FISSION FRAGMENT DISTRIBUTION MEASUREMENTS
WITH TIME OF FLIGHT - ENERGY ( ToF-E)

SPECTROMETERS

by
William Phillips Moore



© Copyright by William Phillips Moore, 2019
All Rights Reserved



A thesis submitted to the Faculty and the Board of Trustees othe Colorado School

of Mines in partial ful llment of the requirements for the degree of Doctor of Philosophy
(Nuclear Engineering).

Golden, Colorado

Date

Signed:
William Phillips Moore
Signed:
Dr. Uwe Greife
Thesis Advisor
Signed:
Dr. Fredrik Tovesson
Thesis Co-Advisor
Golden, Colorado
Date
Signed:

Dr. Uwe Greife
Professor and Head
Department of Physics



ABSTRACT

Neutron induced ssion has been studied for over seventy ysarhowever, there is still
much to learn about the process. Evidence has been shown foergy dependence of the
neutron inducing ssion on the ssion product yield (FPY) distribution, and there is very
little existing data for the FPY of various isotopes of interet as a function of incident
neutron energy. The CSM FPY time of ight - energy {ToF -E) spectrometer was developed
and measurements were performed witfP>Cf(sf) in support of the Spectrometer for lon
Detection in Fission Research (SPIDER) collaboration.

A variety of ionization chamber (IC) entrance windows werenvestigated. Stretched
polypropylene and a commercial option from LUXEL were found tkbe adequate entrance
windows. Silicon nitride windows might o er the least amouhof energy loss from ssion
products through the entrance window, however, there is agsii cant amount of scattering
of ssion products o of the frame and support structures, wich has shown to impact FPY
results in the symmetric ssion region as well as the upper dnlower ends of the FPY
distribution. The impact from scattering on FPY results are geatly reduced with either the
stretched polypropylene window or the LUXEL window.

Single arm operation of the CSM FPYToF -E spectrometer from?2°2Cf(sf) was shown
to have a potential lower limit on mass resolution of 1.5 amwf width at half maximum
(FWHM) for light ssion products and 3.0 amu FWHM for heavy ssion products, operating
with a 40 cm arm length, a stretched polypropylene entranceimdow (92 g/cm? thickness),
and 30 g/cm? thick carbon conversion foils. Several methods for extranty nuclear charge
information from the Frisch grid (FG) signal of the IC were ivestigated. Nuclear charge
sensitivity was exhibited with a potential resolution aromd 4 amu FWHM.

Single arm analysis of SPIDER data front**U(ny, ,f) with 70.0 & 67.3 cm arm lengths

and 200 nm thick silicon nitride entrance windows showed a famtial lower limit on mass



resolution of 1.5 amu FWHM for light products and 3.0 amu FWHM for heay products.
Dual arm analysis with the double energy - double velocity 22v) method revealed im-
provement in the mass resolution showing a potential loweiniit possibly better than 1.0
amu FWHM for light products and 1.5 amu FWHM for heavy products.

Single arm analysis of SPIDER data fron#*3U(n, ,f) with the same operating conditions
as the?®U(ny, ,f) run showed a potential lower limit on mass resolution of-3 amu FWHM
for light products and 4-6 amu FWHM for heavy products. Again, usig the ZE-2v analysis
method resulted in improvement in the mass resolution achimg a potential lower limit of
1.5 amu FWHM for light products and 3.0 amu FWHM for heavy products.

Further investigation into the 233U target revealed potential \crud" in the chemical com-
position deposited during the production process. This \ed" caused degradation in mass
resolution by a factor of almost two, indicating FPY mass redotion dependence on target
quality. The goal of unit mass resolution from SPIDER has b@eshown to be achievable
with use of clean targets, 70 & 67.3 cm arm lengths, 2@/cm? thickness carbon foils, and

200 nm thick silicon nitride entrance windows.
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CHAPTER 1
GENERAL INTRODUCTION

Neutron induced ssion has been studied for over seventy ysarhowever, there is still
much to learn about the process. Fission is a complicated, mastep process that occurs
over very short timescales, visualized in Figure 1.1, makingdi cult to study. Theoretical
modeling capability has shown dramatic improvements recty) however, experimental data

is lacking for model constraint and veri cation.

«— primary ........ secondary fission Fragments —— <— fission Products --------
10 21-10 25 1018 10145 103's t — > o0
—_ o e — — S — e
saddle to prompt Neutrons prompt Gammas B-decay: betasand antineutrinos,

scission delayed neutrons, gammas and fission

Light charged particles
Scission neutrons

Figure 1.1:. Time scales in the de-excitation of a ssion fragemt [1].

1.1 Motivation - Importance of Fission

The understanding of ssion processes is primarily necesgdn weapons, power pro-
duction, and border security. Speci cally, Fission Productyield (FPY) distributions from
neutron induced ssion are important for applications in tlese elds and yet the neutron
energy dependence of these yields is not precisely known. FBata is needed for any type
of modeling associated with situations where actinides henor will undergo ssion in order
to calculate a nuclide inventory at a given time. This makes FP data essential for many
di erent reactor and spent fuel calculations including deay heat, shielding, dosimetry, fuel
burn up, fuel handling, and waste disposal. \Yields are usea ithe calculation of waste
disposal inventories, and in the calculation of beta and gama ray spectra of ssion-product

inventories. Fission yields are also used in the calculatiaf decay heat, especially in the



time from 1 to 1000 seconds after a loss-of-coolant accidémta nuclear power plant. Such
a calculation requires a value for independent yield of ewerssion product nuclide with a
half-life longer than a few tenths of a second" [2].

In modern nuclear technology, regarding weapons or reacspparameter uncertainty eval-
uation plays a vital role for safety and economical purposeand is integral in the assessment
and design processes. Currently, complete uncertainty armation are not even available for
a variety of nuclear data [3]. Quanti cation of Margins and Urtertainties (QMU), depicted
in Figure 1.2, is a framework that brings a systematic, quartative approach to managing
performance margins as a system, and to answer quantitatiyequestions such as how much
margin is enough to ensure safety, or how much uncertainty mée tolerated. QMU aids the
assessment and evaluation of the con dence in the nuclear ap®ns stockpile and reactor

spent fuel storage.

Uncertainty |Baseline

¢
s tty
>-:::::::::::.:: Not
.>Marg|n Real
Ypmin Data

Figure 1.2: Notional QMU gure [4].

QMU is designed to analyze and communicate the con dence incanclusion or decision
based on predictions and uncertainties used as inputs [5]. rAview of the QMU approach
by JASON in Summer 2004 reported that with careful developmenQMU methodology can
become a sound and e ective approach for identifying impaant failure modes, avoiding
performance cli s, and increasing reliability of U.S. nuclar weapons, although bounding of

uncertainties is crucial and further progress is requirededucing some important physical



uncertainties [6].

A performance gate used in QMU is shown schematically in Figarl.3. A baseline
value required for 100% con dence in performance is estaflied (lower solid black line in
Figure 1.3) above the lower boundary of the performance gatg the level of uncertainty in
the location of the boundary gate. A designed operating margis the additional amount
needed to reach the design operating range while ensuringetdesign parameter is always
above the value required for 100% con dence in performancé con dence ratio for the
design can then be determined by taking the ratio of the desigd operating margin to
the uncertainty in the design point. In order to have a reasable con dence ratio, the

uncertainty must be well de ned and small in relation to the esigned operating margin.

Upper boundary of performance gate
/

/ it
I Design operating T Design point
range
Performance B [
o Uncertainty, U

Designed operating Value required for
margin, M 100% confidence
in performance

/, / / / ,/5
Lower boundary of performance gate  Uncertainty

M in location of
Confidence ratio = m gate boundary

Figure 1.3: Schematic of a performance gate used for QMU in skpile stewardship [5].

When the uncertainty in the design point is not well known, thedesigned operating
margin will often include a tunable \knob" used to ensure opation maintains above the
level required for 100% con dence in performance at all tisgshown as the red dashed lines
in Figure 1.2, which is not based on real data), including the argin. As nuclear weapons
ssion yields are directly proportional to ssion product yields, as are uncertainties, tighter
uncertainties would allow the removal of \knobs" from weapies and reactor simulations

leading to more e cient and economical designs.



The isotope'*®Nd has been of principle interest as a burnup monitor in fast agtors, and
its cumulative yield plays a fundamental role in burnup morioring and fuel quali cation
activities, hence, there has been much interest in determang the FPY of all neodymium
isotopes, as well as the energy dependence on the neutronuicidg ssion [7]. There has
also been interest in using thé>°Nd/ 1*3Nd ratio of FPY as a measure of the average neutron
energy in reactors, as the ratio has been shown to increas¢haneutron energy making the
ratio analogous to the more commonly know?U(n,f)/ 22°U(n,f) spectral index [8].

Although many independent FPY distributions have been measad and tabulated, the
energy dependence of the neutron inducing ssion is not welhderstood, as can be seen in
Figure 1.4, where existing data from literature is plotted wh the most recent data from
Gooden et al. [9]. Compelling evidence for a positive energgpendence in the ssion
product yield of **’Nd from 23°Pu(n,,f) in the low energy region between ,n= 0.2 - 2
MeV was rst presented by Chadwick et al. [10], and more recdn both Los Alamos
National Laboratory (LANL), as well as Lawrence Livermore Nabvnal Laboratory (LLNL)
have provided convincing evidence for energy dependencéhia ssion product yield of *4’Nd
produced from the bombardment of*°Pu with ssion spectrum neutrons, over an incident
neutron energy range of 0.2 to 1.9 MeV [11].

The independent yield of'*’Nd from 23°Pu(n,,f) has many data points in the neutron
energy range of 0 - 2 MeV, data is sparse between 2 - 14 MeV, andathes vary dramatically.
The measured yields at 14 MeV vary in a range of 25%. Energy aeqent yield data is
even more sparse for most nuclei. Studies by LANL and LLNL on a¥able zirconium data
showed no discernible variation for théZr ssion product yield, indicating not all isotopes
show FPY dependence on incident neutron energy. The FPY ressilvill be presented with
a gray dashed line through the A = 147 bin to highlight the locabn of *4’Nd and its isobars.

Theoretical work is needed to provide a fundamental undersding of the FPY depen-
dence on incident neutron energy to suggest a functional forfor tting empirical data.

More experimental data (especially in the neutron energy nge of 2-6 MeV) is needed in
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Figure 1.4: Available FPY data for4’Nd from 2**Pu(n,,f) as a function of incident neutron
energy [9].

addressing this issue and constraining theoretical modelBhis presents a need for precision
ssion product distribution measurements at a wide range oicident neutron energy with
a variety of ssile targets. To provide this data, it is necesary to develop an apparatus
with which precise ssion product mass and possibly nucleamharge measurements can be

performed over a wide range of neutron energies, ideally atvnite neutron source.
1.2 Literature Review

Despite ssion product yields being one of the most observaeatures of the ssion pro-
cess, consistent and systematic studies of the variationtbese FPY with energy have proved
challenging [9]. This is due to a number of factors. In gendraxperiments typically have
a very small solid angle of detection for yield measurements order to achieve acceptable
mass resolution. Signi cant neutron uxes are typically oty available at thermal energies
(reactors) and selected energies covered with neutron geaters (d+d, d+t). Furthermore,
ssion cross sections are typically much larger at thermalnergies then for fast neutrons.

This creates an e ciency problem that can be di cult to overcome.



Traditionally, experiments measuring FPY have relied on radchemical procedures to
isolate speci ¢ ssion products. Radiochemical methods arcapable of direct measurement
of cumulative FPY with relatively high accuracy. Unfortunatdy, limited information about
the ssion process is available from radiochemical methodsWhile procedures exist for
isolating most products (70-80% of all ssion products, halives must be longer than the
timescale of the separation technique), each element haespc challenges and introduces
varying degrees of systematic errors that can make inter-cgarison of FPY uncertain [9].
At energies where large neutron uxes exist, extensive naer physics and radiochemistry
has been performed and tabulated.

Mass spectrometers have long been used to study ssion ohsdles. Common techniques
for ssion product spectrometers include electromagnetiseparation @A/ q where A is the
mass number andj is electronic charge), measuring the energies of coincitproducts (2E)
[12], measuring the velocities of coincident products\l, measuring both energy and velocity
of a single product E-v) or measuring the energies and velocities of coincident phacts (2E -
2v). Many previous spectrometer designs have been a result okspc constraints based
on user needs such as compactness [13, 14, 15], or coincidgsnbn product determination
[16, 17]. Design choices for ssion product spectrometerfiem force the decision between
large solid angle coverage or excellent mass resolution.

Large solid angle coverage is desired due to limited availalmeutron uxes at di erent
energies, however, excellent mass resolution is necesdaryprecision measurements. Al-
though each technique is capable of measuring FPY, each techmghas drawbacks toward
the goal of completing neutron energy dependent FPY dataset¥he most notable measure-
ment using the electromagnetic separatioA/ q) technique was performed at the mass spec-
trometer \Lohengrin" of the Institut Laue Langevin in Grenoble [18], seen in Figure 1.5(a).
A schematic of the instrument layout is shown in Figure 1.5(h)which displays how the
instrument combines horizontal magnetic de ection with shsequent vertical electrostatic

de ection to isolate ssion products [19].
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Figure 1.5: PN1 (LOHENGRIN) Exotic-isotope spectrometer: (a) pbatograph during con-
struction, before most of the concrete shielding was instadl; (b) instrument layout of the
facility [19].

Yields of light ssion products as a function ofA, atomic number Z, E, and g, were
determined. In order to measure mass spectra at speci ¢ iencharge values, the ssion
products were detected with a silicon surface barrier detiec at the exit slit of the spec-
trometer. \Lohengrin" separates the ssion products accating to their A/ qand E/ qvalues.
Measurements were performed with the xed setting of the caienser voltage corresponding
to a xed value of E/ g, and the magnetic eld was changed with a constant velocity2p].
FPY measurements cover more than 90% of ssion products anddan excellent mass reso-
lution of around 0.2 amu full width at half maximum (FWHM), however, detection e ciency
is very low being inherently limited due to the separation. Wite these measurements proved
very useful in furthering our understanding of the ssion pocess, obtaining a comprehensive
neutron energy dependent FPY data set using this technique widl not be realistic.

The 2E technique has been the most common method for measuring FP¥stlibutions.
The technique was rst utilized by Brunton and Hanna as early a 1950 [21], and later by
Fraser and Milton [22] and Apalin et al [23]. This technique typically utilizes two solid-state
detectors, or two gas lled ionization chambers ( ssion chaber) to measure the energy of

both coincident ssion products. This technique has the adntage of very high detection



eciency ( 95%) and can be employed in a small-scale experimental arg@gment. The
technique is, however, dependent on assumptions about neart emission and typically has
poor mass resolution (approximately 4-5 amu FWHM).

The 2v technique was rst utilized by Stein [24], then by Milton andFraser [25]. Time-
of- ight techniques were used to determine the velocitiesf dhe coincident ssion product
pairs. From the measured velocities, the primary masses aadergies of the ssion products
were obtained from the principles of conservation of momanh and mass number. This
method provides an improved energy resolution over theE2technique and also allows an
absolute determination of ssion product kinetic energiesStein found the achievable mass
resolution was between 2-3 amu FWHM for light products, while a are recent measurement
performed by Schilling et al. [16] achieved a mass resolutiof 4-5 amu FWHM. Although
mass resolution may be slightly improved from theR2 technique, detection e ciency is much
lower.

The 2E-2v technique was rst demonstrated in the 1980's by Oed et al. 41 with the the
COSI-FAN-TUTTE spectrometer at Institut Laue Langevin in Grenoble (currently decom-
missioned). To my knowledge, all neutron induced ssion mearements were at thermal
neutron energies. Shortly after, the technique was also elaped by Starzecki et al [13],
and more recently by Kozulin et al. [17]. The vast majority oflata available is from thermal
neutron induced ssion, however, the E-2v technique was employed by Naqvi et al for
neutron induced ssion studies of*’Np at excitation energies of 0.8 MeV and 5.5 MeV, as
well as fast neutron induced ssion orf®U at di erent excitation energies [26]. The E-2v
technique is capable of providing the best mass resolutiorhen compared to every technique
except electromagnetic separation, as shown by Oed et al. eavachieved m=m = 0:6% for
a mean mass o = 95 amu in the case of**U(ny ,f), with a ight path of 107 cm. It was
also shown that, at least in the light ssion product group, mclear charge can be resolved.
While there is no way around the limited statistics inherent wh the A/q technique, it is

possible to improve the solid angle coverage of & 2v experiment by implementing addi-



tional detectors. To provide the best combination of maximuon possible solid angle coverage

with the best possible mass resolution, theE*-2v technique was chosen.

1.3 SPIDER Collaboration

In collaboration with scientists from LANL and funded by the Natonal Nuclear Security
Administration (NNSA) an instrument for measuring ssion produt properties with high
resolution was to be developed. The collaboration eventlalconsisted of LANL, Univer-
sity of New Mexico (UNM), Lawrence Livermore National Laboratoy (LLNL), Lawrence
Berkeley Laboratory (LBL), and Colorado School of Mines (CSMand was named the SPec-
trometer for lon DEtermination in ssion Research (SPIDER)with requirements of 1 unit
resolution for mass and charge, 0.5% energy resolution fmght ssion products, and greater
than 1% detection e ciency. To achieve the mass resolutionaggls SPIDER will utilize the
2E -2v technique. First a double arm prototype was built at LANL, seenr Figure 1.6, and

a schematic of one arm is detailed in Figure 1.7.

Figure 1.6: The SPIDER double arm prototype at LANL alongside DrFredrick Tovesson.

Long term goals for SPIDER:



lonization

Chamber Micro-channel Plate

& Delay-line Anode

Neutron

Figure 1.7: A schematic of the one arm setup of SPIDER. Fissiorrq@uct trajectory is
shown with dashed line moving from right to left [27].

" Measure ssion product yields as a function ofH;, Z, A, and total kinetic energy

TKE) with 2-5% Accuracy from 0.01 eV to 20 MeV

" Develop theory in order to evaluate ssion yield data. Expemental data will be used
to probe the initial conditions and underlying parameters ad \ ne-tune" their settings

allowing extrapolation to other regimes
"~ Provide an evaluation of the?*°Pu yields

In order to generate competitive FPY data in the MeV neutron eergy range at cur-
rent neutron beam facilities, it is believed that a \brute face" approach is required. After
initial testing and measurements are performed with the ddale arm prototype, SPIDER
will incorporate many detector arms to meet the initial e ciency goals of the project. The
proposed design, shown in Figure 1.8, incorporates 16 indiual spectrometer \arms", dras-

tically improving e ciency. There are 16 ICs, 16 SiN windowswith CF50 mounting ports,
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40 CF 2.75" ports for 20 MCP/DLA assemblies, a beam port, 4 QF5§auge ports, 2 view

ports, 2 turbo pump ports and access doors in the design by J. gensen [28].

@ (b)

Figure 1.8: Mechanical drawings of MegaSPIDER from the pretinary design by J. Jor-
gensen [28]: (a) the bare high vacuum chamber; (b) nal assembncluding time of ight
and energy detectors.

Initially, CSM aimed at building a double arm ssion product spectrometer with the
intention of taking this spectrometer to a facility with a neutron source for Z-2v measure-
ments of various target materials. Upon the establishment dhe SPIDER collaboration,
the role of the CSM spectrometer shifted to a support experiemt to use a similar, smaller
system to test components and approaches. Components thatgrinciple need to be tested

and optimized are:

11



" Source and target backings " lonization chamber window

~ Target compositions/thickness " lonization chamber pressure/length
" Timing detectors/picko foils " Frisch Grid Readout
" Time of Flight distance (solid angle) " Anode Readout

1.4 Overview

Although the CSM spectrometer became a support project for $PER, this did not
initially change the ultimate goal for the CSM detector of dable arm operation. Lacking a
neutron source, double arm operation would have to be perfoed with a ?>2Cf source with
a thin enough backing to allow both coincident ssion produs to escape the source. Such
a source is not available from commercial suppliers. For threason, several methods to be
discussed later were attempted to create #2Cf source that could be used for coincident
ssion product detection. While progress in the instrumenthtests needed was made with
the CSM spectrometer, it was hampered by 2 ooding events (latural, 1 due to vandalism)
and a move due to building demolition. Ultimately, the best wg to contribute to the SPI-
DER collaboration was to shift toward aiding in the analysi©of SPIDER data and therefore
coincident double arm measurements were not performed at KIS

The scope of this thesis includes:

~ Design and construction of a double arm spectrometer at CSM.
~ CSM spectrometer component testing and optimization.

