa T_0O
HasTRM,; /Isequence has a TRM
unsigned char b, B, /Iboard/*for data streamer*//*FOR DAQ*/
c, C; /lchannel
long i, I, /Isequence
B J, /lwaveform
k, K, [Isample
m, /Iposition in sequence
kmax, //lsample index with maximum value
crude_kmax; [Isample in dex near max value
long long to; [ltime  stamp of first T 0
void UpdateBufferLevel( void ); //determine the buffer level
void PackSequence( void ); /lcompresses sequence for saving
void AnalyzeWFs( void ); /Iselect method used to analyze seq uence
void AnalyzeModeO( void ); /Isimplest analysis mode - onlydoes SDT
void AnalyzeModel( void ); [/lfast MCA mode
void AnalyzeMode2( void ); /I left for future use
void AnalyzeMode3( void ); INeft for future use
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TheDSThread , part of theCDS'hread class , would write the data in the buffer
to the hard diskBefore writing it, theDSThread performeda very simpleanalysis so
that some preliminary results weawailableduring the experiment. This analysis was
kept very simpldo avoid undueugpe of t he computerds resour
during data collectiomverenot saved, so it will not be discussed any further. The actual
data analysis is described in detalil in Sectidh

The DSThread wasin an inactie staé most of the timeApproximately &ery 10
ms it would check to see if the buffead a sequence ready to be written to the hard disk.
If a sequence asready,DSThread would compress it, save it to the hard disk, and then
immediately check the buffdor another sequence. This continued until no sequences
were ready, at which point ti@SThread return toits inactive state for another 10 ms.
If the DSThread waited too long between checkintgo many sequence would build up
in the buffer, and the cotat writing to the hard disk could negatively impact @i2AQ
thread. On the other hand, constantly checking the buffer for sequences ready to be saved
is a waste of system resources, andld negativelyaffectthe CDAQhreadtoo. Pausing
for 10 ms wherthe buffer was determined to be empty v@asompromise between the
two methodsand nonegativeeffect on CDAQthread was found. A flow diagram of

DSThread is shown inFigureB.3.

211



Allocate needed memory,
and set number of <—< Start DSThread >
sequences recorded to 0

Wait 10 ms. -

CLOSED

KILL What state is
thread in?

Is output
file open?

Close output file

A

START

OPEN

Is output \_Yes

file open?

Start new file and set
thread state to "OPEN"

Isa
- sequence No
= ready to be
saved?
Yes
Save the sequence to
the hard drive. No Yes Set thread state

Increment the number
of sequences saved to
this file.

to "START".

Is output
file open?

Close output file.

) J
End DSThread

No

Figure B.37 Flow chart of the DSThread .

Each sequence was compressed prior to being written to the hard ltksk.C440
digitizer is a 12bit digitizer, but beause computers work with bytégoups of 8 bits a
sample is actuallytered and analyzed as a-iuh integer. The program retrieves-h
values for each sample, structured such that the 12 MSB are the actual sample value and

the 4 LSB are set to 0. To help reduce the required disk space and the time usgd writi
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to the had disk, waveforms we compressed before they are written to the disk. The

storage pattern chosen to represent a waveform is:

1. 8 bytes to store the timestamp of the waveform, then

2. 1 byte per sample containing the 8 MSB of each sampteen inthe
orderthe samples were taketinen

3. 1 byte per every 2 samples (rounded up) containing the 4 LSB of two
samples in sample order. If there are an odd number of samples per
waveform, the last four bits of the last byte are set to 0.