" Analysis of single armT oF-E operation with 2°2Cf(sf) at CSM.

"~ Analysis of SPIDER double arm E-2v operation with 22°U(ny, ,f) & 233U(ny, ,f).

12



CHAPTER 2
CSM DOUBLE ARM (ToF-E) DETECTOR DESIGN

In order to test and optimize the detector components, a soce of ssion products is
needed. For initial measurements and optimization a neutrobeam is not desirable due to
the added complications from radiation protection and ofte increased electronic noise from
the neutron production facilities. This makes®?Cf a very convenient source as it undergoes
spontaneous ssion (with an :sf ratio of 30:1) eliminating the need for a neutron beam,
thus 252Cf has become an important standard for the calibration of FPYetection systems
[29], and has been well benchmarked [12]. The ssion produtistribution from 2°2Cf(sf) is
comprised of a similar representation of ssion products pduced by?**Pu(ny ,f), 2°U(ng ,f),
and 223U(ny, ,f) as seen in Figure 2.1, allowing for optimization and calition of the detector
with 252Cf before moving to ssion targets of greater interest. Forhtese reasons, all ssion
measurements with the CSM spectrometer were performed ugif?2Cf.

The energy and velocity of the ssion products will be meased and the massM, can
be calculated non-relativistically € 0.5 1.5 MeV/amu) using the classical formula for
kinetic energy, solved for mass, seen in Equation 2.1, whefeis the kinetic energy of the
ssion product, t is the time of ight of the ssion product, and | is the length of the ight

path associated with the time of ight measurement.

2Et?
M = 2 (2.1)
The associated error can be seen in Equation 2.2.
S 2 2 2
M E t I
— = — + 2= + 2— 2.2
M E t I (2:2)

Error in mass resolution comes from error in energy measurent, E , error in time of
ight measurement, t, and error in the length of the ssion product's ight path, |. Oed

et al. achieved an energy resolution of 470 keV at 95.7 Me\E(/E = 0.5%) and a nuclear
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Figure 2.1: Fission Product Yields fron?*Pu(ng,,f), 22°U(ny,f), 23U(ny, ,f), and 2°2Cf(sf)
[30].

charge resolving power oZ=Z = 43 at a nuclear charge of 39 ¢ = 0:91 amu) for typical
ssion products out of the light mass group in thermal neutra induced ssion of?3°U, using
an axial ionization chamber (IC) with a Frisch grid (FG) [31] A timing resolution of 100 ps
per detector, 250 ps per arm for 50 ns transit times (t/t = 0:5%) is anticipated based on
microchannel plate (MCP) data sheets. The error in ight pah length was 0.4 mm over 400
mm (/1 =0:1%). Using these values as preliminary estimates, a mass tagon of  0:9%
is achievable meaning unit mass resolution should be podsilor light ssion products.

It is possible to improve the energy resolution by more accately identifying the ssion
product ight path length, which can be done using positiorsensitive MCPs. Position
sensitivity on the stop MCP of each ssion product would aller reconstruction of the position
of the origin of the ssion event. Investigating the impact ® using position sensitivity on
the CSM detector was outside the scope of this thesis, howevBPIDER data sets using
position sensitivity were analyzed and compared to a statitght path length for all ssion

products (the static length is the distance between the cadm picko foils). Unfortunately,

14



due to issues with position signals with some of the MCPs, gnlimited analysis could be
performed on the data sets provided to me and negligible chgacould be seen in preliminary

mass plots.

2.1 Design Description and Equipment Selection

Simulations of di erent detector designs were performed ti Geant4 to determine the
most signi cant contributions of error in the mass resolutbn; an M.S. in Nuclear Engineering
was received for this work in 2011. Simulation showed the egg resolution was the largest
factor followed by the timing resolution which guided our egipment selection. Axial, Frisch
gridded, gas lled ionization chambers were chosen to measuthe energy of the ssion
products. This type of IC is capable of excellent energy rdstion in the energy regime of
the ssion products being detected ( 1 MeV/amu) and the constant cycling of gas prevents
radiation damage to the detector over time. Additionally, thke Frisch gridded design of the
IC adds the potential for nuclear charge 4) identi cation of the ssion products. MCP
detectors in conjunction with electrostatic mirrors and cebon conversion foils were used to
measure the time of ight of the ssion product due to the exclent timing properties of
MCPs. A schematic of the detector can be seen in Figure 2.2.

A description of the life of a ssion product subtending the alid angle of the detector
follows. Fission products are born in the target (oP°’Cf source) then straggle through
the source/target material losing energy in the process. Arall acceleration \kick" is then
given to the product from the potential di erence between tle source/target and the rst
carbon foil. The ssion product then straggles through the rst carbon foil, losing energy.
Secondary conversion electrons are emitted from the carb@mil and enter the electrostatic
mirror which bends their trajectory towards the MCP, creatng the start signal. Once past
the carbon foil, the ssion product will receive a small dederating kick by the acceleration

grid of the electrostatic mirror, and then another kick by tre mirror grid.
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Figure 2.2: Schematic of the CSM FPYToF -E spectrometer.

The ssion product will continue into the second electrostic mirror where it will receive
another decelerating kick by the mirror grid as well as the aeleration grid. After exiting
the electrostatic mirror the ssion product straggles thraigh the second carbon foil, losing
more energy. Secondary conversion electrons are again émaitfrom the carbon foil and
bent toward the second MCP, creating the stop signal. A nal lik is received from the
potential di erence between the second carbon foil and theClcathode. The ssion product
then straggles through the IC entrance window, losing morenergy, and nally, deposits its
remaining energy in the IC. The magnitude of the energy chaag of the ssion product from
acceleration kicks is negligible (0.03% &) and will be excluded from the analysis. Signi -
cant energy change by the ssion products in the spectrometeccurs in the source/target
material, two carbon conversion foils, and the entrance wilow into the IC.

In 2012, a member of the SPIDER committee, A. Laptev, used a slsical electrodynamics
approach to calculate trajectory of ionic movement in the ettric eld of the electrostatic
mirror for several -particle energies, as well a¥®Tc and '33Cs, and his results are shown
in Figure 2.3. The presence of the electrostatic mirrors carave signi cant impact on the

trajectories of -particles, however,**Tc and '33Cs both exhibit less than 0.2% change in
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trajectory, and thus particle trajectory de ection of ssion products by the electrostatic

mirrors will also be excluded from the analysis.
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Figure 2.3: Fission product and -particle trajectories through two electrostatic mirrors
with an arm length of 30 cm [32].

The challenge in analyzing data manifests because the measlienergy in the IC does
not correspond to the energy of the ssion product while vetaty is being measured. In order
to calculate the mass with measured values, the energy megsuent from the IC must be
corrected for energy loss in the stop conversion foil as wall energy loss in the IC window.
Energy loss by the ssion products in the target material andstart conversion foil are not,
in principle, used in the mass calculation as ssion productelocity is measured after the
ssion product has lost this energy. However, it becomes nessary to consider these e ects
to perform an energy calibration, which the mass calculatmimplicitly relies upon. Methods

for correcting the energy loss from ssion products will beigcussed in the analysis.
2.2 Energy Measurement

Energy measurements of ssion products have typically beg@erformed with either silicon
surface barrier (SSB) detectors or gas lled ionization clmbers. SSB detectors have a well
known energy resolution, however, they are susceptible t@r¢e pulse height defects (PHD),

radiation damage over time, and a degrading energy resolomi with increasing energy. Al-
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ternatively, ionization chambers are not susceptible to diation damage due to constant gas
ow, and the energy resolution is much more stable with incresang energy than a silicon

surface barrier detector as can be seen in Figure 2.4.
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Figure 2.4: Energy resolution (FWHM) as a function of energy forllameasured particles for
the ionization chamber (top), and the silicon surface barer detector (bottom) [33].

In the energy regime of ssion products, ionization chambsro er much better resolution
than silicon surface barrier detectors as can be seen in Figu2.5. Additionally, ionization
chambers have the potential to resolve the nuclear chargg, of the ssion product using
the basis of Bragg peak spectroscopy; silicon surface barrdetectors provide noZ infor-
mation. For a xed mass and energy, the track length in the IC &n be used to separate ion
species. For these reasons gas lled ionization chambergevehosen for energy detection of
ssion products, and a signal pick o on the Frisch grid was irplemented for track length
information of the ssion products.

The operating principle of a Frisch gridded axial ionizatio chamber is shown schemat-

ically in Figure 2.6. The chamber is composed of an anode, Ftisgrid, guard rings and
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Figure 2.5: The separation of 2.5 MeVW?°l from 2.0 MeV °®’Mo in a gas ionization chamber.
The response of a silicon detector to 2.5 MeV iodine is giveor fcomparison [33].

a cathode connected through a resistor chain. A high voltadeas is applied to the anode
and the Frisch grid (voltage stages down on each ring due tosistor chain and grounded
cathode) creating an electrostatic eld in the active areafathe detector. Charged patrticles,
in our case ssion products, enter the chamber with a trajecry perpendicular to the an-
ode plane and interact with the gas. The incident charged p@ele will ionize neutral gas
molecules freeing an electron and a positive ion (termed amni pair). In the presence of the
electrostatic eld, electrons drift towards the positivel charged electrode (anode) inducing
a negative signal once past the Frisch grid, while positiyelcharged ions drift (much more
slowly) toward the negatively charged electrode (cathodehducing a positive signal. The
number of ions produced by a charged particle is proportioh&o the energy of the parti-
cle, therefore the pulse height of the signal induced on th@ade is proportional to particle
energy.

The Frisch grid provides important purposes, the rst of wheh is removing the position of
Bragg Peak dependency of the particle track from the inducexthode signal. Without a Frisch
grid, the amplitude of the induced signal on the anode re estthe energy of the ionizing

particle track as well as the Bragg Peak position of the ionizg particle, and therefore cannot
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Figure 2.6: Components of an axial ionization chamber [34].

directly be used to determine the energy of the ionizing pade without corrections. While
the Frisch grid removes the Bragg Peak position dependencerh the induced signal on the
anode, it also preserves the Bragg Peak position dependemtehe signal induced on the
Frisch grid. The anode signal and Frisch grid signals can trefore be compared to determine
the Bragg Peak position of the incident particle using the soalled summing method [35].
The Frisch grid performs this function as it e ectively screns the anode from positive ions
making the electron induced charge signal on the anode indsqent of the track position.
Electron mobility is around 1000 times that of heavy ions regting in a fast rising component
in the signal. In standard ionization chamber experiments ih ssionable targets/sources
( ssion chambers), the Bragg Peak position is dependent ohé emission angle of the ssion
product. In our approach, due to the distance from the targésource to the IC, the ssion
product enters the active volume with only little angle varation.

It is, however, well known that the Frisch grid does not perfaly shield the anode from

charge resulting in the so-called \grid-ine ciency” (GI) rst investigated by Bunemann, et
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al. [36]. Consequentially, due to the GI, the pulse height of thenduced signal on the
anode is slightly angle dependent. Recently, Al-Adili et al.nvestigated the dependence of
charge induction as a function of the Gl focusing primarilymthe anode signal [37]. The grid-
approach of emission-angle determination was also invegstied and signi cant improvements
to the summing method were found. When an incident charged fanle ionizes gas molecules,
the resultant freed electrons drift towards the Frisch grid As the rst electrons approach the
Frisch grid, a signal of the same polarity as the anode is inded on the Frisch grid. Once the
rst electrons pass the grid, a signal with opposite polant to that of the anode is induced
on the Frisch grid reaching a maximum as the last electrons & the Frisch grid. The total
signal induced on the Frisch grid is therefore bipolar and tas the angle information of the
ionization cloud distribution (Bragg Peak Position). The bpolar nature of the Frisch grid
signal is inconvenient for use with analog electronics malj it ideal to directly digitize for
digital signal post-processing.

For optimal operation the ssion product should be complety stopped by the gas as
close to the anode as possible without actually hitting thereode. Fission products span a
spectrum of mass and energy and therefore it is ideal to tunke ionization chamber to stop
the longest ranging ssion products before the anode. Therlgth of the track created by the
ssion products can be adjusted by varying the gas pressune the ionization chamber. The
purity of the Il gas is also integral in operating an IC as thepresence of electronegative gases
like oxygen and water vapor will radically inhibit electroncollection. With electronegative
gases, electrons have a high probability of attaching to neal molecules forming heavy
negative ions like @ of H,O  which will move to the anode with velocities approximately
equal to those of heavy positive ions. Electrons that attacto neutral molecules in the gas
will no longer be collected by the anode resulting in pulse ights that are not proportional
to the total ionization of the gas.

While operating in the basement of Meyer Hall, signi cant timewas spent tuning the ICs

until optimal pressure and eld strength settings were detenined. After moving the system
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across campus to the GRL, | was initially unable to replicatéhe signal quality that | had
produced in my previous lab. After extensive investigation found small leaks in several
Swagelok connections indicating that disassembly and resasbly of the gas supply system
degraded some connections. Consequentially, all gas livesre replaced with fresh copper
tubing and new Swagelok connectors. Once leaks were removexnin the gas supply line,
IC performance was comparable to previous results. In my exqpence Swagelok connections
are not always reliable in vacuum applications and should kreplaced with Swagelok VCO
ttings.

Electrons produced from ionization can fail to reach the am® due to many factors,
among which is recombination within the gas. This occurs priarily when the electrostatic
eld in the IC is not strong enough, however, this e ect can neer be completely eliminated.
The dependence of the output pulse amplitudé/, on the voltage applied to the IC,U, can

be seen in Figure 2.7.
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Figure 2.7: Various regions of operation of gas- lled detemts. The observed pulse amplitude
is plotted for events depositing two di erent amounts of engy within the gas [38].

Region | on the x axis can be considered the collecting regiovhere output voltage

increases with IC voltage due to the decreasing probabilityf ion recombination. Region II,
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the ionization chamber region or saturation region is the ggon where increasing the voltage
applied to the IC does not change the voltage of the pulse hbtgand is the desired region
for stable operation of our detectors. Once detector voltags increased enough to operate in
Region Ill, a proportional gain on pulse height is seen as vae increases which is not ideal
for stable operation. Above the proportional regions, elein multiplication begins occurring
resulting in a nonlinearly increasing pulse height with ineasing detector voltage. Electron
multiplication can be useful in detectors like proportionacounters for signal ampli cation,
however, any electron multiplication in an IC would resultm degrading energy resolution as
charge carriers collected are no longer directly proporhal to the charge carriers produced
by the ssion product ionizing the gas.

Features of the ionization chamber that must be optimized nlude the choice of gas,
pressure of the gas, and strength of the electrostatic eldlo combine high stopping power
and low nuclear charge of the counter gas, high molecular hpdarbons are used such as
methane, isobutane, or penthane [39]. The most common gaf®use in ionization chambers
are P-10 and isobutane. P-10 gas o ers better gas ampli cath making it ideal as a counting
gas for detectors like time projection chambers, where th@dg is to reconstruct the track of
the particle. Preliminary testing was done with both P-10 ad isobutane and it was seen that
isobutane o ers superior energy resolution and was, theogg, selected for operation. P-10
gas has a nice plateau in electron drift velocity as a functicof reduced electric eld strength,
allowing the ionization chamber to be operated in the satuteon region. The electron drift
velocity in isobutane gas at 20 torr does not plateau until @r 6 V/(cm torr) as seen in
Figure 2.8. This indicates the ideal operating reduced elet eld strength for isobutane
gas in an IC is above 6 V/(cmtorr) at 20 torr (this is the closest pressure to operation tht
electron drift velocity could be found for pure isobutane ¢g.

The initial design of our ionization chamber came from a seh chamber designed by
Dale Henderson at Argonne National Laboratory (ANL), seen in Figer 2.9. Photographs

of our ionization chambers can be seen in Figure 2.10. The amodrrisch grid and guard
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Figure 2.8: Electron drift velocity as a function of the redued electric eld strength for
isobutane [40].

rings are all stainless steel and are held in place by nylond® and spacers which attach to
a blank ISO-K NW 160 ange. The ange was machined for two NPT comections, a gas
inlet and outlet. The ange was also machined to allow mountig two hermetically sealed
high voltage feedthroughs, one for the anode and one for thad€h grid.

The high voltage wiring and resistors were connected to théngs rst by brazing with
silver bearing solder, then later by simply screwing them tthe rings as seen in Figure 2.10.
No di erence was seen in the output from the two methods; torchrazing was di cult to
perform and thus attaching with screws was the preferred medd. Model MPR-1 charge
sensitive preamps from Mesytec were used that provided higloltage bias to the anode
and Frisch grid while allowing signals from each to be recaed. The anode and Frisch
grid pulses were directly digitized to provide as much infanation as possible for later data
analysis. High voltage bias was provided to the preamps fromafford Research PS350
power supplies.

A gas system was designed to provide isobutane to the ICs ugi®/8 inch outer diameter
copper tubing with all connections made using Swagelok. An MK Type 250 pressure

controller was used in conjunction with a 50 sccm MKS Type 20@ass ow control (MFC)
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Figure 2.9: A ssion chamber, by Dale Henderson at ANL.

Figure 2.10: The two IC versions: (a) electric connections da with nuts and bolts; (b)
electric connections made by brazing with silver solder.
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valve connected to the isobutane gas bottle regulator, an MKType 222 pressure transducer
at the IC input, and a MKS Type 622 pressure transducer at theudput. The MKS pressure
controller allows the constant ow of gas while maintaininga constant pressure. The outlet
of the ICs was connected to a needle valve, then a roughing ppnirhe ow rate of the gas
can be adjusted by opening or closing the needle valve at thgite When pressure drops
below a threshold, the controller sends a voltage to the MFCalve, which is normally closed
when no voltage is provided. The voltage causes the valve tpem increasing gas ow to the
IC thus raising the pressure. When pressure in the IC increasabove a threshold, voltage
is cut o to the valve stopping the ow of gas, allowing presste to decrease in the IC.

Ideally, one would tune the ow rate of the gas to be as low as psible (isobutane gas at
99.5 % purity is expensive) without resulting in a degradingulse height over time due to
radiation damage. A similar IC with fresh isobutane Il gas ad no gas ow was observed
by Oed et al to lose around 1 % per hour in signal amplitude, and determideto require
total volume gas exchanges 3 times per hour (correspondedatgas ow rate of 31 standard
cm®/min or 31 sccm) to prevent pulse heights from dropping any nre than 0.3% from their
maximum value [41]. A plot showing their results can be seen Figure 2.11, where an
excellent peak to valley ratio of 2.7 was achieved. Althougledk and outgassing rates are
di erent for each setup, we chose to use a similar gas ow rat@nd employed a 0-50 sccm
MKS valve.

The needle valve downstream from the IC was opened to variodegrees while observing
the gas pressure in the IC. It was found that only a small opemy window would allow the
MKS controller to maintain pressure within += 1 torr of the pressure set point. When the
needle valve was opened too far, the 50 sccm limitation frorhe valve prevents the gas ow
rate from achieving an adequate ow rate to maintain the presure in the IC. Conversely, if
the needle valve was not opened enough, the 50 sccm valve isgapable of owing gas at
low enough ow rates and pressure in the ionization chambeructuates too far from the set

point. Once an appropriate position was found for the needlalve, the time dependence
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Figure 2.11: Spectrum from &°2Cf source measured with an axial ionization chamber.
lonization gas: isobutane (99.5%) at 120 torr. The speci celd strength is 5.9 V/(cm*torr).
The alpha-particles are not stopped in the chamber. The ernce window is made from
stretched polypropylene foil with 50 g/cm? in thickness [41].

of the pulse height from the anode was investigated using?&Am - source. The anode
signal pulse height was observed over several days of opemtwith gas pressure in the IC
maintained to within + = 0.3 torr of a 120 torr set point, and changes in the pulse heigh
were negligible.

To optimize the pressure of the isobutane gas and the electrield strength in the IC,
a dedicated test setup was constructed seen in Figure 2.12 whaignals from the anode
(yellow) and Frisch grid (blue) can be seen on the oscillogm® in the photograph. Testing
was performed with a?>>Cf button source at gas pressures ranging from 60 to 100 towith
varying electrostatic eld strengths at each pressure.

A plot showing the isobutane gas pressure dependence (elestatic eld strength con-
stant) can be seen in Figure 2.13. It can be seen that pulse Haighcreases with increasing
pressure up to around 80 torr, above which pulse height begins to decrease with eas-
ing pressure. Fission products therefore reach an optimalnge in the detector somewhere
between 78-83 torr, below which ssion products no longer desit all of their energy in the

gas and will begin to range out in the IC colliding with the ande.

27



Figure 2.12: The initial IC testing station (IC anode signal s the yellow line on the oscillo-
scope, Frisch grid signal shown in blue).

Figure 2.13: Preliminary results from the IC with a 2.5 m thick PET IC entrance window
for varying gas pressures (all else constant except run tijne
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After identifying the optimal pressure regime, electrostat eld strength was varied to
determine optimal voltage settings. While operating an IC inthe saturation region, the
impact of small changes in the electrostatic eld are unimptant, as the electron drift
velocity remains constant. When operating outside the satation region, small changes in
the electrostatic eld can have signi cant impact on resuls due to the change in electron
drift velocity. For this reason, it is desirable to operate e IC in the attest part of the
electron drift velocity plot as possible (above 6 V/(cm*tor) from Figure 2.8), however, most
preamps are limited to 1-2 kV of bias supply.

The Mesytec MPR-1 preampli ers were used to provide high vizige bias to the anode
and Frisch grid, varied from 500 V up to 2 kV corresponding to.% - 3.5 V/(cm*torr) at 80
torr. To minimize eld lines from being intercepted by the grd, the condition on the ratio
of the eld strengths between the grid-anode region and theathode-grid region, de ned as
R,, proposed by Bunemann, et al. [36] and used by Bevilacqua, @&t [42] was imposed,

seen in Equation 2.3
h i
d 2
Vo Ve Dc oo 1+ h1+4 DGA( 4 1n )i

Voo Ve Dea 1 1+ ;2 —(2 4In)

Ro =

(2.3)

whered is the grid pitch, D¢ ¢ and Dg A are the respective distances between the cathode
and grid, and between grid and anodée/a, Vs and V¢ are the respective voltages applied to
the anode, grid, and cathode, and =2 § wherer is the grid wire radius. R, must be large
enough so that eld lines from the grid-anode region of the ember penetrate the grid and
enter the cathode-grid region. The minimum value foR, to achieve this condition,Rq.min ,
was calculated to be 1.999. The voltages supplied to the deter were, therefore, always
staged to maintain a eld strength of at least 2:1 in the gridanode region when compared
to the cathode-grid region.

As expected the amplitude of signals induced on the anode irased with increasing
eld strength. As the high voltage bias provided to the anode@proached 2 kV, anode pulse

height amplitudes occasionally became too large for the jampli er to resolve. This could

29



be an e ect from electron multiplication or voltage breakdwn in the chamber and thus was
determined to be the upper limit of the electrostatic eld stength in the ionization chamber.
In depth testing was performed with high voltage supplied tthe anode between 1500 - 2000
V and the optimal voltage was found to be +1590 V to the anode,nal +960 V to the Frisch
grid (2.1 V/(cm*torr) at 70 torr in the cathode-grid region with R,= 3). Energy plots
from eld and pressure optimization with the stretched polypropylene entrance window and

LUXEL entrance window can be seen in Figure 2.14.

(@) (b)

(c) (d)

Figure 2.14: Results from IC gas pressure and electric eldrenhgth optimization: (a) IC
anode signals with LUXEL window; (b) Frisch grid signals with WXEL window; (c) energy
spectrum with LUXEL window; (d) energy spectrum with stretche& polypropylene window.

Initially, the window mounting frame itself acted as the cabode, however, the outer
diameter of the outermost surface of the window frame that ptrudes into the IC was much
smaller than the inner diameter grid rings in the eld cage. Tis left a space between the

two, creating the potential for nonuniformities to developin the electric eld. To test the
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potential for improvement, the cathode was redesigned and dtustration of how the parts

t together is shown in Figure 2.15.

Figure 2.15: Exploded view of the mechanical model of the ICathode components, and
the CF high vacuum chamber ange (listed from left to right inappearance).

First, an 1SO-K centering ring ts against the ange, and the window frame is then
screwed into the modi ed 12" outer diameter con at ange (CF). Initially, this was the entire
composition used during operation (the remaining 2 compomnis between the window frame
and IC body were part of the cathode redesign). To remove the fgmtial for nonuniformity
in the electric eld, a thin stainless steel plate was mounteto a ring (counter bored screw
holes allowing a at surface facing into the IC) and the ring w&s secured to the window
frame with set screws. After securing the window and cathodéhe IC was mounted to
the modi ed CF. The outer diameter of the new cathode plate wa8.1" less than the inner
diameter of the cathode ring to allow for clearance. No imprewment in results was seen

from the redesign, however, it was still employed moving faard.
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2.3 Pressure Window Design

The pressure window was designed to act as the cathode of tkie &nd was kept at ground
potential. The window itself is attached to the outermost fae of the window frame which is
designed to protrude into the ionization chamber on an everigne with the last guard ring,
as seen in Figure 2.16(a) (also at ground potential), therelilyeeping the electrostatic eld
in the IC as uniform as possible. During operation, the presee in the IC will be on the
order of 100 torr, while the pressure in the time of ight regin of the detector must be less
than 10° torr (shown in Figure 2.16(b)). The ideal window must be capdb of holding this
pressure di erential with minimal energy loss for the ssio products. A number of materials

were investigated beginning with plastics.

(a) (b)

Figure 2.16: The IC-window interface: (a) axial mid-plane daway view of the IC mechanical
model; (b) gas pressure schematic.

Common plastics used as detector windows include polyetbyle terephthalate (PET)
also known as Mylar, polyimide, polypropylene and more, h@wer, most plastics are not

commercially available at thicknesses below a fewn. To attach the PET or other plastic
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to the window frame, rst a copper gasket was epoxied to the astic sheet. Once the
epoxy dried, the sheet was trimmed around the copper ring. Bry was then applied to the
window frame and the copper ring was placed on the window franm The copper ring was
used to apply a small amount of down force across the plastigr&ace (not enough pressure
to stretch the plastic) allowing the plastic to be as uniformas possible across the window
frame opening while the epoxy dried. Photographs of the press can be seen in Figure 2.17,
which shows PET attached to the copper ring resting on the widow frame while the epoxy

dries in Figure 2.17(a), and the pressure testing station usence the epoxy was fully dry

is shown in Figure 2.17(b).

€Y (b)

Figure 2.17: The window preparation and testing process: (EET epoxied to a copper ring,
hanging on the window frame while the epoxy cures; (b) windopressure testing station.

For initial testing and optimization a robust window was desked to reduce the possibility
of the window failing while detector components were beings$ted and optimized. In the
event of a window break during operation, all carbon picko dils are destroyed and it is
possible to damage the MCPs. At a minimum the detector must bdisassembled and

inspected and the picko foils must be replaced. Various thknesses of PET ranging from
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0.5 - 3 m were purchased from GoodFellow USA and Lebow Company and gsere tests
were performed using a dedicated testing station seen in Frgu2.17(b). The most notable
e ect from pressure testing was deformation of the plastic wdow. Long before breaking
pressures are reached the force of the gas will deform thegpla which creates a dead layer
of gas in the ionization chamber. Any charge produced from i@ation in this region will fail
to be collected by the anode as there is no electrostatic eld this region directing charged
particles.

To minimize the creation of a dead layer, a metal grid was atthed to the window
frame before mounting the plastic, providing structural spport to prevent the plastic from
deforming. Initially, a grid was applied by wrapping thin gdd coated wire around two bolts
with a xed position. Epoxy is applied to the outer surface othe window frame, and the
frame is raised from below the wire until they come into contd. The window frame is then
left in place while the epoxy dries, after which excess wirg frimmed. A picture of a window
frame with the grid attached at CSM can be seen in Figure 2.18(@

In order to investigate a variety of metal grids (di erent diameter wire and pitch), various
commercial metal grids were attached to window frames by Rnsion Eforming and tested.
It was found that the MN4 grid provided enough strength to holdthe pressure di erential
while providing the highest possible transmittance. Varias epoxies were tested to attach the
PET to the window frame, ultimately B-45 two-part epoxy fromRELTEK was chosen for its
reliability in bonding PET to metal. A picture of a 0.5 m thick PET window attached to
a window frame with the MN4 grid from Precision Eforming can baeen in Figure 2.18(b).

While the metal grid attached by Precision Eforming providesdeal support and trans-
mittance for operation, it was found to be very expensive taeplace the grid on every window
tested. For this reason a new window frame was designed to yiae structural support to the
plastic without needing the grid, seen in Figure 2.19. The witow frame in the photograph
was limited to the bit size available at that point in the machne shop, therefore, transmission

potential was not maximized for these tests. Once the appropte bit was received by the
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€Y (b)

Figure 2.18: A window frame with a wire grid applied: (a) at CSM(b) by Precision Eforming
(MN4 Ni mesh) with 0.5 m thick PET attached to the frame, and a?>2Cf(sf) button source
underneath.

machine shop, larger diameter holes were drilled improvirtgansmission. Transmittance of
this design is drastically reduced from the wire gridded frae ( 70 %), however, unlimited
windows can be tested with each frame and the only associatedist is the PET and B-45.
After testing a window, wet sandpaper was used to remove resal plastic and epoxy to
prepare the frame for a new window to be attached. The modi evindow frame design
was used for preliminary testing and optimization, while tke original window frame with the
metal grid was desired for actual operation.

After tuning and optimizing all detector components using 2 m ( 280 g/cm?) PET
windows, it was necessary to determine the optimal windowrfoninimizing the energy loss
of the ssion products. Several 0.5 m (70 g/cm?) PET windows were pressure tested
up to 130 torr and installed on the double arm spectrometer,n@ at a time. While the
windows were able to hold the pressure di erential without keaking, there was signi cant

gas leakage from the IC into the high vacuum chamber preveng it from reaching stable
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Figure 2.19: A gridless window frame.

pressures required for MCP operation. The gas ow through #h PET window indicates
that there is a high level of permeability in the material andit is, therefore, not a suitable
candidate for the nal window choice.
Another common choice for IC entrance windows is stretched lypropylene foil produced

using the methodology of Barrus and Blake [43]. Using this mfetd, thicknesses down to 15

g/cm? were obtained over an area of 5 ¢in Didriksson et al. used the same methodology to
successfully produce foils down to 20g/cm? over an area of 25 crj44]. For our active area
of 3.14 cnt this methodology should be capable of producing windows thare signi cantly
thinner than the PET. Although the methodology for stretching polypropylene is straight-
forward and well described, it would be very time consumingptconstruct a new apparatus
for stretching polypropylene. Before constructing our owapparatus we were able to nd
an existing apparatus at the National Superconducting Cyctomon Laboratory (NSCL) at
Michigan State University (MSU) whose operator, John Yurkon,tdl ran the machine seen

in Figure 2.20 on a frequent basis.
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(@) (b)

Figure 2.20: The polypropylene stretching apparatus at NSCL(a) before stretching; (b)
after stretching.

A sheet of 3 m thick polypropylene is secured across a te on disk, whicls iheated.
The disk is then driven vertically by hydraulics a distance approximately 0.5 m. The
excess polypropylene is then trimmed around the perimeteesulting in a sheet of stretched
polypropylene (approximately 0.5 m in diameter). Window monting frames with a 3 inch
inner diameter with a thickness of 1 inch were then rubber caanted to the sheet of stretched
polypropylene. Once the rubber cement had dried, the windomounting frames were
trimmed around their outer diameter and the windows were saped for travel back to CSM.

Photographs of a window mounting frame with stretched polypylene attached using rub-
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ber cement can be seen in Figure 2.21(a), and a stretched poatypylene window drying to

a frame can be seen in Figure 2.21(b).

(@) (b)

Figure 2.21: Stretched polypropylene attached to a plasticadme with rubber cement: (a)
before mounting to a window frame; (b) during mounting to a widow frame.

Another option for IC entrance windows is to purchase one from commercial supplier.
LUXEL has been producing high quality foils and windows for ove40 years. LUXEL
produces windows on standard anges or will attach their widows to custom frames provided
by the customer. The LEX HT® windows provided by LUXEL are capable of achieving
vacuum tight pressure di erentials of 1 atm over areas up to 6m?, with a leak rate of less
than 10° mbar L/sec. The LEX HT® window allows overpressure to 1.5 atm and can be
cycled more than 1000 times. LUXEL uses a proprietary method fmroduce a 600 nm thick
polyimide Im, which is then coated with 60 nm of aluminum. A wndow frame was shipped
to LUXEL and the LEX HT ® window was attached to frame for $2380.00. A photograph
of the window attached to a window frame is shown in Figure 2.22

Recently, silicon nitride has been proposed and tested fosaias an IC entrance window

due to the much lower total energy loss and energy loss strdigg compared with plastic
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Figure 2.22: The LUXEL LEX HT® window attached to a CSM window frame.

entrance windows [33]. The SPIDER collaboration took greanterest in the possibility of
using silicon nitride entrance windows and therefore bothANL and UNM did their own
investigations into their potential use and bene ts. Silion nitride windows are very expensive
and therefore it was decided not to investigate their use herat CSM, but rather include
results from LANL and UNM in the comparison of all potential windaevs investigated.
Finally, an idea for an entrance window came from recent reseh geared toward the food
packing industry, where many studies are being performed tmprove the gas permeability
properties of plastics used to package foods. Graphene4xgsoatings on polymer Ims have
been shown to signi cantly decrease gas permeability thrgh the membrane [45]. In our
previous testing, the 0.5 m PET was capable of holding the pressure di erential but was
too permeable to the IC Il gas for use. The potential of applyng a very thin graphene
coating to the PET to reduce its gas permeability (without dastically increasing energy loss

from ssion products passing through the window) was inveigated.
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A number of companies specializing in thin graphene coatisgvere contacted regarding
the potential of coating one of our windows, and only 1 compgrwas able to accommodate
our request. GNext is a relatively young company out of Bologn Italy actively working
in developing graphene applications since 2008. Window framwith 0.5 m PET as well
as several sheets of PET were shipped to GNext where grapheoatmgs of various thick-
nesses were applied to the PET. Photographs after grapheneating by GNext are shown
in Figure 2.23. With their proprietary method, GNext treatment reduces PET oxygen per-
meability from 0.042 barrer (1 barrer = 335 10 6.MoLm ) t9 0.0018 barrer [46], e ectively
reducing the oxygen permeability of the PET by 95%.

The techniques and materials used by GNext are proprietaryherefore, |1 can only infer
that the graphene is applied to the PET at a fairly high tempeature as there is evident
damage in almost every sample. This can be seen in the red lgrof Figure 2.24, as well as
on the 20 nm coating in Figure 2.23(a). Unfortunately, only thel0 nm coating to the PET
sheet was usable, and after mounting to a window frame stilhewed too much leakage to
maintain an acceptable operating pressure in the high vacouchamber. The vast majority of
research related to graphene improving gas barrier propers has come from the food packing
industry, which uses much thicker PET/plastics than suitalte for an IC window. While there
is great promise in the use of graphene coating to improve daarier properties, much more

work is needed to determine an appropriate thickness and teaque for applying the layer.

2.4 Velocity Measurement

As previously described, the velocity of the ssion productsvas measured using electro-
static mirrors with carbon conversion foils in conjunctiorwith MCPs. The ssion product
passes through the carbon conversion foil freeing electsom the process. The electron
trajectory is then directed by the electrostatic mirror tovard the MCP, as depicted in Fig-
ure 2.25. The MCP collects the electrons and produces a signahich is inverted with a
Picosecond Labs 5100 Broadband Pulse Inverter, then fed onan ORTEC 935 Constant

Fraction Discriminator (CFD). A logic signal is then producel by the CFDs and fed into
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() (d)

Figure 2.23: PET with a graphene coating applied by GNext with ghickness of: (a) 20 nm;
(b) 40 nm; (c) 5 nm; (d) 10 nm.
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Figure 2.24: A mounted PET window with a 10 nm thick graphene @ting, showing evident
damage circled in red.

an ORTEC 567 Time to Amplitude Converter (TAC). The output from the TAC is a logic
pulse with a pulse height proportional to the time di erencebetween start and stop signals
from the CFDs.

An MCP consists of a very thin, metal coated disc comprised oinly glass tubes fused
together to form an array. A simpli ed view of a single glass @re that composes the array
when fused together can be seen in Figure 2.26. The inner sudaf each glass tube acts as a
secondary electron emitter. Those electrons will eventunalstrike the channel wall producing
more electrons and the process continues thus each channatdmes a continuous dynode
electron multiplier.

A potential di erence is applied across the plate thereby atacting electrons from the
entrance end to the exit end. Electrons that enter the glassibe eventually strike the wall
of the tube, producing a pulse of secondary electrons thatearfurther accelerated along
the tube. When operated at high voltages, electron gain may barge enough such that the

resulting space charge at the channel exit limits the totalharge per pulse to about 10or 10/
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Figure 2.25: Schematic of an electrostatic mirror.

Figure 2.26: An illustration of the dynodisation e ect on secodary electrons in a single pore
of a MCP [47].
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electrons at saturation for small diameter channels [38]. Véin each channel is identical and
operated in the saturation region, the total collected chae is proportional to the original
number of electrons. The total electron transit time throu@ a tube is a few nanoseconds
with the spread in transit time around 100 ps, which determies timing performance [48].

Straight channel multipliers typically operate at gains ofL0*-1(°, which is limited by the
onset of ion feedback. As the gain increases, so does the pholitg of producing positive ions
in the high charge density region at the channel exit. Posite ions are produced by electron
collisions with residual gas molecules at ambient pressargreater than 16 torr, and from
channel walls under electron bombardment. The positive igrcan drift back to the channel
input, producing ion after-pulses, which can produce adddnal secondary electrons resulting
in a regenerative feedback situation. In the case of largengle channels, ion feedback can
be suppressed by bending or twisting the channel [49, 50]. Whidding curve to a single
channel is simple, it is dicult to achieve in a thin (0.5 mm) microchannel plate. A
commonly used method of suppressing ion feedback for MCPerating them in the so-
called Chevron con guration described by Colson et al[51] which is shown schematically
in Figure 2.27. In this so called Chevron con guration, smalthannel bias angles provide
a su ciently large directional change inhibiting positive ions produced at the exit from
reaching the input plate. To further suppress ion feedbackhe operating pressure in the
vacuum chamber housing the MCPs was maintained below-4 @orr.

Electrostatic mirror plates were machined from stainlessexl with an electroplated nickel
grid attached by Precision Eforming (grids are 95% transpant). The steel plates are held
together with a nylon housing that was designed to exploit sgmetry in order to minimize
the number of total parts (the top and bottom are the same paijt Electrostatic mirrors are
designed to be as transparent as possible to heavy ions (@siproducts) while re ecting
secondary conversion electrons toward the MCP.

Carbon conversion foils of various thicknesses (20 - 106/cm?) were purchased from

ACF-Metals, The Arizona Carbon Foil Co., Inc. [52]. ACF-Metalsuses a pulsed arc evap-
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Figure 2.27: The Chevron con guration for MCPs [38].

oration process to layer the carbon onto a NaCl coated glassbstrate, and the foils are
shipped attached to the glass substrate. To remove the cambéoils from the glass substrate,
the glass was slowly submerged in water with the carbon side.uThe water slowly brings
the carbon foil o of the glass substrate and the carbon layds left oating on the surface.
A metal frame with a 1 cm diameter aperture was then carefullgipped underneath the foil.
The metal frame is then pulled vertically out of the water alag an edge of the foil, pulling
the foil out of the water, onto the frame across the apertureThis procedure is commonly
referred to as \ oating" carbon foils.