This pattern repas for each wayerm until all of the timestamps and sampfeam a
single channefrewritten. Each set of waveforms from a particular board and channel is
preceded byts ID. The raw data file starts with a header containing all of the setup
information needed to recansct the data. Each file ends with#a character in place

of a viableID code. Theollowing functions weraused to compress and decompress an
entire sequencesequence is thearray that stores the compressed sequence so that it
can be written to the sk with one commandJnPackLongLong(sequence,m) is a
function that takes the 8 bits starting at locatiom sequence , and returns &4-bit
integer; here itis used to reconstruct the tistamp of each waveform.
Unpacksequence will return fals e if the entre file has been unpacked and the end

of files characte(# ) is detected inD , otherwise it returnsu e.
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void CBuffer::PackSequence( void )
{ /lcompress sequece to an unsigned char array to be saved to disk
for (m= -1, b=0;b<SETUP ->NumBoards; b+ +)

for (c=0;c<SETUP - >NumChannelsEnabled[b]; c++)

{

/D
sequence[++m] = ID[i][b][c];
for (j=0,k=0;j<SETUP - >NumWFPerSeq[b]; j++)
{

[[Time stamps

sequence[++m] = ( unsigned  char ) (TSHi[i][b][c][j]] >> 24);
sequence[++m] = ( unsigned char ) (TSHi[i][b][c][]] >> 16);
sequence[++m] = ( unsigned  char ) (TSHi[i][b][c][j] >> 8);
sequence[++m] = ( unsigned  char ) (TSHi[i][b][c][iD;
sequence[++m] = ( unsigned char ) (TSLo[i][b][c][j] >> 24);
sequence[++m] = ( unsigned char ) (TSLo[i][b][c][j]] >> 16);
sequence[++m] = ( unsigned char ) (TSLo[i][b][c][j] >> 8);
sequence[++m] = ( unsigned char ) (TSLo[i][bl[c][iD;

/' I MSB©6s
for (k=0; k<SETUP - >NumSamplesPerWF[b]; k++)
sequence[++m] = ( unsigned char ) (WFJi][b] [c][],.k]>>8);
/' 1 LSBO6s
for (k=0;k<SETUP - >NumSamplesPerWF[b] - 1;k +=2)
sequence[++m] = (( unsigned char )(WF[i][b][c][},K]& 0xF0)) |

((( unsigned char )(WF[i][b][c][j,k+1]&0xFQ))>>4);
if  (SETUP->NumSamplesPerWF[b] % 2) //o dd number of samples
sequence[++m] = ( unsigned  char ) (WF[i][b][c][j,k]);
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bool CSequence::UnPackSequence(FileStream "fs)
{ /lunpack the next sequence from fs

fs - >Read(sequence,0,sequence - >Length);
if  (sequence[0] == #)

return false ;
m = 0;

while (m <sequence ->Length) {
//board/channel ID
ID = sequence[m++];
b = GetBoard(ID);
¢ = GetChannel(ID);
for (j=0;j<SETUP - >NumWFPerSeq[b]; j++, m++) {
/[Time stamps
TSI[b][j] = UnPackLongLong(sequence,m);

m += §;
/'l MSB®&s
for (k=0; k<SETUP - >NumSamplesPerWF[b]; k++, m++)
WEF[b][c][j,k] = sequence[m] << 8;
/|l LSBOSs
for (k=0; k<SETUP - >NumSamplesPerWF[b] - 2;m++) {

WEFI[b][c][},K] |= (sequence[m] & OxFO0);

WF[b][c][j,k++] >>= 4;

WEb][c][,K] |= ((s equence[m] & OxOF) << 4);
WEF[b][c][j,k++] >>= 4;

}

WEI[b][c][j,k] |= (sequence[m] & 0xFO);

WEF[b][c][j,k++] >>= 4;

i f (SETUP->NumSamplesPerWF[b] % 2 ==1)

{/leven number of samples
WEFI[b][c][},K] |= ((sequence[m] & Ox0F) << 4);
WEFI[b][c][j, k++] >>= 4;

}

}
}

return true

}
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C. Thermal Cross Section Extrapolations

To extrapolatéhe measurecatross sectiomatato values ai0.0253 eVexperimental data
belowsome energy werfted to the model

ek wad  dw 8 (C.y
In general, modedb o$|= has dependent variakle andparameters#, bothof which are
vectors For extrapolating cross sectigng only one dependent variab(ee. energy)is
neededand e can be written ag) The chosermode| 0® , has two fitting parameters,
and 0, making=|= a 2-dimensionalvector The range of data used this fitting is
discussed further in Chaptérbecause it changed based on the shape of the measured
cross sectionsFitting to the nonlinear model required an iterative approach; the
LevenbergMarquardt metho62] was chosen. As usual, the figusf merit