Carbon foils have a propensity to tear and break apart durinthis process necessitating
a very slow, methodical procedure. Using this procedure 2@/cm? foils were consistently
oated over a 2 cm diameter aperture with above a 50% successe. The older the foils
were, the more dicult they were to oat without breaking apart. To achieve the best
possible energy resolution, the thinnest possible carbouwil§ are desired to minimize energy
loss and straggling of the ssion products and therefore, 20g/cm? foils were used for all
detector operation except initial testing (any thinner and oating the foils becomes very

di cult as does handling them in the lab due to their fragility, and propensity to crack
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across the aperture when introduced to the slightest vibrain).

MCPs used for the start signal were Photonis model APD 2 MA 40/6/12 D, with
a 40 mm active diameter and a 60:1 multiplication factor. Thecenter-to-center spacing
between plates is 6 m, and plates have a 5 m pore size. The Chevron detector assembly
contains two matched Detection Quality Advanced Performare Long-Life Mounting Pad
Microchannel Plates (12 degrees of bias angle between pfteiith a metal anode mounted
in stainless steel. A photograph of the Photonis MCPs attaeu to the electrostatic mirrors

in a testing setup is shown in Figure 2.28.

Figure 2.28: The Photonis MCPs mounted to the electrostatic imrors prior to testing.

For MCP tests, an?*!Am -source (seen on the left edge of Figure 2.28) provides comsta
bombardment of -particles on a carbon conversion foil positioned betweehd electrostatic
mirrors. Conversion electrons produced from the bombardmieare emitted in all directions
allowing simultaneous testing of the MCPs. The electrostat mirrors are oriented to bend
conversion electrons from the carbon foil toward their reggtive MCP (their orientation for
testing could not be used for a oF measurement).

MCPs used for the stop signals were model 3394 purchased frQuantar, containing
Resistive Anode Encoder (RAE) position sensitive detector hds for charged-particles. With
an active diameter of 40 mm, two total MCPs in a Chevron con gration, and an overall
sensor diameter of 73.7 mm, the Quantar 3394 MCPs are capalde 0.40 mm FWHM

spatial resolution (100 resolvable elements across 40 mnardeter). The position sensitive
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Figure 2.29: The initial MCP testing station with Quantar MCPs: (a) being prepared for
testing; (b) going into a vacuum chamber for testing.

MCP/RAE are fabricated using precision alumina ceramic andajd plated stainless steel for
maximum UHV compatibility due to the extremely low outgassig from the materials. The
Quantar 3394s also come with the option of electrically isated front rings, which may be
used either for mounting the sensor, or mounting an acceléray or retarding grid or other
device in front of the sensor (not necessary for this appligan) [53].

In addition to the Photonis and Quantar MCPs, two MCPs were ptchased from Hama-
matsu for use in the event of any MCP failure. The MCPs were imediately unpacked
upon arrival and stored in a vacuum chamber at 1®torr to prevent material damage from
atmospheric water vapor absorption. Although the Hamamatsu KPs have appealing char-
acteristics for use in the CSM detector, all of our MCPs heldpthrough the course of my
work, and the Hamamatsu MCPs were never needed.

Voltage bias was supplied to the MCPs using Stanford ResehrieS350 25W High Voltage
Power Supplies, chosen for their reliability and low noiseutput when compared in the lab to
several other brands (Bertran PS350, Iseg NHQ 204M, Ortec 710)he Stanford Research
PS350 was connected to a resistive voltage divider network'[IN) used to provide the

appropriate bias to each individual plate in the MCP. Timingsignals from the MCP were
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taken from a capacitively coupled signal picko in the VDN, albwing the MCP anode to be
held at any voltage level rather than ground potential only.VDNs were designed and built
for each Photonis MCP based on technical speci cations, aralwiring diagram can be seen

in Figure 2.30.

Figure 2.30: Wiring diagram for a Photonis VDN with capacitivey coupled signal picko .

Photographs of the initial Photonis VDN design can be seen in guire 2.31(a), and
Figure 2.31(b). Eventually, this design was replaced in an ert to improve the signal quality
from the MCP, and the replacement can be seen in Figure 2.31(@nd Figure 2.31(d).
The latter design improved shielding utilizing braided sklded cable and a more robust,
secure enclosure with EMF shielding. Once the updated VDNSs veebuilt, the VDNs being
replaced were given to another graduate student and sucdedly put to use for stopping
power measurements.

The CF blank (seen in Figure 2.15) was modi ed with an openingnithe center to al-
low ssion products to pass through, as well as interior mouimg points for the time of
ight detectors. Feedthrough holes were added around the pmeter of the con at ange

for high voltage connections to the electrostatic mirrorsMCPs, and conversion foils. Ad-
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(a) (b)

(c) (d)

Figure 2.31: Two VDN designs for the Photonis MCPs: (a) initiadesign, open cover; (b)
initial design, closed cover; (c) updated design, open coyvél) updated design, closed cover.
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ditionally, feedthrough holes were added for signal picks from the position sensitive RAE
on the Quantar MCP. Hermetically sealed SHV feedthroughs wepirchased from Mouser
Electronics. The ight path length was initially set to 20 cmto maximize statistics during
optimization, and later increased to 40 cm (using a con at miple extension between the
vacuum chamber and modi ed CF blank) for the improvement in iiming resolution. Pho-
tographs of the time-of- ight detectors attached to the inerior side of the modi ed CF blank

can be seen in Figure 2.32, for both 20 cm and 40 cm ight paths.

(@) (b)

Figure 2.32: The time of ight detector mounted to the modi ed CF blank, ready to be
installed in the vacuum chamber: (a) with a 20 cm ight path leagth; (b) with a 40 cm ight
path length.

A complete list of electronics and a wiring diagram of the itial dual arm setup in Meyer

Hall can be seen in Table 2.1 and Figure 2.33, respectively.

2.5 Data Acquisition Systems

During the course of this project there were three main datacguisition systems used
to record data from the detectors. The rst of which was MAESTRO by ORTEC, a mul-
tichannel analyzer (MCA) \emulation" software package. Wherused in conjunction with a

personal computer, and appropriate multichannel bu er (M®) hardware, MAESTRO con-
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Table 2.1: Electronics component key for wiring diagram in Bure 2.33.

Component Manufacturer Model \ Description
MCP-1 Photonis APD 2 MCP MA 40/6/6/12 D 60:1
MP
MCP-2 Quantar 3394 MCP with position sensitivity
EM CSM EM 1-4 Electrostatic Mirror
IC CSM IC 1-2 Axial Frisch gridded ionization
chamber
Preamp-1 Mesytec MPR-1 Charge integrating preampli er
Preamp-2 CAEN Al1422 Single channel charge sensitive
preamp
Preamp-3 CAEN Al1422 Quad channel charge sensitive
preamp
VoltDiv-1 CSM VDN 1-2 HV bias divider
VoltDiv-2 Quantar 25006A HV bias divider
11, 12, 13, 14 Picosecond Labs 5100 Broadband pulse inverter
HVPS-(1,2,3,4) Stanford Research  PS350 High voltage power supply
HVPS-(5,6,7,8) Bertran 365 High voltage power supply
TAC ORTEC 567 Time to amplitude converter
Amp ORTEC 9327 1-GHz Amp & timing
discriminator
PS ORTEC 4002P Portable power supply
WaveForm Digitizer REGIS/CSM 12-Bit FADC 250 MS/s
PC DELL Scienti ¢ Linux 7
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Figure 2.33: Complete wiring diagram of system electronicsrfdouble arm operation.
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stitutes an advanced \smart" multichannel analysis enviroment for use in a wide variety of
scienti ¢ applications [54]. MAESTRO was used for data collgion on most smaller scale
measurements such as energy loss measurements taken wilicasi detectors, or window
thickness measurements. MAESTRO was used for all radioaatissurveying done weekly
around the lab, and was also used periodically to verify theesults from the other data
acquisition systems. The output of the preamps from the engy detector were connected
rst to ORTEC 855 shaping ampli ers where the charge colledbn pulse is shaped using
analog electronics to a Gaussian with the peak height progamal to the measured energy.
The output of the shaping ampli ers is then fed into an ORTEC Easy MCA which converts
the pulse height of the Gaussian to digital and sends it to a ogouter, where each event is
histogrammed in real time. MAESTRO has many advantages for atysis applications where
appropriate analog electronics can be used to manipulate tkgnal to an acceptable input.
However, for applications where analog electronics are natgired, the direct digitization of
the preamp pulse is not possible using MAESTRO and therefore AESTRO was not an
adequate solution for data acquisition from the spectromet.

Each arm of the spectrometer requires one channel for the ege signal from the anode
of the IC, one channel for the Frisch grid signal from the IC,rad one signal from the TAC. A
diagram showing the components and their connections fongie arm operation is shown in
Figure 2.34. If position sensitivity from the stop MCP is utilzed, an additional four signals
need to be recorded. Each arm therefore requires 3-7 chasnafl data acquisition, for a total
of 6-14 signals for double arm coincident operation. While would be feasible to use analog
electronics to shape the energy signals, any addition of ele@nics to a system also adds noise
to the system, therefore, direct digitization of the signal was desired for optimal resolution.
Furthermore, the bipolar nature of the Frisch grid signal isextremely inconvenient for use
with analog electronics making direct digitization ideal.

The second system used for data acquisition was constructinl use by nuclear physics

groups at LANL and CSM by Dr. Frederick Gray from Regis Universit. Flash analog-
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Figure 2.34: Block diagram of electronics for a single arm di¢ CSM FPY ToF-E spec-
trometer.

to-digital (FADC) modules were constructed based on a suca#gl design that has been
used in an experiment to measure the rate of muon capture in disogen gas by the MuCap
collaboration [55]. Based on the Maxim MAX1215 ADC and driven biilinx Spartan-3 eld
programmable gate arrays (FPGA), it permits 12-bit sampling banalog inputs at clock rates
of up to 250 million samples per second across 8 channels. Bgprogramming the FPGAs,
exible triggering and data compression schemes can be irepiented. Minimal external
infrastructure is needed to support the board; it connectsicectly to an Ethernet network
to transmit its data to a host computer. To allow standard mehanical components to be
employed, the board was made the same size as a 6U Eurocard VMEdule (233 X 160
mm?). However, its power supply and readout systems are intentially much simpler than
those provided by a VME backplane. In many circumstances, theoard may be operated
from a single +3.3 V power supply. Enclosures were built to luse the power supply and up
to 4 boards, one of which can be seen in Figure 2.35.

A general purpose data acquisition system called MIDAS (Maxiom Integrated Data

Acquisition System) is the framework of choice for most exparents at research facilities
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Figure 2.35: A custom waveform digitizer built by Dr. Frederck Gray.

like the Paul Scherrer Institut in Switzerland (PSI), TRIUMF in Canada, LANL, LLNL
and many more. MIDAS was originally developed for the Pion BatExperiment at PSI,
which required about 2000 channels to be read out at data ratef up to 1 MB/sec with the
additional need of an elaborate slow control system necegs#o monitor the detector and
to keep the operating conditions constant over long period# framework is supplied which
can be combined with user code for front-end readout on on@lsiand data analysis on the
other side. A run control program has been written as a usertarface to the data acquisition
and to the slow control system [56]. The user code for fronti@ readout, as well as basic
analysis, was provided by Dr. Gray and modi ed for use with te CSM FPY Spectrometer.
For all post-processing and data analysis, ROOT[57] was d&n due to its e ciency in

storing and analyzing large amounts of data. In ROOT, the TTee object container is opti-
mized for statistical data analysis over very large data seiusing vertical storage techniques.

In order to analyze this data, the user can choose out of a widet of mathematical and
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statistical functions, including linear algebra classesyumerical algorithms such as integra-
tion and minimization, and various methods for performingegression analysis ( tting). In

addition, ROOT is the software of choice by the national lab$or performing data analysis
and therefore was ideal for our application.

Many design choices were made on Dr. Gray's FADC so that the nmajty of design
work, rmware development, and testing could be carried ouby physicists rather than
by engineers. This was indeed the case for the MuCap collabtion as the boards were
initially built and programmed for their experiment. To adapt the FADC for use in my
system it was necessary to make numerous changes to the rmme/amost of which were
quick and simple to enact. However, certain features that wemecessary for this application
needed reprogramming at the individual FPGA level which wasegerally beyond my level
of understanding. While Dr. Gray was more than willing to makevisits to the lab to change
whatever was needed, it was inconvenient to do so and, theyed, a data acquisition system
that did not require external guidance was desired.

Additionally, after several months of use, it was noticed thizthe initial power supply was
not consistently providing a stable voltage, often causinthe board to act erratically. Once
the erratic behavior began, the data acquired by the board bame unreliable, necessitating
power cycling the board. Many times the board would return tmormal operation by simply
jiggling the wiring connections between the power supply dnthe board. Fortunately, the
board was designed with many voltage checkpoints, thereéothis problem could be quickly
and easily identi ed with a multimeter. In an e ort to stabil ize the voltage provided to the
boards, the power supplies and all wiring was replaced, andl alectrical connections were
soldered replacing the previously used crimp connectors. ditonally, voltage stabilizers
were added between the power supply and board to further impre stability. The frequency
of erratic behavior was greatly reduced, however, the boardcould still not be used with
con dence for long periods of time. For these reasons a conmgial data acquisition system

was desired providing stable operation over time.
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To provide the desired versatility along with long term stake operation, CAEN DT5720
desktop digitizers were purchased to replace the FADC boardmiilt by Dr. Gray. The
DT5720 is a 4 channel, 12 bit, 250 MS/s Desktop Waveform Digzer with 2 Vpp dynamic
range on single ended MCX coaxial input connectors. The DC set is adjustable via a
16-bit DAC on each channel in the = 1 V range. The DT5720 houses USB 2.0 and optical
link interfaces allowing data transfers up to 30 MB/s and 808/s respectively. CAEN also
provides Digital Pulse Processing rmware for Physics Appiations, however, this option was
not purchased for our application. CAEN provides drivers fothe physical communication
channels as well as software libraries including CAENComm, CADiIgitizer, Wavedump,
CAENScope, and CAENUpgrader. The CAENComm library contains the bas functions
for access to hardware. The CAENDiIgitizer library contains factions designed speci cally
for the digitizer family with the purpose of allowing the useto open the digitizer, program
it, and manage the data acquisition in an easy way: with a fewnkes of code the user can
make a simple readout program without the necessity to knowhé details of the registers
and the event data format. Wavedump is a console applicatiorhat allows to program
the digitizer, start acquisition, read the data, display tke readout and trigger rate, apply
some post processing, save data to a le, and also plot the vedorms. CAENScope is
a fully graphical program that implements a simple oscilla®pe allowing the user to see
the waveforms, set the trigger thresholds, change the scalef time and amplitude, perform
simple mathematical operations between the channels, sal&ta to le and other operations.
Finally, CAENUpgrader is a software composed of command line t@ologether with a Java
Graphical User Interface allowing the user in a few easy steps upload di erent rmware
versions on CAEN boards, to upgrade the VME digitizers PLL, to ¢ board information
and to manage the rmware license.

Initially, the DT5720 digitizers were con gured using the QENScope application, and
data acquisition was performed using WaveDump. While WaveDuop provides all the nec-

essary basic functionality it lacked many features that werdesired for our application. The
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WaveDump program is quite basic and has no graphics, howevers an excellent example
of C code that demonstrates the use of libraries and methodsrfan e cient readout and
data analysis. Due to the simplicity of WaveDump, MIDAS was tk preferred Framework
for data acquisition control due to its use in the national lab as well as its versatility. While
MIDAS provides front end applications for a wide variety of diitizers, there was no existing
front end application for the DT5720 at the time of writing this document. It was therefore
necessary for me to develop a front end application to intexfe the DT5720 with MIDAS,
allowing post processing and data analysis to be performeding ROOT.

An image of the control interface for the custom front end wrien for the DT5720 can
be seen in Figure 2.36. A webpage is used to access and program digitizer settings
making experimental monitoring and control available fronanywhere in the world. All of the
digitizer settings listed in its user manual were programnakto be accessible through the front
end, including trigger type, threshold settings, trigger dacidence mode, DC O set, window
size, channel mask, zero length encoding, etc. The softwdrgger was also programmed
to a button on the webpage to allow the user to quickly triggean event to determine the
signal baseline making it much faster to set DC o set and triger threshold levels.

A ROOT based data analysis package for the MIDAS Data Acquisiin system called
ROOTANA is provided by TRIUMF [58]. The ROOTANA package includes 5major com-

ponents:

a standalone library for reading and writing data les in theMIDAS .mid format, and
for decoding the XML dump of MIDAS ODB typically embedded in evey MIDAS

data le.

a C++ interface class for connecting to an active MIDAS expement, accessing ODB

and getting event data.

a set of C++ classes for exporting ROOT histogram and other gbcts to an external

viewer for interactive visualization of live data, typicaly using the ROODY histogram
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Figure 2.36: Screenshot of the MIDAS interface control webpador the CAEN DT5720.
viewer or using a standard web browser.
" simple examples of using these components.

" a full featured framework for graphical data analysis inclling code to unpack typical

VME and CAMAC modules.

A ROOTANA application was written to interface with MIDAS, allo wing for online anal-
ysis and plotting. Oscilloscope functionality was also pggammed into the application for
visualization of digitizer signals in real time. A screenglt of each plot from the oscilloscope
program triggering on a ssion product from?>2Cf during single arm operation can be seen
in Figure 2.37. A screenshot the online analyzer taken durirgingle arm operation with the
CSM spectrometer can be seen in Figure 2.38, where the top pdtiows the energy spectrum

from the anode, and the bottom plot shows the time of ight spetrum from the TAC.
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Figure 2.37: Signals recorded for a single event from the DTAY oscilloscope: (a) IC anode;
(b) TAC signal; (c) Frisch grid signal.

Figure 2.38: Screenshot of the ROOTANA online analyzer writtefor the CAEN DT5720,
during single arm operation (energy spectrum top, time of ght spectrum bottom).
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A trapezoidal digital shaping Iter was implemented to extiact the pulse height from the
anode signal. There are many references available on all @nke ts of using digital pulse
processing in conjunction with a trapezoidal shaping Itef59, 60, 61]. The results from

piping a single anode pulse through the trapezoidal Iter & show in Figure 2.39.

@ (b)

() (d)

Figure 2.39: Results from digitally processing the anode sig through a trapezoidal lIter:

(a) transformed anode pulse; (b) trapezoid piped through deative Iter, used to select
which bins are used to extract pulse height; (c) zoomed in wieof the top of the trapezoid,
showing less than 0.087% deviation; (d) zoomed in view on thaseline, highlighting proper
pole 0 compensation.

In order to bene t from the full gains of a trapezoidal lIter, such as the minimized pulse
pileup, the Iter would need to be programmed into the FPGA of he digitizer. CAEN
does not give access to the source code that is programed te ffPGA, however, they sell
versions of their digitizers with an optional digital pulseprocessing package that includes a
trapezoidal shaping lIter for an additional expense. After ompleting the data acquisition

for my project, operational and analysis code for DT5720 digers was generalized, and all
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code will be left for future experiments done by the CSM Nucledhysics group.
2.6 Safety Shutdown

Due to high voltages in close proximity to each other in the gh vacuum chamber and
the ow of ammable isobutane gas in the ionization chamberit was necessary to implement
a safety shutdown system that would activate in the event of window break. A schematic
of the system is shown in Figure 2.40. The most important funicins of the safety shutdown
are cutting o supply of high voltage to protect the MCPs, as well as stopping the ow of
isobutane gas.