Ly O 0o (C.2)

was minimized to produce the best fiir & where , &, and, are the measured
energy, cross séons, and uncertaintyf the¢ datum point, respectively, and is the

number of data poistused Assuming... can be apprximated by the quadratic form

+ 1 Wot 4orofh €3
thevalues ofFwhich result in the minimum value of. can be calculateds
to Homvr O L Hoged (C4)
If (C.3) is a decent approximation but not strictly equivalent, an iterative approach is
needed to finek; - . In generalthenext approximation ofcan be determined by
+ + Qwétdho F+ 8 (C5)
Superscriptsa@ and & p will be used to denote the current and next iterations,
respectivelyand® ¢ ¢ darbbe varied depending on how good of an appration (C.3)

is. It is convenient to definthreenew parameters

» k g"o... + h (C6)

Ak gm_+ﬁ C7)

and
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~

1 k @ W w I 8 (C.8)

Defining » and s as half of theHessian and negae gradient of..., respectively,
eliminates the need to carry the extra factor® iotroduced after taking the derivative of
.... # isdefined aghe change i|+from one iteration to the nexiut still has an arbitrary
constanto for each parameter

Marguardt suggestetiatthe diagonal elements of theverseHessiancouldbe used
to find an order ofmagnitude approximation fahe constargtin (C.8). The inverse
Hessian may still b&oo largeor smallfor someiterations especially whes: Sist T
so an additioral factor of _  can be introduced to guess at more appropriate cosstant

(C.8) can then be written as

1 ——h (C.9
- |
where) is modified to) aby
| o _ n Q
| 8 (C.10)
| Q Q

_ canbe asigneda positive number and can be adjusted frameiteration tothe nextto
eitherconverge faster or to ensuteatt he ne xt i toeerestimatahet doesnot
Presset al. [62] suggested usingn initial value 6 _ 0.001andmodifying its value

by factors of 1@epending on the success of failure of iteratiqrthat is

_  pfi..F 4 . F
. 38 C11
= _ pfi ...+ # . F (C1)

There is no point in accepting a new set of values{#dfrthey produce a worse fit

than the previous set d&b the new values cédoe rejected bynodifying (C.5) to

PP S L

The processd®r evaluatinghe besffit values for=|= can be written as

1. Guessvaluesfet and_ ,and evaluate.. %

2. Evaluaten ,» ,# ,and.. #  using(C.7), (C.10),
(C.9), and(C.2), respectively.
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3. Compare... F # to ... + to determine_ and
=|= using(C.11), and(C.12), respectively.

4. Repeat step2 and 3 until the changes in.. =|= becomesufficiently

small.

As per stepl, the iterativeprocess continues until the change.inis less than some
desiredtolerance The criteria
R . F p (C.13)
works well To ensurea region with a shallow slope does not prematurely stop the
iterative process(C.13) must be mea few timeg10timesis used here).
Methods to guessiitial values fors=are rot specifiedby the Levenberg/arquardt
method Todetermine= , (C.1) is linearize to
w do 6 h (C.14)
wherew k1 To,® k1 T0,6 k1 10 andthe errom ameasuredlatapointis
» . ] ®. Many texts including Presst al. [62] describe the fitting method to
determined and 6 . Although the linearization ofC.1) is a much easier method,
weighting of the data points is not handled correctly by this simplified approach and the
LevenbergMarquardtmethodmust still be used.
The extrapolated cross section is calculated f(@r) using the last estimate énf

and the error in the extrapolation is calculated as

, ) , 110 80 ¢difo 80, K  (C15

whereO 0.0253 when data is inputted in ¢y and, are the errors i® anda,
respectively, and, is the covarianceof 0 and & . The errors and covariance are
calculated after thénal iteration by setting.  1tand evalating
F ) 8 (C.16)

The code written t@erform this fit is given below. Functidnnc evaluategC.1)
and its gradient at a speciftevalue.Eval_chi 2 calculateqC.2), (C.6), and(C.7), ...,
b, and s, respectivelyFit performs the steps neededjmnlate=|= 0 s S
and_ and chek the tolerance criteria given (€.13). gaussj (not shown)uses a