A solid state relay was used to switch the power to a power gixi The solid state relay is
connected to the pressure gauge relay, which sends a sigmealhe relay to activate when the
pressure drops below 1torr. If the pressure is below the threshold, the relay is asated
and power ows to the power strip. When the pressure goes abotlee threshold, the solid
state relay prevents power from getting to the power strip. fis cuts power to the high
voltage supplies as well as vacuum pumps. The ow of isobutargas is controlled by a
normally closed valve which requires a current to open. Wherhé solid state relay cuts
the power, the pressure controller also loses power and @nt is cut o from the valve
preventing further gas ow.

During my time on this project a number of accident scenariasccurred, including window
blow out, and in each event the safety shutdown system worked designed. Voltage was cut
every time protecting the MCPs from damage and the same MCPseve used from start to
nish on the project. Furthermore, the safety shutdown systm protected the spectrometer
in the case of power failures in the building by preventing #gnautomatic restart of any pumps
or high voltages upon resumption of power. The worst outconfeom all accident scenarios
resulted from window breakage and required the replacemeunit the carbon conversion foils
as the gas expanding into the high vacuum chamber upon a winddreak will almost always

blow out the carbon foils.
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Figure 2.40: Schematic of the safety shutdown system devedopfor the CSM FPY ToF-E
spectrometer.
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2.7 252Cf Thin Backed Source Production

Californium sources can be purchased from Eckert & Zieglesdtope Products, however
only sources with a thick backing are available. With a thick acking, one of the ssion
products from a coincident pair will lose all of its energy irthe backing and is unable
to escape the source preventing the coincident detection bbth products. At the time,
there were no commercially available sources BfCf without a thick backing, therefore, we
attempted to produce our own source of°’Cf that would allow both ssion products from
a coincident pair to escape the source allowing for coincitedouble arm operation.

The rst method of source production that was attempted was he self deposition of
252Cf via spallation from a mother source onto a foil. A 10 Ci 22Cf source, without the
usually applied thin Au deposit that suppresses contaminain, was purchased from Eckert
& Ziegler Isotope Products and placed inside a vacuum chamid®used in a glovebox. The
exhaust from the vacuum pump (inside the glovebox) was dired through HEPA lters to
prevent the spread of contamination. The mother source wasiented in the glovebox, seen
in Figure 2.41(c), directly in front of a 2.5 m thick PET foil, seen in Figure 2.41(d), and left
for a long period of time under vacuum. Photographs of the 3gt described are provided in
Figure 2.41.

After 3 months of irradiation, the activity of the foil was measured to be approximately
30 nCi. The foil was placed back in the vacuum chamber for thelfowing 9 months. After a
total of 1 year under irradiation, the foil was removed and diwvity was measured to be 15 nCi.
Although more and more californium spalls onto the foil overiine, the foil is also subject
to radiation damage reducing the ability for californium tostick to its surface. Initially,
spallation is the primary driver between competing factordjowever, over time the radiation
damage takes over and becomes the more prominent e ect. Whilds method successfully
produced a thin backed source o®’Cf, the activity never reached an acceptable level for

use in our spectrometer due to its low e ciency, therefore,lte source was not usable.
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Figure 2.41: Source production with #°°Cf coverless source oriented in front of a PET foll,
under vacuum: (a) Vacuum chamber housing; (b) 10Ci 25°Cf coverless source; (c) glovebox
containment; (d) PET foil after one year of direct exposure.
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The next method of source production attempted a liquid drogrying method on a plastic
foil. A previous attempt had been performed at LANL [62]. There3.0 Ci of 2Cf (1.5 mL)
were dried down in a small vial and redissolved in 0.3 mL 0.1 M HNOAnN aluminum ring
with a mylar foil attached to it was purchased from Lebow Comgny and placed on top of
a 1 inch lipped stainless steel disk in a plastic petri dish e in Figure 2.42. The?*’Cf was
deposited on the foil in 0.02 mL droplets dispersed arounddharget area in a slow process.
Droplets were found to take around 1 day to dry, so more drofkewere continually added
daily. After the second day the droplet size was reduced to @.0OnL until the solution was
depleted. A second ring with mylar attached was then epoxiezh top of the 25°Cf containing
ring, sandwiching the source material between mylar. A smajap was left in the epoxy (5-7
mm) to allow air ow during pumping operations. The nal source can be seen in the far

right image of Figure 2.42.

@ (b) (c)

Figure 2.42: The drying process of®’Cf dissolved in HNQ; (a) rst droplets applied; (b)
after application of several droplets; (c) nal deposit [6R

Droplets were applied slowly over time in an attempt to makehe deposition as uniform
as possible, however, the resulting uniformity was less thalesired. Based on this result,
it was recommended that the deposition be attempted in onerige drop, ideally yielding a
single residue in the center of the foil. Although the sourcerpduced was not as uniform

as desired, the method successfully produced a sourc&®4€f that would allow both ssion
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products to escape the source material.

A source of?>?Cf dissolved in 1.0 M HNQ was purchased from Eckert & Ziegler Isotope
Products. Before actually preparing the source, proof of priciple was investigated by rst
testing mylar's interaction with di ering strengths of nitric acid, and by using a surrogate
material for 2°2Cf to re ne our procedure and test pumping capabilities. To msure a con-
tainment breach would not result in any radioactive contanmation of our equipment, Sm
was chosen as the surrogate for Cf. After observing no intetmn between 0.5 m PET
with up to 1.0 M HNO3, Sm was dissolved into nitric acid. Two stainless steel fram, seen

in Figure 2.43, were prepared by attaching mylar with rubberement.

Figure 2.43: Stainless steel frames with PET attached.

The solution was then dripped onto the PET on one of the framesnd the nitric acid
was allowed to dissolve away leaving only Sm on the PET. Thecemd frame was then used
to sandwich the Sm to contain the sample between the two PET sehts; photos can be
seen in Figure 2.44(a) and Figure 2.44(b). Vacuum pumping testvere performed with the
surrogate samples and pressures of less tharf10rr were achieved with no visual damage to
the PET or apparent breach of containment. However, due to théi culties that ensue when
radioactive containment is breached, it was decided to pla@ plastic tubing vent in between
the PET sandwich allowing any air to escape during pumping €é&n in Figure 2.44(c)).
However, after proof of principle tests were complete, we seh our attention to the analysis

of data sets from experimental runs with***U(ny, ,f) and 2%8U(ny,,f) at SPIDER, and no
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further steps toward double arm operation at CSM were taken.

(@) (b) ©

Figure 2.44: Photographs of surrogate samples: (a) from dng SmNQ;; (b) back side view
of (a); (c) with vent tube installed and no Sm.

2.8 Nuclear Charge Identi cation

\Charge measurements on ssion fragments are complicateg the fact that their speci ¢
energies are at roughly 1 MeV/amu and, hence, no Bragg peak sisoup. The techniques of
Bragg curve spectroscopy cannot, for this reason, be readdpplied to ssion or any other
ions at lower energies. Nevertheless, the charge dependent the shape of the stopping
power curve is still there [31]." In traditional ionization chambers with no Frisch grid, the
time dependence of the anode signal contains all of the infeation about the energy and
nuclear charge of the ionizing particle [63]. Due to constaelectron drift velocity in the
homogenous electrostatic eld, the local distribution of he speci c ionization, dQ=dx, in
the particle track can be transformed into a time dependentharge, dQ=dt, at the anode.
The total charge is proportional to the particle energy whé the maximum value ofdQ=dt

(the Bragg maximum) is related to nuclear chargeZ [64]. The introduction of a Frisch grid
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e ectively screens the anode from any time or positional demdence on the particle track,
however, all of the information is retained in the Frisch gd signal.

The signals from the anode, grid, the summation of the two sigls, and the time depen-
dence of the induced charge on each signal are shown in Figu#52 The pulse height of the
anode is proportional to the number of ion pairs created in & detector gas by conversion
of the ssion products kinetic energy, but holds no informabn regarding the range of the
ssion product in the gas. As the incident charged particle ioizes the isobutane gas, elec-
trons begin to drift toward the Frisch grid. A negative signaforms on the grid, increasing in
amplitude until the rst electron passes the grid. The signh ips polarity once the center of
gravity of the negative ions passes the grid, and once all efi®ns have been collected on the
anode, the grid signal shows the remaining charge from pag# ions which are essentially
stationary. The grid pulse should then contain informatiorabout the distance of the origin
of the electron-ion pair track to the grid, and is, thereforedependent on the particle range,
and the distance of the center of gravity of the electron-iopair track from the origin of the
trace, denoted ax, and there should be some characteristic di erence in theigrsignal for
isobars as their track length will be di erent.

A schematic illustration of an ionizing particle entering arisch gridded ionization cham-
ber is shown in Figure 2.46. The distance of the center of grgviX, of the electron-ion pair
track from the origin of the trace made by the ssion product $ related to the IC signals
following Equation 2.4, whereP, is the anode pulse heightP is the summed anode and
Frisch grid pulse height, andD is the distance between the cathode and anode [12]. As pre-
viously stated, the distance between the source and ionizat chamber is large enough such
that there are only small angle variations from ssion prodats entering the IC, therefore,
the cos () term is assumed to equal 1.

P _ X
Pr 1 Bcos() (2.4)

A total of four potential gures of merit were investigated to extract nuclear charge. The

pulse height of the tail pedestal from the grid signaPg, was used for the rst method. The
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Figure 2.45: The time dependence of the induced charge on theode (a), grid (b), and
the sum of the two signalg(c). The curves are given for cos{ = 0 (full line), cos( ) =0:5
(dotted line) and cos () = 1 (dashed line) [12].

Figure 2.46: Schematic of the three electrode geometry of thesch grid ionization chamber,
consisting of a cathodeC, a grid G, and an anodeA. An ionizing particle is emitted from
the cathode at an angle relative to the chamber normal, creating a track of electranand

positive ions. The center of gravity of the electron distribtion along this track is denoted
by X [65].
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pulse height of the tail pedestal from the summed anode andigjsignals,P , was used for
the second method. In an attempt to try to decouple the energgependence from the grid
signal, the tail pedestal pulse height from the grid was diged by the anode pulse height,
and the quantity will be denoted by Rgon = Ps=Pa. Finally, the time di erence between
the charge collection peak of the grid and anod@&gs, was used for the forth method.

After the relevant quantities are determined, 1 amu mass cut@re taken from the data
set on mass bins from 100-120, the quantity is plotted, and ¢hpeak centroid is determined
by tting the peak with a Gaussian function. Peak locations & then plotted against data
from literature to calibrate Z. Results from the four methods are presented and discussed

in Section 3.4.
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CHAPTER 3
CSM (TOF -E) ANALYSIS

From Equation 2.1, the mass of the ssion product can be deterined if the energy
and time of ight of the ssion product are known. The ssion product undergoes several
stages of energy loss, and it is clear that the energy meadiitgy the ionization chamber
does not correspond to the energy carried by the ssion produwhile its time of ight is
measured. The energy used in the mass calculation, therefomust include a correction for
the energy lost by the ssion product in the entrance window rd the stop conversion foil.
Corrections must also be applied for the pulse height defeahd Frisch grid ine ciency of
the ionization chamber. As previously described, the facterthat contribute to the pulse
height defect (PHD) in the IC are electron recombination, anchuclear interactions. While
there is an existing method for calibrating SSB detectors Wi correction for PHD (the so
called Schmitt calibration procedure [66]), there is not yea standard method for ionization
chambers. Furthermore, ion sources in the energy range ofethssion products were un-
available eliminating the possibility of an isolated calitation measurement. A schematic of
a single arm of the CSM FPY spectrometer is provided in Figure B. as a refresher for the

reader.
3.1 Analysis Methodology and Software

Assuming the energy loss of ssion products can be accurategtimated in each material,
an energy calibration is possible by comparing the light andeavy peak mean values from
the energy spectrum to data from literature. Mean energy vaés of light and heavy product
peaks after prompt neutron emission fof°>Cf are available from Schmitt et al. [66]. These
values must be corrected for every stage of energy loss urgere by a ssion product through
an arm of the CSM detector, and can then be used as calibratipoints. The linear stopping

power, S, for charged particles in a given absorber is de ned & = dE=dx, where dE
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Figure 3.1: Rudimentary schematic of one arm of the CSM FPY spieometer.

is the di erential energy loss for the particle within the atsorber, anddx is the di erential
path length. The classical expression which describes theesi c energy loss is known as

the Bethe-Bloch formula, which can be seen in 3.1.

dE 4e%z2 2m,Vv2 v2
= nZ In ° n 1 —

2
V
dx ~ mgv2 I 2

(3.1)

wherev and z are the velocity and charge of the primary particlen and Z are the num-
ber density and atomic number of the absorber atomsn, is the electron rest massg is
the electronic charge, and the parametdr represents the average excitation and ionization
potential of the absorber, and is typically an experimenté} determined parameter for each
element [38].

Products produced as a result of neutron induced or spontamgs ssion behave uniquely
due to their very large e ective charge, which results fromtte products being born stripped of
many electrons. This large e ective charge results in great speci ¢ energy loss than other
typical radiations. Although ssion products were widely ued already in the pioneering

studies of atomic collisions, the scope and the quality of mgsured stopping power data is
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rather limited, and the predictive power of available semempirical evaluation is not yet
satisfactory [67]. Recently, H. Paul and A. Schinner perforndean overview of the reliability
of stopping power tables and programs for heavy ions with a &g c energy from 0.001 to
1000 MeV/amu, and a summary of tables and programs available literature is shown in
Figure 3.2. This study concluded that the optimal code for piicting stopping power is very
dependent on the type of the incident particle, as well as thmaterial that the particle loses
energy in. Each method had drawbacks associated. It was fauthat, in general, SRIM
(Stopping and Range of lons in Matter) and MSTAR provide the b& results, however,

depending on the materials, both can easily be up to 40% di ent from experimental data.

Figure 3.2: Tables and computer programs available for preding stopping power [68].

SRIM/TRIM is a software package developed by James F. Ziegletasting in 1985 con-
cerning the Stopping and Range of lons in Matter [69]. SRIM ian empirical based code
sourcing over 28,000 experimental stopping values. Fissiproduct data is, however, lack-

ing. In response to an email inquiry to James F. Ziegler: \SRIM @es poorly with ssion
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fragments because they are fully charged, and usually stayat way for most of their path. |
don't know of any code that works well with ssion fragments.The error can be substantial
- up to 3x error in ranges for heavy ion fragments from U" [70]. Atough not particularly
suited for ssion products, SRIM/TRIM is the most widely available, commonly used code
for estimating stopping power and was selected for initialnergy loss estimates. The user
interface for the TRIM code is not ideal for providing energyoss from multiple products
in multiple materials, therefore, LISE++ was used as an intdace to access TRIM code
[71]. The program LISE++ was developed to calculate the trasmission and yields of prod-
ucts produced and collected in a spectrometer, and has a veauger friendly interface for
performing energy loss calculations.

An alternative method for estimating energy loss with an eléac charge state input was
desired for comparison to TRIM estimates. CasP (ConvolutioApproximation for Swift Par-
ticles) performs fast numerical calculations of the meanegltronic energy transfer for each
individual impact parameter in a collision, and subsequelyt calculates the total electronic
energy loss cross-section [72]. CasP is able to treat nomi#éfrium energy-loss phenom-
ena, such as fully charged ssion products. For simplicitthe calibration and correction
procedures that follow are demonstrated using the energysk results from LISE++. All
procedures were repeated using CasP for energy loss estesaand results presented for

comparison in Section 3.2.
3.1.1 Energy Calibration

The source used for measurements waZCf purchased from Eckert & Ziegler Isotope
Products on July 1, 2014. The contained radioactivity of>?Cf when purchased was 0.8619
Ci. The source has a 5 mm active diameter and was electrodeped onto a 6.35 mm thick
platinum backing, permanently xed in an aluminum holder wth a 12.7 mm diameter and
a 6.35 mm height (called an A-2 capsule). A layer of Au (50 g/cm?) covers the source
to contain the source material. The half life of°2Cf is 2.645 years thus the activity of the

source during measurements starting July 2016 was approxitaly 0.51 Ci.
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It was necessary to remove the background data from the scating of ssion products
prior to performing the energy calibration. If a ssion prodict scatters o of, say, the
electrostatic mirror grid or the grid on the entrance window it will have lost an unknown
amount of energy that cannot be determined or corrected forgsulting in skewed mass
results.

The energy-velocity space was chosen for the cut due to thgparation between light and
heavy product groups. An uncalibrated velocity was calculad by dividing the ight path
length (40 cm) by the uncalibrated time-of- ight value fromthe TAC (pulse height in adc
channels of the at top). The uncalibrated energy (pulse heght in adc channels from the
digitized anode signal) was plotted against the uncalibrat velocity, which can be seen in

Figure 3.3(a) and Figure 3.3(b).

(@) (b)

Figure 3.3: Uncalibrated energy plotted against uncalibrate velocity before cutting back-
ground data: (@) results from stretched polypropylene winmv run; (b) results from LUXEL
window run.

Regions were drawn graphical around both the light group anteavy group for both data
sets (stretched polypropylene window and LUXEL LEX HT® window, here forth referred
to as the POLY run and the LUXEL run, respectively) using the TCuG tool in ROOT,
results from which are shown in Figure 3.4(a) and Figure 3.4(b)fhe data cuts resulted in

a 3.4% reduction in data from the CSM POLY run while a 3.3% redzion in data was seen
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in the CSM LUXEL run.

(a) (b)

Figure 3.4: Uncalibrated energy plotted against uncalibrate velocity after cutting back-
ground data: (a) results from POLY run; (b) results from LUXEL run.

In addition to removing background data, the graphical cut o each group identi es a
particle as a light or heavy product, allowing the approprite calibration and correction
functions to be applied. Values for the mass and energy of tieean light and heavy ssion
product were taken from Schmitt et al [73], and energy loss estimates were performed using
LISE++ and CasP for every material including the 2>2Cf source, Au source cover, start and
stop conversion foils, and the IC entrance window. The eneeg of the mean light and heavy
product detected in the IC were calculated and used as caldiron points. Uncalibrated
energy from CSM data is then plotted (after the cut, so the ligt and heavy peaks can
be plotted separately), and the light and heavy peaks are inddually t with Gaussian
functions to determine peak centroid location. The centrdi locations were then plotted
against the calculated energies and t to produce a two pointinear, energy calibration.

A diagram to showing the stages of energy loss of a ssion prord and associated variable
convention is shown in Figure 3.5. For clarity and conventigrany variables referring to data
from literature regarding the mean light or heavy product wi be denoted with a bar above
it (.e. E_ or Ey), variables referring to mean values from experimental dat ts will be

denoted with hat above the variable (i.e. E, or Ey), and variables referring to ssion

77



products selected for energy loss estimates will be denotsidh two dots above the variable
(i.e. B_ or Ey). Additionally, a single dagger will be used to denote the tim of ight region
of the detector, thus will include energy loss from the sougc source cover, and the rst
carbon conversion foil (i.e.BY). A double dagger is used to represent the IC region includin
the source, source cover, both carbon conversion foils, atie IC window for energy loss
estimates (i.e. E?). A in front of a variable will be used to represent a change n the
variable (i.e. EY would be the energy lost by a selected ssion product in the gixe,

source cover, and rst conversion foil).

Figure 3.5: Simpli ed cartoon of a ssion product going throgh the various stages of energy
loss in a single arm of the CSM FPY spectrometer.

The energy calibration was performed using the following egps:

1. Raw data energy spectrum is corrected for Frisch Grid ineciency following Reference
[74]. The anode and Frisch grid signals are summed digitalily post processing, with
the energy given byEg, = Po + s(Pa P ), whereEg, is the GI corrected energy,
Pa is the anode pulse height, ¢ is the Frisch grid ine ciency estimated to be 0.013

from Reference [65], and® is the summed anode and Frisch grid pulse height.

2. The GI corrected energyEg , is plotted separately for the light and heavy products

(determined from energy-velocity cut) and each group was with a Gaussian function
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to determine mean light and heavy product channel valueéf and é,ﬁ. Plots and t

results can be seen in Figure 3.6 for the POLY run with= 40 cm.

() (b)

Figure 3.6: GI corrected energyEg , is plotted and t with a Gaussian function: (a) light
product group; (b) heavy product group.

3. Mean light and heavy product energies after prompt neutroemission aree, = 103.77
MeV and Ey = 79.37 MeV, respectively, corresponding to massesMf{ = 106 amu and
My = 141.9 amu [73]. Isotopes chosen for the mean ssion prodsaivere!®Tc, and
142Cs, based on their high individual yields among isobars. Emg loss was estimated
for both the mean light and heavy product, through each matéal in a single arm of the
CSM spectrometer, including the source materiaP{?Cf), Au source cover, two carbon
conversion foils, and the IC entrance window. The nal eneggvalues for the mean
products, E/ and E/,, are calculated for the light and heavy product, respective
Essentially, this step takes energy values from literaturand corrects them to what

will be seen in the IC, experimentally.

4. Mean product channel values from Gaussian ts in step £¢ , E7) are plotted against
corrected literature values from step 3K/ , E};), and tusing the least squares method

to produce a two point linear energy calibration, of the forrrE?GI = Eg mg+ be
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WhereEf3I is the calibrated energy in MeV,mg is the slope from the t, and bt is the

y intercept from the t.

The calibrated energy spectrum resulting from the methododjy described for both IC
windows can be seen in Figure 3.7. Dashed lines have been evérbn the calibrated energy
plots to give a general indication of the ratio of their lightproduct peak height over the
height of the valley between light and heavy product groupsThe peak to valley ratio is

comparable or better than the previous work by Oed, et al.

(@ (b)
Figure 3.7: Calibrated energy spectrum from: (a) POLY run; (pLUXEL run.

3.1.2 Energy Corrections

After the energy spectrum is calibrated, a correction must bapplied to the data to
add back the energy lost by ssion products after their time D ight was measured (in the
stop conversion foil and IC entrance window). The uncertaiies associated with energy loss
estimates are very large, therefore, the methods used for ssacalculation will help determine
the magnitude of impact changes in energy loss estimationave on the nal result. Error
bars will be omitted from energy loss plots due to their largancertainties. Various ssion
products were selected from the light peak as well as the hggveak from the spontaneous

ssion yield of 2°2Cf, seen in Figure 3.8.
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Figure 3.8: Isotopes front>2Cf spontaneous ssion selected for energy loss estimatesghHt
products are circled in red, heavy products are circled in und.

Initial kinetic energies of the products were taken from thaverage single-product energy
values provided by Schmitt et al due to the minimal amount of corrections needed. \The
measured velocities and energies gpest-neutron-emission quantities... Thus they are inde-
pendent of neutron-emission data and should provide a meafws fairly direct comparison
among energy correlation experiments" [66]. Data pointsdm the published gure were ex-
tracted using Web Plot Digitizer [75]. In order to determinethe total kinetic energy release
from ssion, neutron emission corrections are necessarypwever, they are not needed for
this analysis.

Energy corrections were performed using the following st&p

1. Fission products selected from Figure 3.8 were assignedithespective energy from
the single product kinetic energy data (corresponding to & energy of the product
after prompt neutron emission but before energy loss in th@grce material). Energy

loss in every material, prior to the IC, of one arm of the CSM sgxtrometer was
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Figure 3.9: Comparison of energy loss estimates between L¥SEand CasP for ssion

products from 252Cf(sf) in the CSM FPY spectrometer for: (a) 50 g/cm? thick Au source

cover (energy loss in Cf is negligible); (b) 30g/cm? thick carbon conversion foil; (c) 92

g/cm? thick stretched polypropylene IC window; (d) 600 nm thick ptyimide* plus 60 nm

thick Al LUXEL IC window (*actual composition proprietary).

2. Total energy loss, EZ? is subtracted from initial energy yielding a nal energy,B*

representing the anticipated energy of the selected ssigroduct detected by the IC.
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3. Energy loss occurring before time of ight measurement, EY in the source material,
Au source cover, and rst carbon conversion foil are summedrfeach ssion product
selected. EY is subtracted from the initial energy of each selected ssmoproduct
to get the anticipated energy carried by the ssion product wwile its time of ight is

measured,=Y.

4. Energy loss after velocity measurement, E is estimated, including energy loss in the

second carbon conversion foil and IC entrance window.

5. A velocity estimate,w corresponding to measured velocity is calculated frolY, then
used to calculate the time of ight, t, and plotted against E, producing a function of
energy to add back to ssion products before calculating masbased on the measured
time of ight of the ssion product, of the form E_ 4 = t’ mey + by . A least
squares tting method is performed separately on light andéavy products to produce

two linear functions of add back energy, based on measureché of ight.
3.1.3 Time of Flight Calibration

An independent time of ight calibration measurement was nopossible due to the lack
of availability of alpha sources with similar particle veloities as ssion products. Literature
values for the initial energy of the mean light and heavy ssin products E, and Ey, from
the energy calibration) were corrected for energy loss inehsource, Au source cover, and
start conversion foil, givingE{ and E},, the energy of the mean light and heavy product,
respectively, that we anticipate the ssion product to cary in the time of ight region of the
CSM spectrometer. The corrected energies are then used tdcodate time of ight values
and used as calibration pointst, and ty.

Next, raw time of ight data (pulse height of the TAC signal) was plotted, separately, for
light and heavy ssion products, and Gaussian ts were perfoned on the data to determine
channel values for the mean light and heavy product group$, and f};. Examples from

tting data from the POLY run are shown in Figure 3.10. The chamel values from the
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Gaussian ts (fi and f}) are then plotted against the corrected time of ight valuesfrom
literature (t. andty) and t using the least squares method producing a two pointiinear,
time of ight calibration of the form t” = P, m.+ by wheret? is the calibrated time of ight
in ns, Py is the pulse height of the TAC signalm, is the slope from the t result, and b is

the y intercept from the t result.

(@) (b)

Figure 3.10: Time of ight data from the POLY run, with Gaussian ts performed to
determine peak centroids for calibration: (a) on the light ppduct group; (b) on the heavy
product group.

Alternatively, the initial velocities of the mean light and heavy product,v, andvy could
be taken from literature, and used to calculate the initial rergy of the mean light and
heavy ssion products. The calculated energy could then bewected for energy loss in the
source material, Au source cover, and start conversion fodnd used to calculatevy and
v};. It should be noted that values reported in literature [73]dr v, and vy are di erent
from velocity values calculated usinde, and Ey, possibly due to the average velocities of the
mean fragments remaining relatively unchanged by prompt o&on emission due to isotropic
emission of neutrons. For consistency throughout the analig it was decided to start with

matching values for both calibrations.
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3.2 Mass Calculation

A ow chart depicting the process leading up to the mass caltation is shown in Fig-
ure 3.11. The mass is calculated non relativistically usingquation 2.1, however, as previ-
ously stated the energy must be corrected for the energy lassthe stop conversion foil, and

the IC entrance window before it can be used in Equation 2.1.
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Figure 3.11: Flow chart depicting the calibration and correabn process leading to the mass
calculation.

1. A cut is taken in velocity-energy space to determine if thproduct is a light product
or heavy product. Additionally this cut removes ssion prodwts that lose energy to

scattering at some stage of the detector (i.e. the mirror gis or IC entrance window).

2. Energy data corrected for Frisch grid ine ciency,Eg; = Pa+ g(Pa P ).
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3. Energy calibration applied,E? = Egi me+ ks, whereE? is the calibrated, measured
energy in MeV, m. is the slope of the calibration curve, and is the constant from

the calibration curve.

4. Time of ight calibration applied, t? = P, m;+ b, wheret? is the calibrated, measured
time of ight in ns, Pis the pulse height of the TAC signal,m; is the slope of the

calibration curve, andh is the constant from the calibration curve.

5. The add back energy, E ., is calculated from the t equations (units of MeV) and
added to the calibration energy,E,, = E*+ E_y whereE,, is the energy used in
the mass calculation, corresponding to the energy carrieg the ssion product during

. ?
velocity measurement, andE .y =t myy + by

6. Mass is calculated in appropriate units using 3.2, whereis the speed of light in units
of cm/ns, u is the atomic mass constant equal to 931.494 MeV, ah& 40.0 cm for the
CSM FPY spectrometer. Substituting all variables possibleiges 3.2, where the add
back value E . depends on if the ssion product being analyzed is from theglt or

heavy group.

v o E 2B, e 2 2(E?+ Ein) t%c ?_ 2E+t’muy +hby) tc?
Ly = = Em 1O te te
‘ |2 u I I u I

2¢?

=[(Pa+ o(Pa P ))me+ b+ muy (Pemg+ b)+ by [ (Pem + b)? Uz

(3.2)

The system of equations used for the mass calculation is suemzed in 3.3, and the param-

eters found for the various detector con guration can be seen Table 3.1, and Table 3.2.
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MLy - 2<:2(E’-’+u Eur )(17)? 53
E? = me Eg +h
t? = m P+h
EL = m_ t+ b
Eh = my t’+ by

Table 3.1: Function parameters for various run con guratios in the CSM FPY ToF-E
spectrometer [dimensionless].

| | POLY LISE++ | POLY CasP | LUXEL LISE++ [ LUXEL CasP |

Me 0.1047 0.1135 0.2366 0.2608
b, 11.222 0.2471 3.5574 -7.6029
m; 0.505 0.528 0.505 0.528
b 1.4432 -0.0831 1.4432 -0.0831
mg -0.0379 0.3975 0.0699 0.2974
o} 9.4147 -1.7613 5.0239 -0.4869
My -0.0379 -0.1761 -0.047 -0.1667
by 9.4147 18.918 8.7974 16.096

Table 3.2: Assumptions for energy loss estimates in the CSM FPYOF-E spectrometer.

| 252CH(sf) |

m. (amu) 106.0

my (amu) 141.9

V. (cm/ns) 1.383

Vy (cm/ns) 1.036

E. (MeV) 103.77

Eu (MeV) 79.37

Source ( g/lcm? 252Cf) 0.01
Source Cover (g/cm?) 50
Start Foil ( g/cm?) 30
Stop Foil ( g/cm?) 30
IC window POLY ( g/cm?) 92
IC window LUXEL (nm) 600 polyimide* + 60 Al
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If changes are made to any energy loss estimates (when inigsting the impact of
changing various material thicknesses for example), theter procedure of energy calibra-
tion, energy corrections, time of ight calibration (only for changes to energy loss in the
source and the start conversion foil), and mass calculationust be repeated. It was primar-
ily for this reason that graphical cuts were performed on thdata before any calibrations,
otherwise, a new graphical cut would need to be drawn everyrte any energy loss estimates
were modi ed.

FPY results from the POLY run, using LISE++ for energy loss esimates, can be seen
in Figure 3.12, plotted along with data from England & Rider (ER). The England &
Rider data was adapted for comparison by adding a Gaussianm&aring” to the data, in
essence, introducing a mass resolution. Each individual sgyield point was t with a
Gaussian function with a speci ed full width half maximum (FWHM), and the summation
of all individual Gaussians was plotted. Initially, the FWHM vaue was constant across the
mass spectrum, however, in order to more realistically repsent the propagation of error the
FWHM was set using a function that increased linearly with massThe \smeared" England
& Rider spectrum was then compared to the optimized mass rdsuand the FWHM was
modi ed until the di erence between the two was minimal. TheEngland & Rider data set
has one entry per mass bin and is normalized to 200, therefpadl data sets were normalized
to 200 for comparison, and the number of entries in the CSM datis provided in the plot
legend.

The data shows reasonable agreement with England & Rider, gbased on the smeared
E&R line, a mass resolution of approximately 4 amu for light ducts and 8 amu for
heavy products is seen in the initial mass calculation. All d@rations and corrections were
performed again, this time using CasP for estimation of ergy loss of the ssion products.
Results for the POLY run using the CasP for energy loss estirt@s are shown in Figure 3.13.

The resolution of the light product peak seems to be improvedy using estimates from

CasP over LISE++, however, the heavy peak shows strange befar. Based on the di erence
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Figure 3.12: 252Cf(sf) FPY results from the POLY run, with LISE++ energy loss estimates.
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Figure 3.13: 252Cf(sf) FPY results from the POLY run, with CasP energy loss eghates.
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in energy loss estimates between LISE++ and CasP, seen in Frgu3.9, all calibrations and
corrections were performed again, this time applying a 1.2rection factor to energy loss
estimates from LISE++ in the carbon conversion foils. The reulting FPY results are shown
in Figure 3.14. Although the change did not have a dramatic impd, it appears that some

structure has returned, particularly in the heavy peak.

- -¢ - E&R Evaluated
—— E&R 4.0-6.0 u FWHM

—e— CSM Data
+ . Entries 44456

Yield (%)

IN
|||||||||||||||||||||||||||||||||||||||

g8 100 20 140 160

Mass (amu)

Figure 3.14: 252Cf(sf) FPY results from the POLY run, using LISE++ energy lossestimates
with a 1.2 correction factor applied to energy loss estimatan both carbon conversion foils.

The anticipated improvement to the light peak was not seen. tAthis point, it seemed
reasonable to assume up to 20% dierence in energy loss esties from LISE++ in any
absorber, so a correction factor of 1.2 was also applied tceetlestimates in the polypropylene
window. The drastic discrepancy in energy loss estimateg feeavy ssion products between
LISE++ and CasP, combined with a resulting wide, short heavyproduct peak resulting
from LISE++ estimates, and a very narrow, tall heavy productpeak resulting from CasP
estimates, prompted the possibility that the actual energyjoss for heavy ssion products was
somewhere in between the estimates. To probe for this poskily a 1.2 correction factor

was applied on energy loss estimates for all heavy ssion piucts, in addition to the other
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correction factors, and results are shown in Figure 3.15.
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Figure 3.15: 252Cf(sf) FPY results from the POLY run, using LISE++ energy lossestimates
with a 1.2 correction factor applied to energy loss estimaén both carbon conversion foils,
and the polypropylene window. Additionally, a 1.2 correctio factor has been applied to all
heavy products.

The correction factors seem to have driven mass resolutiam the light peak closer to 2
amu FWHM, and peak structure appears closer to data from Englan®l Rider. The heavy
peak has also improved signi cantly from the correction faors, however, it appears the
1.2 correction factor was an over correction, as the heavyglewidth is now narrower than
England & Rider. The heavy product correction factor was rasted to 1.1, calibrations and
corrections were performed again and the results can be seefrigure 3.16. After applying
the appropriate correction factors, the mass resolution gears closer to 2-3 amu FWHM
than the initial 4-8 amu FWHM resolution. Although the initial estimate was fairly close
to literature data, it has clearly been demonstrated that tle level of con dence in any FPY
results can only be as high as the level of con dence in energgs estimates.

Based on the improvement of results from applying a correotn factor to all heavy

product energy loss estimates from LISE++, a correction fdor of 0.7 was implemented for
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Figure 3.16: 252Cf(sf) FPY results from the POLY run, using LISE++ energy lossestimates
with a 1.2 correction factor applied to energy loss estimatén both carbon conversion foils,
and the polypropylene window. Additionally, a 1.1 correctio factor has been applied to all
heavy product estimates.

all heavy product energy loss estimates from CasP. Corremti factors were also implemented
for CasP energy loss estimates in the carbon conversion $piand the polypropylene IC
window. Calibrations and corrections were recalculated drcorrection factors were modi ed
continuously until better agreement was achieved betweenperimental data and data from
England & Rider. Ultimately, the combination of correction fictors that produced the closest
agreement was a 0.7 correction factor applied to heavy proctuestimates, a 1.4 correction
factor applied to Au source cover estimates, a 0.7 correctiéactor applied to polypropylene
IC window estimates, and a 0.4 correction factor applied taacbon conversion foil estimates.
The results from the aforementioned correction factor conmmation applied to CasP energy
loss estimates can be seen in Figure 3.17.

In order to get reasonable agreement between experimentata and data from England
& Rider using CasP energy loss estimates, a bizarre combirmat of correction factors were

necessary. In essence, we had to increase the amount of gnesggimated to be lost by ssion
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Figure 3.17: 252Cf(sf) FPY results from the POLY run, using CasP energy loss tsates

with a 0.7 correction factor applied to heavy product estimas, a 1.4 correction factor applied
to Au source cover estimates, a 0.7 correction factor applied polypropylene IC window

estimates, and a 0.4 correction factor applied to carbon cagrsion foil estimates.

products before their time of ight was measured, accomph&d by increasing the energy loss
estimates in the Au source cover, as well as decrease the amtafrenergy estimated to be
lost by ssion products after the time of ight was measured,accomplished by reducing
estimates from the carbon conversion foils. Since the cartien was applied to both foils
simultaneously, the increase in the source estimate compated for the reduction in the
start foil estimate. Energy loss estimates for the add backergy required further reduction,
accomplished by implementing the 0.7 correction factor fagstimates in the polypropylene
IC window.

Energy loss estimates from LISE++ were initially too low, ingeneral, particularly for
heavy ssion products. CasP overestimated the energy losk ssion products from 2°2Cf(sf)
through all absorbers investigated, particularly for heay ssion products, and FPY results
point to the actual energy loss of the ssion products beingosnewhere in between the

estimates. Neither CasP nor LISE++ was capable of providing enass resolution better than
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4-8 amu FWHM without applying external correction factors to the estimates. However, it
has been shown that a more accurate understanding of the engilgss of ssion products
in the CSM FPY spectrometer can lead to improvements in resdlon as we were able to
approach a mass resolution of 2-3 amu FWHM with the appropriateocrection factors.

All energy loss estimates from investigation of the POLY run are saved and reused for
the LUXEL run. Since the IC window is the last absorber (beforehe ssion product loses
its remain energy in the IC), it can be swapped without a ecting the estimates from the
other absorbers. If you wanted to, say, replace a carbon farith a PET foil, you would have
to repeat all estimates beyond the foil, as the ssion prodaavould likely have a di erent
energy when exiting the PET foil than it would have exiting tre carbon foil, and the stopping
power in the next material is dependent on incident energy tfie projectile. The initial FPY
results for the LUXEL run using energy loss estimates from LISE, and CasP are shown

in Figure 3.18, Figure 3.19, respectively.
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Figure 3.18: 252Cf(sf) FPY results from the LUXEL run, using LISE++ energy loss esti-
mates.
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Figure 3.19: 252Cf(sf) FPY results from the LUXEL run, using CasP energy loss eishates.

Aside from the large statistical uncertainty due to a short ra time, the results are very
poor with LISE++ or CasP. Although LUXEL claims similarity betw een their proprietary
Im and polyimide, we have no real certainty of the actual comosition of the window.
Clearly, both LISE++ and CasP are overestimating the energyoss from ssion products as
indicated by the height and width of the heavy peaks in Figure.28, and Figure 3.19.

Based on the e ectiveness of the correction factors in the alysis of the POLY run, a 1.2
correction factor was applied to all absorbers. A 0.8 corrgan factor was applied to heavy
ssion products based on the e ectiveness of reducing engripss estimates from CasP in
the POLY run. Results from the LUXEL run using LISE++ with corre ction factors for
energy loss estimates can be seen in Figure 3.20. At best, aohetson of a constant 7.0 amu
FWHM across the mass spectrum was achievable.

A correction factor of 0.6 was required to apply to the energlposs estimates of heavy
ssion products from CasP in order to bring the heavy producpeak back into a reasonable
range, seen in Figure 3.21. However, there was no combinatidncorrection factors that

| could nd to further improve the data. The best result | could obtain can be seen in
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Figure 3.20: 2°2Cf(sf) FPY results from the LUXEL run, using LISE++ energy loss e-
timates, with a 1.2 correction factor applied to all absorlbrs, and a 0.8 correction factor
applied to all heavy product estimates.

Figure 3.22, which came from arbitrarily modifying the slope and intercepts of the add
back functions while watching the changes in the FPY result.