GaussJordan elimination method to invert and solveC.9) simultaneously
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void CNonLinearFit::Fit( void )

{/Imain function
double chisg_old, lambda = 0.001;
array <double > ~delta, *a_old, “beta_old,;
array <double ,2> “alpha_old, “alpha_prime;

delta= gcnew array <double > (a ->Length);

a old= gcnew array <double > (a ->Length);

beta_old = gcnew array <double > (a - >Length);

alpha_old = gcnew array <double ,2>(a ->Length,a ->Length);

alpha_prime = gcnew array <double ,2>(a ->Length,a ->Length);
[[first run through

Eval_chi2();

/Istart iterating
for (long iter =1, done = 0; iter < Maxlt; iter++)

{
/lupdate last iteration
chisqg_old = chisq;
for (i=0ji<a - >Length; i++)
a_old[i] = a]i];
beta_old[i] = betali];
for (j=0;j<a - >Length; j++) alpha_old[i,j] = alphali,j];
/lcheck to see if this is the last time through
if (done == NDONE) lambda =0.; //lasttim e through
/[create alpha_prime
for (i=0;i<a - >Length; i++)
{
for (j=0;j<a - >Length; j++)

alpha_prime[i,j] = alpha_old][i,j];
alpha_primel[i,i] = alpha_old[i,i] * (1.0 + lambda);
delta[i] = beta_old][i];
}
/linvert covar and solve alpha_prime * delta = beta
gaussj(alpha_prime,delta);
if (done == NDONE) //save results and exit function

{ C=alpha_prime; return ; }
[ltry a better a
for (i=0ji<a - >Length; i++) afi] = a_old[i] + deltali];
Eval_chi2();
if (abs(chisq - chisqg_old) < Tol) done++; // only a minor change
/lis the new chi”*2 better than the previous
if  (chisq < chisqg_old) lambda /= 10.; /Inew a is better
else //old a was better, go back to the old one.
{
lambda *= 10.;
chisq = chisq_old;
for (i=0;i<a - >Length; i++)
ali] = a_old[i];
beta[i] = beta_old][i];
for (j=0;j<a - >Length; j++) alphali,j] = alpha_oldl[i,j];
}
}

}

MessageBox::Show( "NonLinearFit performed too many iterations"

}
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void CNonLinearFit::Eval_c hi2( void )
{ /levaluate chi"2
/lIreset some values

chisq = 0;
for (i=0;i<a - >Length; i++)
beta[i] = 0.;
for (j=0;j<a - >Length; j++)
alphali,j] = 0.;
/levaluate func at each data point to compute alpha, beta and chi*2
for (n=0;n<X - >Length; n++)
func(X[n],a);
for (i=0;i<a - >Length; i++)
beta[i] += (Y[n] - y) *dydal[i] / (SIG[n] * SIG[n]);
for (j=0;j<a - >Length; j++)
alphali,j] += dydali] * dyda[j] / (SIG[n] * SIG[n]);
}
chisq += (Y[n] - y) *(YIn] - ¥) / (SIG[n] * SIG[n]);
}
double CNonLinearFit::func( double x, array <double >"a)

{ /levaulate dy/da and return'y
y = a[0] * pow(x, a[1]);
dyda[0] =y / a[0];
dyda[1] =y * log(x);
return y;

}
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D. PTIM Code

To analyze the effesbf different collimaton configuratios and magnetic field strengths
on the magnetic collimator/deflector system, a computer code named Particle Tracks in a
Magnetic Field (PTIM) was writtenlhe code was written in Visual C++ and compiled
Visual Studio 2008.The main clas definition the

under is given below;

InitializeComponent functions used tagenerate the command wind@nd arenot

includeddue to theitength.The command window is shown fiigureD.1.