While the end result of the arbitrary modi cation seems reaswable, the modi cation
required was extreme. The slope of the add-back functions eatlup inverted from their
starting points, indicating that ssion products somehow bse less energy with increasing Z of
the ssion product. This is a nonsensical result, however diween the statistical uncertainty
in the data, and the uncertainty in the composition of the preprietary LUXEL window, not
much weight can be put into the results from the LUXEL window. Tle key result from the
LUXEL window is that, again, a very good understanding of the esrgy loss in all absorbers
is absolutely imperative toward achieving any decent FPY redts. The LUXEL window is
able to hold up to 1.5 atm of pressure, which is over 16x the ap#ing pressure of the IC
(both have same diameter aperture). Reducing the thicknesd the window could prove to

be a worthwhile endeavor.
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Figure 3.21: 2°2Cf(sf) FPY results from the LUXEL run, using CasP energy loss eshates,
with a 0.6 correction factor applied to all heavy product estates.
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Figure 3.22: 252Cf(sf) FPY results from the LUXEL run, using CasP energy loss eishates,
with arbitrary modi cations to the add back functions.
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3.3 Mass Optimization and Error Approximation

It has been shown that energy loss in every stage of the detecimust be accurately
estimated to produce a reliable mass result. Current methoder estimating the energy loss
of ssion products are inadequate, as seen by the results ir23 For this reason, qualifying
the current detector performance would be much more valuabthan attempting to provide
an independent mass result. An iterative procedure was dewopkd to minimize the di erence
between the experimental FPY results and results from Englan& Rider. Initially, energy
and velocity calibrations are xed, add back functions areet to a starting value and the
mass spectrum is calculated. The resulting mass spectrumtiien compared to England &
Rider data using a ? comparison test [76]. The 2 value is stored for comparison. The
add back function is then modi ed by incrementing the y-intecept while keeping the slope
constant. The slope is then incremented and the process ipeated until the optimal slope
and y intercept values are found. The procedure e ectivelyesirches for the appropriate
energy corrections to produce the optimal mass result. Theesults from optimizing the
252Cf data using stretched polypropylene IC entrance windowsan be seen in Figure 3.23,
in Figure 3.24 with a logarithmic scale on the y axis, and in Fige 3.25 with residuals from
the 2 comparison test.

The data agrees very well with the smeared England & Rider datverywhere except the
high and low ends of the mass spectrum, where statistics peass bin are very low. The rest
of the data, including the symmetric region, either falls othe smeared England & Rider line
or is within statistical error of the value. Based on this anlgsis and comparison to existing
data, the lower limit of mass resolution for the CSM detectowith stretched polypropylene
IC entrance windows is approximately 1.5 amu for light ssio products and approximately
3.0 amu for heavy ssion products. This result represents ghbest possible mass resolution
that can be potentially achieved with accurate energy lossath for ssion products. Due to
the more limited statistics on the CSM LUXEL run, it was excludd from the optimization

analysis.
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Figure 3.23: 252Cf(sf) FPY results using optimization technique plotted alagside England
& Rider data in black, and England & Rider data smeared with & amu FWHM at mass
60 linearly increasing to 3.0 amu FWHM at the heavy peak shown ired.

Figure 3.24: 252Cf(sf) FPY results using optimization technique, displayedvith a logarith-
mic scale on the y-axis.
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Figure 3.25: 252Cf(sf) FPY results using optimization technique with residals from 2
di erence test with England & Rider results for the: (a) light product group; (b) heavy
product group.

3.4 Nuclear Charge Identi cation

The characteristic times and pulse heights from the ionizein chamber signals are shown
in Figure 3.26. The four methods attempted to extract nucleacharge were: The pulse
height of the tail pedestal from the grid signalPg, the pulse height of the tail pedestal from
the summed anode and grid signals} , the tail pedestal pulse height from the grid was
divided by the anode pulse heightRgoan = Pc=Pa, and nally, the time di erence between
the charge collection peak of the grid and anod@rg = T TE.

Nuclear charge yield data for each individual product mass mging from 100 to 120 were
downloaded from JAEA [30], and t with a Gaussian function to déermine the peak centroid.
The results from the tting procedure were used as calibratin points. An example for a
mass cut of 100 is shown in Figure 3.27(a) for the JAEA data, withhe CSM data plotted
in Figure 3.27(b). The optimized add back functions were usddr all mass calculations.

Fit results from CSM data were then plotted against the t resuts from JAEA data, and

t with various orders of a polynomial function to produce a @libration equation for the
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Figure 3.26: Characteristic times and pulse heights from thenization chamber signals.

(@) (b)

Figure 3.27: Nuclear charge yield data fof°?Cf(sf) for Mass = 109 amu: (a) JAEA data;
(b) CSM data.
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CSM data. An example of calibrated charge from the light ssio product group is plotted
against product mass, shown in Figure 3.28. The same methodathwas used to introduce
smearing to the England & Rider data was employed on the JAEA nilgar charge yield data.
Each point speci ed was separately t with a Gaussian funcbn with a speci ed FWHM
(rather than tting all points with one Gaussian function), and the sum of the Gaussian
functions were plotted. The procedure was repeated with ac®d, larger FWHM speci ed
during tting, and the results were plotted together, with the region in between shaded.
This was used to indicate a very general estimate of the chargesolution of the CSM data

for the previously described methods by overlaying the plst

Figure 3.28: CSM calibrated light ssion product nuclear chage spectrum (example using
Ps method with a linear calibration).

Results for the Trg method are shown for mass bins 105, 110, and 115 in Figure 3.29.
The timing method proved to be the worst method, which was nogurprising as the timing
resolution could only be as good as the sampling rate of the CABvaveform digitizer (4 ns
between ticks). This method could potentially be improved w#h the addition of fast timing
analog electronics, possibly by splitting the anode signahd grid signal to CFDs that trigger
a TAC.
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Figure 3.29: Results for thelga method with JAEA data shown with a Gaussian smearing
of 4-8 amu FWHM (gray) with a mass cut on: (a) m=105; (b) m=110; (c)m=115.

Results for mass bins 105, 110, and 115 using tAe method are shown in Figure 3.30(a),
Figure 3.30(b), and Figure 3.30(c) for mass cuts 105, 110, 1XBspectively. The calibra-
tion was performed again using a 2nd order polynomial t, andesults are shown in Fig-
ure 3.30(d), Figure 3.30(e), and Figure 3.30(f) for mass cut93, 110, 115, respectively.
The calibration was performed once more using a 3rd order gobmial tting function and
results are shown inFigure 3.30(g), Figure 3.30(h), and FiguB30(i) for mass cuts 105, 110,
115, respectively.

Increasing the order of the tting function on the calibration seemed to have negligible
e ect from 1st to 2nd order, however, there is a noticeable iprovement from 2nd to 3rd order
(for the mass bins with the highest count rates). When the coumate in the mass bin drops
0, the results become worse than the linear t calibration esults. Results for thePg and
Rcoa Method are shown for mass bins 105, 110, and 115 in Figure 3a31Figure 3.31(b),
and Figure 3.31(c), respectively. The calibration was penfimed again using a 2nd order
polynomial t, and results are shown in Figure 3.31(d), Figure3.31(e), and Figure 3.31(f).
The calibration was performed once more using a 3rd order gobmial tting function and

results are shown in Figure 3.31(g), Figure 3.31(h), and Figu@31(i).
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Figure 3.30: Results from single bin mass cuts for tfé method with JAEA data shown
with a Gaussian smearing of 4-8 amu FWHM (gray) for: ( (a) m = 105,ihear t; (b) m
= 110, linear t; (c) m = 115, linear t; (d) m = 105, 2nd order po lynomial t; () m =
110, 2nd order polynomial t; (f) m = 115, 2nd order polynomia t; (g) m = 105, 3rd order
polynomial t; (h) m = 110, 3rd order polynomial t; (i) m = 115 , 3rd order polynomial t.
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Figure 3.31: Results from single bin mass cuts for tH&; method (blue) andRg,a method
(green) with JAEA data shown with a Gaussian smearing of 4-8 ameWHM (gray) for: (
(@) m =105, linear t; (b) m = 110, linear t; (c) m =115, linear t; (d) m =105, 2nd order
polynomial t; (e) m = 110, 2nd order polynomial t; (f) m = 115 , 2nd order polynomial
t; (g) m = 105, 3rd order polynomial t; (h) m = 110, 3rd order p olynomial t; (i) m =
115, 3rd order polynomial t.
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The results by Oed et al. ofZ = 0:91 amu were obtained with an axial IC with isobutane
gas at 160 mb (120 torr), a eld strength of 4.5 V/cm mb, and a Parlene C foil 30 g/cm?
in thickness was used as the IC entrance window. Results wesbtained with a timing
method at LOHENGRIN (%°U(ny,f), Alg = 97/22) composed of three isobaric elements
[31]. The P method was the closest attempt at following the methodologgresented by
Budtz-Jorgensen, et al. [35], however, | did not have coin@dt ssion product pair detec-
tion capabilities. Additionally, the experiment was perfomed using a twin gridded ionization
chamber which requires no entrance window, therefore, résiion should have been signi -
cantly better for their results than achievable with data fom the CSM FPY spectrometer.
Initially, results from Budtz-Jorgensen, et al [35] were used for comparison to my results,
however, they were not in agreement with yield results from JAL thus were not used for

comparison.
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CHAPTER 4
SPIDER (2E-2V ) ANALYSIS

A CAD view of the SPIDER (2E-2v) double arm spectrometer can be seen in Figure 4.1.
The main vacuum chamber (approximately 32.5 cm in diametema 92.5 cm in length) is
used to contain the target mounting structure as well as theirhing detectors. The MCPs,
electrostatic mirrors, and DLAs are mounted on rails, allowig for precise selection of the
distance between the two timing detectors. The entrance wilow of the IC is situated

directly after the second timing detector and the IC is mourgd to the end of the vacuum

chamber.

Figure 4.1. Schematic of SPIDER2E-2v detector [4].
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The impactful hardware di erences between the SPIDER dualran detector and the CSM

detector are listed:

Neutron induced ssion from?23°U and 2*U targets.

Simultaneous double arm operation.

Flight path length of 70 cm for arm 0, 67.3 cm for arm 1.

Delay Line Anode (DLA) readout for MCPs providing position sesitivity.
Silicon nitride IC entrance windows.

50% ssion product transmission through IC entrance window

No Frisch grid signal readout.

Data acquisition hardware.

SPIDER experiments with neutron induced ssion were held athe Los Alamos Neutron
Science Center (LANSCE) which houses a powerful neutron soeracilitating nuclear reac-
tion studies with neutrons from thermal energies up to sevarhundreds of MeV [77]. Fission
products studies at LANSCE are conducted at the Lujan Neutron Sdtering Center (Lujan
Center) and the Weapons Neutron Research Facility (WNR), bothfovhich are displayed in
the layout of the LANSCE facility provided in Figure 4.2. Neutrors from both facilities are
produced by an 800 MeV proton beam from the LANSCE acceleratanpinging on tungsten
spallation targets. The Lujan Center is a moderated neutrosource, providing neutrons in
the energy range of meV to hundreds of keV (thermal energy spum), while WNR is a
bare spallation fast neutron source providing neutrons witenergies from a few hundred keV
to 800 MeV.

So far, only thermal neutron measurements have been perfe&rdwith the SPIDER de-

tector and thus all experiments to this point have been perfmed at the Lujan Center. A
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Figure 4.2: Layout of the LANSCE user facility at LANL [77].

calibrated neutron time of ight distribution from one of the SPIDER measurements is shown

in Figure 4.3, illustrating the thermal neutron spectrum preided by the Lujan Center.
4.1 SPIDER (2 E-2v) Hardware Description

The SPIDER time-of- ight detectors are described in detailby Arnold, et al. [78, 79].
The electrostatic mirrors were constructed with G10 Gardk (typical material used for
printed circuit boards), as opposed to nylon used at CSM. An eloded view can be seen in
Figure 4.4. The conversion foil is mounted on the acceleratigrid, and held at high negative
voltage between -2 kV to -3 kV. The mirror grids are two wire frnes spaced 1 cm apart,
and mounted at 45 degrees with respect to the conversion faihd rst wire frame. The
rst mirror grid is grounded, while the second mirror grid isheld at high negative voltage
between -2 kV to -3 kV. The wire frames are constructed with 020mm diameter gold-plated
tungsten wires with 1 mm spacing. The start detector wire giis are orientated vertically,

resulting in 98% transparency, while the stop detector wirgrids are oriented horizontally,

109



Figure 4.3: Plot of the calibrated neutron time of ight

resulting in 97% transparency.

Figure 4.4: Exploded view of a SPIDER time pick-o detector [9].

The MCPs were arranged in a \Chevron con guration" with the eatrance at ground
potential and the base at high positive potential of 2.45 kV. fe signal from the base of
the MCP is used as a time stamp for charged particles passingrough the conversion
foils. The highly multiplied electrons are ejected onto th®LA where they are collected to

reconstruct the position of the interaction between the chrged particle and the conversion
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foil. Conversion foils used were carbon foils with a thickse of approximately 20 g/cm?.
Each DLA consists of two orthogonal, isolated, dual-wire vappings (approximately 1 mm
wire spacing) providingx and y position determination. High positive voltage of 2.7 kV
is applied to the DLA through a splitter with a +36 V battery on one side of the split,
providing a small voltage di erence between the two isolatesignals.

The SPIDER ionization chamber is described in detail by Meibachtol, et al. [80]. A
diagram of the SPIDER IC can be seen in Figure 4.5. The IC is cdnscted with 10 copper
eld cage rings with a 7.64 cm diameter, and a 0.655 cm spacind-ield cage rings are
connected using 1 M resistors. The Frisch grid is made of a copper mesh with 20 e
per inch allowing 95% transmission. The entrance window iesigned to act as the cathode
and is held at ground potential, while negative high voltages applied to the anode. A 2.54
M resistor connects the Frisch grid to the anode maintaining &Id strength ratio of 1:2.54
between the drift eld and the collection eld. The full drift length between the cathode and
the Frisch grid is 8.7 cm with an operating drift eld strength of approximately 400 V/cm.
The Il gas used in the IC is high purity isobutane at 85 torr fa ssion products. The gas

is continuously exchanged with an approximate ow rate of 18 sccm.

@ (b)

Figure 4.5: The SPIDER ionization chamber [80]: (a) schemati (b) photograph.

111



The entrance window for the IC is constructed from a 200 nm tbk silicon nitride mem-
brane, made by Norcada Co. A membrane is laid down on a 20t thick silicon wafer, and
a 13 by 13 array of 3.7 mm by 3.7 mm openings are etched into thiécon wafer, leaving
only the membrane to serve as the entrance window. The trangsion of ssion products
through the window array is approximately 50% relative to tle MCP solid angle acceptance.
A stainless steel plate with a matching 13 by 13 array securélse silicon wafer, and pro-
vides additional support structure. A layer of Torr seal epxy is then applied to create the
vacuum seal. An exploded view of the IC entrance window can bees in Figure 4.6. The
composition of the membrane provided by Norcada is propriatg but, assumed to be SiN4

for energy loss estimates.

Figure 4.6: Exploded view of window mounting apparatus and pport structure for the
SPIDER IC entrance window [27].

Five signals are produced by each time pick-o detector: onast timing signal, and four
position signals. Each signal is ampli ed using ORTEC VT120@reampli ers. The ampli ed
signals are then sent through a Phillips Scientic 715 CFD befe digitization. The NIM
signals from the CFDs are sent to a CAEN model V1290N time-to-digl converter (TDC)
with a 35 ps resolution. The fast timing signal from the stop etector is used as the external
trigger of the TDC, and the timing of other signals is analyze relative to the stop detector

timing signal on an event-by-event basis. The IC anode sigh@ sent directly through an
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ORTEC 142PC preampli er, which is then fed to a CAEN VX1724 14-kj 100 Msamples/s
digitizer. The VX1724 digitizer is equipped with CAEN's pulse pcessing rmware, which
uses an on-board trapezoidal lter to extract pulse heightni real time. The pulse height of
the at top and the zero crossing of the second time derivaterare saved to disk. For each
trigger event, the data stored includes d, signal signifying the start of a neutron pulse,
a trapezoid pulse height and second derivative zero croggifrom the IC, and timing and
position signals from both MCPs, for a total of 13 signals petetector arm. A schematic of

data acquisition with trigger setup for a single SPIDER arm @&n be seen in Figure 4.7.

Figure 4.7: A schematic of data acquisition with trigger sefufor a single SPIDER arm [27].

The trigger for data collection requires a \computer ready"signal as well as a timing
signal from the accelerator at LANSCE (labeled afy in Figure 4.7) indicating the start of a
neutron pulse. Meeting these requirements signi es the staof an event upon which a gate
and delay generator opens a ‘'looking-time' window which iest to both the VX1724 and

the TDC for data acquisition. The TDC and VX1724 are read out by a&rate controller to a
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PC over an optical connection, and data is monitored and sted using the MIDAS software
package. Both the VX1724 and the V1290N independently receivigrsals from the detectors
which are paired with atq signal and recorded. As thé, signal signi es the start of a neutron
pulse, the event can contain signals from multiple ssion @arrences. It is possible for ssion
products to produce time of ight signals and fail to enter tte IC, either due to scattering
or emission angle, resulting in stored time of ight valueshat should be discarded. Data
is thus stored in packets that often contain signals from sexal ssion products mixed with
unusable data, and it is left to post processing to piece ane together by matching energy
and time of ight signals that have matching neutron time of ight values.

The SPIDER collaboration generated data sets from®U and 233U runs at LANSCE
during 2014-2015. A work-in-progress, ROOTANA C++ analysis ackage was available,
which | used as a starting point for analyzing the SPIDER datasets. The data package
was clearly written with future scalability in mind to be adgtable as more detector arms
are added at a later time. This resulted in additional compbaty that was not necessary for
analyzing the initial data. After performing some analysis wth the ROOTANA package,

strange ambiguities were manifesting in the energy-veltcispace, shown in Figure 4.8.

Figure 4.8: Velocity vs. energy with regions of ambiguitiedrcled in red.

The data appearing in the upper left circle immediately staas out, as products in this

region would have to be light products shifted down in veloti with no change in energy,
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or heavy products shifted up in energy with no change in veliyz Both possibilities are
nonphysical, therefore, an issue was assumed to be occigrsomewhere in post processing.
The data appearing in the lower right circle of Figure 4.8 is noas obviously problematic
as the other region, as it overlaps in the light product scatring region. Closer inspection
reveals a cluster of data rather than a uniform tail expecteétom scattering alone.

Events were being improperly parsed by the analysis packagand occasionally energy
values and time-of- ight values were paired together that il not correspond to the same
ssion product, or values that did correspond to the same sen product were not being
properly paired. An example of this e ect can be illustrated ging Figure 4.9, where energy-
velocity space is plotted with a condition imposed requirig coincident fragments only. The
red points on the plot are overlaid on the data to illustrate \mere a coincident product pair
should have been identi ed (red points are not actual data icluded in the plot), however, the
analysis script failed to associate the correct velocity lize to the light product energy value
and thus failed to identify the light product. The red pointswere, therefore, not included in
the data set when it seems likely that they should have beenati the analysis script properly

matched the energy and velocity of the light ssion product.

Figure 4.9: Velocity vs. energy with a potential single coimgent pair overlaid as a visual
aid (red points are not actual data from the plot).
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Another example is illustrated (starting with the same plot & Figure 4.9) in Figure 4.10,
where the red dots indicate an actual coincident product pafrom the plot that have been
blown up to aid with visualization. The black dot is not an actial data point, however, it
has been overlaid on the plot to represent the location of tHeeavy ssion product from the
red pair had the analysis script paired it with an unused veloty that was stored by the

analyzer during the same event.

Figure 4.10: Velocity vs. energy with a coincident pair everghown by the red points after
being blown up in size to help with visualization. The black pint is the potential location of
the heavy ssion product had the analysis script paired thereergy with a di erent velocity
(red point not a real data point from the plot).