#pragma once

/[constants, don't change

#def ine pi 3.1415926535897 Ilpi

#define g_e 1.602E - 19 /lelemental charge [C]

#define ¢ 299792458 /Ispeed of light [m/s]

#define m_e 9.10938215E -31 //rest mass of electron [kg]

#define  mc2 8.18710438E - 14 /Irest mass of electron [J]

#define mc2keV  510.998918459 /Irest mass of electron [MeV/c"2]
#define n_h_bins 5000 /Inumber of bins for h eight tally
#define max_h 0.10 /Imax apex height [m]

/Ichange these for different setups

#define DELTA 1E-15 [ltime step [s]
#def ine min_E 1.602E - 15 /Imin energy before beta is tossed [J]
#define  max_steps 1E7 /Imax # of time steps before tossed

namespace PTIM
L
using namespace
using namespace
using namespace

System,;
System::10;

public ref cl ass PTIMW :

{
public

public

System::Windows::Forms;

System::Windows::Forms::Form

PTIMW(void ) { InitializeComponent(); Y

~PTIMW(void ¥ if
private
void
void
void
void
void
void
void
bool
double

(components)

GetSimParameters(  void );
| nitialPosition(
InitialEnergy(
InitialDirection(
CalcNextlteration(
DisableControls( bool
InCollimator( void );
CalcNorm( void );
double N(double T);
double B(void );
void Write(FileSt

void );
void );
void );

void );
b);

delete  components; }

B_Start_Click(Object ~sender, EventArgs "e);

ream /fs, String /'s);
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/*  Command Window Definitions */

Button AB_Start;

CheckBox ~CB_lIsotropic;

GroupBox ~"GB_Distribution, “"GB_Sample, *GB_Detector;

Label “L_Beta, “L_T, "L_Angular, » L_Azimuthal, ~L_ Polar ,~L_PI1,
AL_PI2, AL_Geometry, "L_R s, _R_s y,"L_R_s x,"L_ PI3,
AL_alpha, “~L_H d,"_R_d,”"_R_d_x,"_R_d_y, " L_B, ~L_NPS;

ProgressBar "PB;

RadioButton “RB_Mono, "RB_Beta, ARB_Circle, "RB_Square,
"RB_Experiment;
TextBox  ATB_Q, "TB_Theta, “TB_Phi, "'TB_R_s, *TB _R_s x,"TB_R_s Y,

ATB_alpha, ~TB_R_d,"TB_R_d_x, TB_R_d_y, "TB_H_d,
ATB_Bmax, "TB_NPS, ATB_File_Suffix;
System::ComponentModel::Container “components;

/* Variables that are just used in equations */

array <long > ~MCA;//histogram of T in detector

long i, /lcounters
nps; /Inumber of histories

double Ti, /linitial ki netic energy [keV]
Q, /Imax energy of beta particle [keV]
M_rel, /Irelativistic mass
phi, /langle from x - axis, di  rection of magnetic field
theta, /langle from z - axis, normal to source surface
alpha, /I skew
gamma, /I slant
delta, /I slant
T, /Iparticle energy
Z_max, /lrunning max height
v, /lcurre  nt speed [m/s]
B_max, /Imagnetic field [T]
R_s, /Isample radius [m]
R_s x, R_s_y, /lsample half length and width [m]
norm, //normalization constant for N(T)
H_d, /ldetector h eight [m]
R _d, /ldetect  or radius [m]
R_d_x, /ldetector half length [m]
R_d_y, /Idetector half width [m]
rxry,r.z, /lcurrent position vector [m]
V_X,V_VY,V_Z, /lcurrent velocity unit components []
a x,ay,az ; llcurrent acceleration v ector [m/s"2]

#pragma region Windows Form Designer generated code

void InitializeComponent( void ){ ... }

#pragma endregion
void CB_lIsotropic_CheckedChanged(Object *sender, EventArgs "e) {...
void Geometry_Changed(Object *sender, EventArgs "e) {..}

H
}s
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Particle Distributions

Enengy Distribution () Mono @ Beta
Energy [keV] 700
Angular Emission |sotropic
Azimuthal [rad] pi* (0.5
Radial [rad] pi* (0
Geometry @) Circle () Sguare (0 Experiment
Sample
Sample radius [mm] h.64135584
Sample length <) [mm] H
Sample width {y) [mm] b
Sample angle [rad] pi “ |0
Detector
Detector radius [mm] 757884561

wn

Detector length §c) [mm]

wn

Detector width ) [mm]

Detector Height [mm] 5
Magnetic Field [T] 0.5
Histories 1000000

Figure D.17 PTIM control window. The energy parameter is either the kinetic energy of a

monoenergetic source, or th&-value used in(6.8).

Oncetold to begin the simulation by the uséne prograncalls theB_Start_Click

function. This block of code is commesdfor ease of reading.
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void PTIMW::B_Start Click(Object *sender, EventArgs "e)
{//Main function
GetSimParameters();
/Istart main program
for (j=0;j<nps;j++)
{
/Ireset initial particle parameters
InitialPosition();
InitialDirection();

InitialEnergy();

z_max = 0;

M_rel = m_e/sqrt(+ mc2/ (mc2 + T) * (mc2 / (mc2 + T)));
v = sqgrt(1 - mc2/(mc2 + T)*(mc2/(mc2 + T)))*c;

V_X =V *cos(theta);
v_y = v * cos(phi) * sin(theta);
v_z = v * sin(phi) * sin(theta);
/Istart main loop
for (i=1;i<max_steps && v_z > 0 && !InCollimator(); i++)

CalcNextlteration();
/Icheck for certain conditions
if (r_z>z_max)
Z max=r_z;

/Iwrite apex height to file
Write(fs_PHS, String::Concat(Convert::ToString(z_max)));
/ladd to MCA if it hit the detector
if (z_max> = H_d)
MCA[(long ) (Ti)]++;
/lupdate progress bar
if  (j%1000 == 999)
PB- >Value = (j+1)/1000;

}
/I write MCA File

for (i=0;i<MCA - >Length; i++)
Write(fs_MCA, String::Concat(Convert::ToString(i), "\t
Convert::ToString(MCA[i]), "\r\n"));
/I close output files and return the command window to the normal state

fs_PHS - >Close();

fs_ MCA- >Close();
DisableControls( true );
Geometry_Changed(sender,e);

Information about the geometry and sample distributions is collected from the
command window during theetSimParameters ~ function (given below). The geometry
is constructed using very few parametdtgst, the geometrysémple collimator, and
detector) is selected to be either circular or a rectangular. With a circular geometry, the
sample radiusy , detector radiusY , and detector height above the samji)e,are read

in. The rectagular geometry requires the sample fwtith in the x- andy- directions
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(Y and’Y , respectively), the detector halidth (Y and’Y ), detector height above

the sample,O, and the sample skew, are colleted. This function also creates the

output files.

void PTIMW::GetSimParameters(  void )

{
DisableControls( false );
Q = Convert::ToDouble(TB_Q - >Text);
theta = pi * Convert::-ToDouble(TB_Theta - >Text);
phi = pi * Convert::ToDouble(TB_Phi - >Text);
R _s=Conve rt::ToDouble(TB_R s - >Text) / 1000;
R_s_x = Convert::ToDouble(TB_R_s_x - >Text) / 1000;
R_s_y = Convert::ToDouble(TB_R_s vy - >Text) / 1000;
alpha = pi * Convert::ToDouble(TB_alpha - >Text);
B_max = -1* Convert::ToDouble(TB_Bmax - >Text);
R_d = Convert::ToDoub le(TB_R_d - >Text)/1000;
R_d_x = Convert::-ToDouble(TB_R_d_x - >Text) / 1000;
R_d_y = Convert::-ToDouble(TB_R_d_y - >Text) / 1000;
H_d = Convert::ToDouble(TB_H_d - >Text) / 1000;
nps = Convert::Tolnt32(TB_NPS - >Text);

if (RB_Circle ->Checked)
gamma=atan(R_ C - R_c)/H_d);

else
{
gamma = atan((R_C_x - R_c x)/H_d);
delta = atan((R_C_y - R_c y)/H_d)
}

PB- >Maximum = nps / 1000;
norm = CalcNorm();
/[Experiment
if (RB_Experiment ->Checked)

{
Q =764,
R_s=13./1000/ 2;
R d=6.6/1000/2 ;
H_d =30.1/1000;
}

/IBins for MCA

MCA = gcnew array <long > (( long ) (Q + 1));
/Iseed random number generator

srand(( unsigned int ) (time(NULL)));
/ICreate output file

FileStream ~fs PHS = gcnew FileStream(String::Concat( "C: \\ Users \\ Jay
T\ \ Desktop \\ PHS ", TB_File_Suffix - >Text,
"ixt" ),FileMode::Create,FileAccess::Write);

FileStream ~fs_MCA = gcnew FileStream(String::Concat( "C: \\ Users \\ Jay
T\ \ Desktop \\ MCA ", TB_File_Suffix - >Text,

"txt" ),FileMode::Create,FileAccess::Write);
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Next b s pre rsanmipd lfram the energy distribution given b{6.8),
isotropically and uniformly fronthe specified geometrjnowever overrides are available
on the main command windowo specify moneenergetic and/or mondirectional
positrons The code segments used to generate the initial particle parameters are given
below. Figure D.2 shows some plots qf6.8) compared to sample distributions from
PTIM. FigureD.3 shows representative initial angular distributions from PTHnd %o
are independent, arfdois limited to TH* to eliminate the need to generate particles
which are lost immediately in the sample backiBy not generating particles with
“ % ¢" a bias in the results was introduced which weasily accountedfor by
assuminghat twice as many particles were actually simulafégureD.4 shows sample
initial distributions about the source surfaséh two source geometrie3he uniform
circular source is achieved by generatingeighted radial position from 0 t&¥ and a
uniform angular positiofrom 0 to¢" . A uniform parallelogram is created by uniformly

sampling thex- andy- positions from Y to’Y and Y to'Y , respectively, and

shifting the y-position by w O E/T, where| is the angle betweepne leg of the
parallelogram and the&-axis. After the initial random variables are determined, the

relativistic mass and initial velocity vectors are calculated.
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Figure D.21 Plots of (6.8) compared to sampledistributions from PTIM with 10° histories.

void PTIMW::InitialEnergy( void )
{/Icalculate initial energy
if (RB_Mono- >Checked) T=Q;
else

T=0Q *rand() / RAND_MAX;
while  ((( double ) (rand())) / RAND_MAX >= N(T))
T =Q *rand() / RAND_MAX;
b
Ti=T,
T*=1.602E -16; }
double PTIMW::CalcNorm( void )
{ /lcalculate normalization for N
norm=1;
double n=N(0.01);
for (double T=0.01;,T<Q;T+=0.01)

if (n<N(T)) n = N(T);
return  1.01 * n; }

double PTIMW:N( double T)
{/Icalculate N for the given T

return  sqrt(T*T+2*T*mc2keV)*(Q -T)*(Q - T)*(T+mc2keV) / norm;
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Figure D.371 Plots of ideal angular distributions compared to sample distribution from PTIM with

10° histories.
void PTIMW::InitialDirection( void )
{ /lcalculate initial direction
if (CB_lsotropic - >Checked)
{
theta = acos(2.0*rand()/RAND_MAX -1);
phi = pi*rand()/ RAND_MAX;
}
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Figure D.41 Plots ofideal initial position distributions compared to sample distributionsfrom PTIM
with 10° histories for different sample shapesRs = Re = Rsy=4 mm and U= "/ 4

void PTIMW::InitialPosition( void )
{/Icalculate initial position
if (RB_Circle ->Checked)
{/lcircular
alpha = 2 * pi * rand() / RAND_MAX;
r x =sqrt(R_s * R_s *rand() / RAND_MAX) * cos(alpha);
r_y =r_x*tan(alpha);
}
if (RB_Square - >Checke d)
{ /Irectangular
r x=R_s_x* (2. *rand() / RAND_MAX - 1)
r y=R_s_y* (2. *rand() / RAND_MAX - 1) +r_x*sin(alpha);

if (RB_Experiment - >Checked)
{/lexperimental
alpha =2 * pi * rand() / RAND_MAX;
r x=0;
while  (r_x < 0.005) r x =sgrt(R_s*R_s *rand() / RAND_MAX);
r_x *= cos(alpha);
r_y =r_x*tan(alpha);
}
rz=0; }
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