After considerable time was spent investigating the sourcé the problem without success,
the initial ROOTANA package was abandoned and a C++ script was wtten to parse and
analyze the data. The intent was to remove all unnecessarymplexities by taking all data
from an event and storing it in separate \branches" in a ROOT Tree. The TTree was then
output in ROOT le format. Once each MIDAS data le was procesed, the ROOT les
were combined together to form one large data le to be operadl on. Many additional C++
scripts were written to access the combined data le, perfor calibrations and corrections,
and plot results. Ultimately, some of the ambiguity persistg indicating that the problem
was either hardware related, or occurring in the digitizerrbntend software. In either case

the experiment would have to be performed again after xinghe issue, therefore | proceeded
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with the analysis. Additional conditions for matching energ and time of ight signals were
implemented to exclude improperly paired data from the nakesults.

By design, if a ssion product subtends the solid angle of thenergy detector, it must
have subtended the solid angle of the time of ight detectorsawell, so the e ciency of the
time of ight detector should be 100% with respect to the engy detectors. For every energy
signal registered, there should be a corresponding time aght signal. Rather than discard
energy signals when a mismatch is identi ed, conditional c® was implemented to attempt
to nd a valid match for all energy signals. Once a mismatch iglenti ed, the event packet is
searched for unused time of ight signals that could corregmd to the same ssion product
as the energy signal, despite the mismatch of neutron time afht values. A new match
is made if the paired values are inside a graphical cut of eggrvelocity space. Although
the ROOT problem was unable to be corrected, this method alled the least amount of
data to be discarded. An example of before the conditions weiraplemented, and after is

illustrated in Figure 4.11. The method resulted in a 9.1% redhion in data.

@ (b)

Figure 4.11: Velocity vs. energy: (a) raw data; (b) after the @dition of conditions for valid
pairing.

4.2 SPIDER Calibrations

SPIDER provided me with data sets from thermal neutron indued ssion of two separate

targets, 2%°U and 233U. Based on activity measurements, thé*U target was reported as
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217.83 g/lcm? UF,4(164.6 g/cm??23°U) deposited on 100 g/cm? of carbon, and the?3U
target was reported as 72 g/cm? (226.1 g 233U with an activity of 8.329 10* Bq) deposited
on 100 g/cm? of carbon [81]. Both targets were mounted at a 45 degree anglih respect
to the ight path, therefore e ective thicknesses of the tagets and backings were calculated
and used for energy loss estimates. All carbon foils were as®a to have a thickness of 20

g/cm?, and silicon nitride windows were assumed to have a thickreesf 200 nm.
4.2.1 Time of Flight Calibration

The time of ight calibration was performed using a quadrupt alpha source chosen to
span a similar range in time of ight as ssion products. The pha particles were produced
from the decay of the following isotopes?*Cm, ?**Am, 2%°Pu, and *Gd. Results from
the time of ight calibration run are shown on the left in Figure 4.12. The same results
are shown with the time of ight spectrum from 2%°Pu overlaid in red on the right side of

Figure 4.12 .

(@) (b)

Figure 4.12: SPIDER results from time of ight calibration run [81]: (a) with peaks identi ed;
(b) overlaid with ToF data from 2*Pu(ny, ,f).

Each alpha peak was t with a Gaussian function to obtain a chanel value for the
centroid of the peak. Energy loss by the alpha particles in ¢hsource, as well as the start

conversion foil were estimated using TRIM (TRIM is consided to be reliable at energy loss
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estimations from alpha patrticles), and subtracted from thénitial energy of the alphas. The
time of ight of the alphas is then calculated from the new emgy value and used to calibrate
the channel values obtained from the Gaussian ts. The samanrte of ight calibration was

used for the analysis of both targets. The time of ight calibations for both arms of the

detector can be seen in Figure 4.13.

(@) (b)

Figure 4.13: SPIDER time of ight calibration curves from qualruple alpha source (blue
points), plotted along with 252Cf (red points): (a) arm 0; (b) arm 1 [81].

4.2.2 Energy Calibration

As described previously using Figure 1.1, ssion fragments lgpfrom the nucleus and
begin emitting prompt neutrons very quickly (10* - 10 4s), at which point they are re-
ferred to as secondary ssion fragments. Shortly after propt neutron evaporation begins
occurring, the secondary ssion fragment emits prompt gamanrays (still within 10 3 s of
fragments splitting), after which point it has become a ssin product. The sum of the
energies of the ssion products is referred to as total kinetenergy (T KE ), while the dif-
ference between theQ value from ssion and the TKE is referred to as total excitation
energy (TXE). This presents many di culties as time of ight methods are only able to
measure ssion products, and neutron corrections must be pled afterward to account for

energy lost to neutron emission. This means that every experental group that has taken
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an energy measurement and published data frof®U(n, ,f) or 233U(ny ,f) has measured the
post-prompt neutron ssion product energy distribution, and yet, its extremely di cult to
nd a published data set that hasn't had neutron correctionsapplied. If neutron corrections
weren't applied, then corrections for energy loss in the e target generally were not ap-
plied either, so it was very dicult to nd experimental data sets to use to calibrate the
ionization chambers.

The same method was used for the energy calibration as delked in Section 3.1.1, except
SPIDER did not digitize the Frisch grid signal, so no Frisch gd ine ciency correction could
be performed. Instead, the Frisch grid ine ciency was impkit in the energy calibration
along with the pulse height de cit of the IC. The raw data fromthe IC is piped through a
trapezoidal Iter in the waveform digitizer, and the at-to p height of the trapezoid is stored,
corresponding to the energy of the ssion product.

Once the time of ight calibration is performed, calibratedvelocity is plotted against
raw channel energy. A graphical cut is performed using ROOToteliminate data resulting
from scattered ssion products and other noise. Performinthe graphical cut prior to the
energy calibration allowed the use of the same graphical ctdr every energy calibration
calculated for the same data set. To get a general indicatiaf the shape of the cut to make,
the minimum required counts in the energy-velocity histogra was increased to 3, and an
example from arm 1 from?**U(ny ,f) is shown in Figure 4.14.

The cut around the light product cluster was performed rst,and the cut around the
heavy product cluster was adjusted until there were an equalumber of light and heavy
products. Plots before and after taking the cut for3*U can be seen in Figure 4.15, for both
arms. For the 2°U(ny, ,f) data, the graphical cut resulted in a reduction of 5.0% irarm 0
data, and 6.7% in arm 1 data.

Plots before and after taking the cut for’**U(ny, ,f) data can be seen in Figure 4.16. For
the 2%3U(ny, ,f) data, the graphical cut resulted in a reduction of 5.3% irarm O data, and

6.9% in arm 1 data. By taking as large a cut around the light prduct group as possible
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Figure 4.14: Velocity plotted against uncalibrated energyof >**U(ny,,f) SPIDER arm 1,
with the requirement of 3 or more counts in a bin.

@ (b)

(© (d)

Figure 4.15: Velocity plotted against uncalibrated energyof 2%°U(ny,,f): (a) SPIDER arm
0 before cut; (b) SPIDER arm 1 before cut; (c) SPIDER arm 0 aftecut; (d) SPIDER arm
1 after cut.
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without including what is obvious scattering data, and thenraising the lower level of the
cut on heavy products until there were equal light and heavyounts, | was able to take cuts

across multiple data sets while maintaining a reproduciblmethodology.

@ (b)

(© (d)

Figure 4.16: Velocity plotted against uncalibrated energyof 223U(ny, ,f): (a) SPIDER arm
0 before cut; (b) SPIDER arm 1 before cut; (c) SPIDER arm 0 aftecut; (d) SPIDER arm
1 after cut.

Other methods of cutting the data were attempted, however,hiey all seemed very ar-
bitrary making consistency from one data set to the next verghallenging. An example of
taking only data above and below a polynomial curve is shown Figure 4.17. While this
method results in a very visually appealing nal data set, | \as not able to develop a way of
taking consistent cuts from one data set to the next. It is atsvery di cult to perform a cut

of this fashion and get a similar count of light products as lay products. Determining how
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to adjust the cut to equate light and heavy products was extraely arbitrary. Furthermore,
depending on cut levels, obscurities in the tails of the mapgak manifest that are an obvious

result of the inclusion of scattering data.

Figure 4.17: Velocity energy space frorf®®U(ny, ,f) SPIDER arm 1 after taking a graphical
cut with polynomial functions.

The energy spectrum from all products was then plotted, anche mean channel locations
of the light and heavy peak were identi ed with four di erent methods. In the rst method,
all energy data was plotted and each peak was t individuallyy restricting the range of the
t until there was reasonable agreement. The second methodtailed of plotting all energy
data, then tting the peaks with the sum of two Gaussian funcions (each peak t with
single Gaussian and range adjusted until the summed Gaussi& the data with reasonable
agreement). An example front**U(ny, ,f) data can be seen in Figure 4.18.

The third method used a combination of three functions withtie restriction of continuity,
an example of which is seen in Figure 4.18(b). Finally, the failn method plotted the energy
after the data cut, individually for the light peak and the heavy peak. The range of the
Gaussian function was then restricted until reasonable aggment between the t and the
data was achieved, and an example of this frof#U data can be seen in Figure 4.109.
A variation of tting methods was used solely to investigatethe sensitivity of the energy

calibration (and nal mass result) to small changes in the tresults. The impact of the
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Figure 4.18: Examples of tting the raw energy spectrum from*U(ny, ,f) SPIDER: (a) arm
1, t using method two (b) arm 0O, t using method three.

methods used to t data peaks on the nal mass yield will be dussed in Section 4.4.
Ultimately, the fourth method was chosen to minimize the inelsion and impact of scattered

ssion products on the nal mass result.

(@) (b)

Figure 4.19: Raw energy histograms fé#3U(ny, ,f) SPIDER arm 0: (a) heavy products only;
(b) light products only.

Data exists for the energies of the mean light and heavy ssioproduct after prompt
neutron emission in numerous references, however, many dat norrect for energy loss in

the target, or are not clear about corrections that have beeapplied. This has resulted in a
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fair amount of discrepancy from one reference to another. Hewver, the initial velocities of
the mean light and heavy ssion product have also been reped by a number of references,
and the data points are in much better agreement. Since ssioproducts emit prompt
neutrons isotropically, the mean velocity of the light and bBavy ssion products is the same
before and after prompt neutron emission (this only applie® average values). To minimize
the uncertainty in initial energy values for the mean light ad heavy ssion products, the
initial energy was calculated from the average initial velaties given by Milton and Fraser
[25].

Isotopes chosen as the mean light and heavy ssion producteme®°Sr, and'38Xe, based
on their high individual yields among isobars. Due to outliebehavior in the energy loss
estimates with Xe from LISE++, 138Xe was replaced with'3Cs as the mean heavy ssion
product for energy loss estimates. Energy loss by the meaghi and heavy products were
estimated and summed for every interaction material in theetector (target, carbon backing,
both conversion foils, and IC entrance window), giving naknergies corresponding to what
is measured in the ICs. The nal energy values are then plotteagainst the channel values
and t using a least squares method to produce a two point, lgar, energy calibration. The
method of tting the raw data, as well as the initial energy vdues assigned to the mean light
and heavy products all have a signi cant impact on the ssiorproduct yield results, as is

shown in 4.4.
4.3 SPIDER Corrections

Once the energy spectrum is calibrated, correction for erggrloss in the stop conversion
foil, as well as the IC entrance window must be applied beforalculating mass. Isotopes
were chosen from the light and heavy group of thermal neutroimduced ssion of2%°U as
well as?*U following the same selection methodology used for the CSMadysis (shown in
Figure 3.8). Values for the initial energy and mass of the medight and heavy products
were taken from Asghar, et al [82] at rst. However, the values reported were corrected

for prompt neutron emission. Initially, | was unable to nd data without prompt neutron
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corrections. Eventually, | came across data from Milton andrraser [25] for the total ki-
netic energy of the ssion products measured after prompt néron emission. Data from
235U(ny, ,f) was retrieved from the published gure using WebPlotDigizer [75], and energy
was distributed among the ssion products using conservatin of momentum. Initial energies
for ssion products after prompt neutron emission front>3U(ny, ,f) were taken from Schmidt,
et al. [83].

The energy loss of ssion products through the target (and lwking material for arm 1
only) as well as through the start conversion foil was subtcéed from the initial energy of
the products, providing an estimate of the energy carried bthe products while their time
of ight was measured. A velocity and time of ight was then céculated from the energy
estimate, corresponding to the time of ight that \would be" measured in the detector.
Energy loss in the stop conversion foil and silicon nitridentrance window were summed
and plotted against the time of ight values previously calalated, then t using a least
squares method creating a function of energy to add back tos®n products, based on their
measured time of ight. The initial energy calibration and ald back functions for?**U can
be seen in Figure 4.20(a), and Figure 4.20(b).

There is an obvious outlier in the heavy group coming from ergy loss estimates using
Xe as the projectile. The e ect on the add back function from ioluding Xe in energy loss
estimates is minimal, however, using Xe as the mean heavy agiproduct for the energy
calibration has signi cant e ects, to be discussed in Seaih 4.4. After realizing the e ects
on the energy calibration, Xe was replaced with Cs as the meaedvy ssion product, and
initial calibrations and corrections are shown in Figure 4(Xc), and Figure 4.20(d).

After completing energy and time of ight calibrations, as wé as energy add back correc-
tions, mass was calculated following the same steps outlthimm 3.2, except the Gl correction
could not be performed Eg, is replaced with anode pulse heigh®,), instead, the grid inef-
ciency is implicit in the energy calibration. The equationset used for SPIDER calculations

is shown in 4.1, and initial parameters can be seen in Tablel4.and assumptions and run
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Figure 4.20: Initial calibration and corrections for**U(ny, ,f) SPIDER: (a) energy calibration

using Xe as the mean heavy ssion product; (b) add back corraoh functions using Xe as
the mean heavy ssion product; (c) energy calibration usin@€s as the mean heavy ssion
product; (d) add back correction functions using Cs as the ma heavy ssion product.

conditions are shown in Table 4.2.
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Table 4.1: Function parameters for initial run con gurations (SPIDER arm 0, SPIDER arm
1) [dimensionless].

235U (N ,f) LISE++

25U(ny, ,f) CasP

233y(nyy ,f) LISE++

23U(ny, ,f) CasP

(0.0106,0.0093)

(0.0108,0.0093)

(0.0114,0.0099)

(0.0119,0.0102)

(11.508,12.314)

(11.242,13.392)

(10.719,13.22)

(5.6587,8.8325)

(0.0201,0.0121)

(0.0563,0.0411)

(0.0339,0.0239)

(0.0994,0.0839)

(2.9868,3.3148)

(1.3481,2.0294)

(2.4088,2.8258)

(-0.0191,0.6766)
(-0.0557,-0.0543
(10.049,9.6847)

my | (-0.0393,-0.0371)
by (6.7895,6.4881)

(-0.0584,-0.0527
(9.2086,8.4229)

(-0.0382,-0.0374)
(6.7378,6.543)

Table 4.2: Assumptions for energy loss estimates in SPIDER.

25U(ng f) LISE++ | 233U(ny, ,f) CasP

m. (amu) 95.57 94.71

My (amu) 138.43 138.6

V. (cm/ns) 1.422 1.409

Vy (cm/ns) 0.963 0.966

E, (MeV) 100.15 99.8

En (MeV) 66.53 68.4

Target (e ective g /cm?) 154.12 70.75

Target Backing (e ective g/cm?) 141.4 141.4
Start Foil ( g /cm?) 20 20
Stop Foil (g /cm?) 20 20

IC window (nm SisNy) 200 200
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4.4 SPIDER 2®U(n 4 ,f) Results

After applying the calibrations and corrections previoushdescribed, mass plots for both
detector arms were generated from LISE++ energy loss estites, seen in Figure 4.21, for
each of the four energy calibration methods. Each method fating the peaks from raw
energy data has an impact on the nal mass result. The rst mdtod produced promising
results, seen in Figure 4.21(a), with a discrepancy betweemtdctor arms in the locations
of the light and heavy mass peaks. The results presented in Brg 4.21 assumed a target
composition of UF,, with the mass of uranium calculated from its activity (51732 g), and
the mass of uorine calculated from its atomic ratio (218.0 g). The total mass was divided
by its area and a homogeneous mixture of 217.9¢/cm? (e ective 154.12 g/cm? assuming
half thickness at 45 degrees) was used for energy loss estésa This assumption overesti-
mated the total energy loss in the target, as can be seen by theftward shift of the data
compared to England & Rider in the arm O data seen in Figure 4.21t was determined, by
mistake (on a fresh attempt at all energy loss estimates wteet had forgotten to account
for the target angle) that an e ective thickness of 109 g/cm? produced a more reasonable
result, therefore, it was used as the thickness input movinigrward for all LISE++ energy
loss estimates in the?®®U target that explore trends. This either indicates an ovetima-
tion of energy loss from LISE++ in the UF, target material, error in the target thickness
measurement, or error in the chemical composition of the tget.

The second peak tting method, seen in Figure 4.21(b), also pduced promising results
with improved agreement in heavy peak location between deter arms, however, the dis-
crepancy in light peak location is still apparent, as is a clmge in mass resolution in the heavy
peak between detector arms. The third method for peak ttingoroduced the worst result,
seen in Figure 4.21(c). There is not only discrepancy betwepeak location and resolution
for both peaks, but also increased discrepancy from literaie. The forth method for peak
tting produced a similar result to the rst two methods, as seen in Figure 4.21(d). Although

methods 1,2, and 4 all produced similar results, the discrapcy between methods has been

129



9T — e E&R Chain Yield 9T — E&R Chain Yield
X F —e— SPIDER Arm 0 X F —e— SPIDER Arm 0
s g Entries 736724 T g Entries 736724
g FE —e— SPIDER Am 1 g F —e— SPIDER Am 1
7 — Entries 438696 7 - o As iz |  Enties 438696
6= = 6 =
5 — 3 = =
4 — 4 —
= = s -
2= = 2 =
1 — 1 =
ok NocaSed desoioatl oSt = o beees e Levesilt =
80 90 100 110 120 130 140 150 160 80 90 100 110 120 130 140 150 160
Mass (amu) Mass (amu)
(@ (b)
9T — e E&R Chain Yield 9 T — E&R Chain Yield
S E —e— SPIDER Am 0 g E —e— SPIDER Arm 0
S g Entries 736724 S g|— Entries 736724
g F —e— SPIDER Arm 1 g F —e— SPIDER Arm 1
B Entries 438696 B Entries 438696
6 — 6= —
sE E sE- =
4 — 4 —
= — Kl = —
2 — 2= —
1 — 1 —
E 4. E E e / s =
o b lovoelasd?l 1 1 | | "ei5%edesesdl L | Sealied lovosiat? | 1 | | TeSSgeg =
110 120 130 140 150 160 80 90 100 110 120 130 140 150 60
Mass (amu) Mass (amu)
() (d)

Figure 4.21: Initial SPIDER FPY results for 2%°U(ny, ,f) using LISE++ for energy loss es-
timates: (a) method one for energy calibration; (b) methodwo for energy calibration; (c)
method three for energy calibration; (d) method four for errgy calibration;.

highlighted indicating the importance of using proper stding values for the energies of the
mean light and heavy ssion product.

At this point, the e ects of including Xe in the energy loss esimates and energy calibra-
tion were investigated. As suspected, removing Xe from the adwhck estimates had very
little e ect, as it did not change the tted add back function enough to have a signi cant
impact on mass results, even though removing Xe from add backtienates resulted in R
values from the t above 0.9 (indicating the initial estimates were poor to begin with. The
mean heavy ssion product from?**U(ny, ,f) is 138.6 amu, making'*8Xe a reasonable choice
(Xe has the highest individual yield of allA = 138 isobars). The results presented in Fig-
ure 4.21 were obtained using Xe as the mean heavy product in theergy calibration. As it

turns out, using Xe for the mean heavy product for the energy tihration has a dramatic
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e ect on mass results. The energy calibration was performedyain swapping Xe for Cs, and
the mass results are plotted in Figure 4.22, for the rst two débration methods. As antici-
pated the light peak is left unchanged, however, the width dhe heavy peak has increased
signi cantly due to the signi cant underestimation of heaw ssion product energy loss.

In general, it is a reasonable assumption that energy loss bgavy ssion products is
underestimated by LISE++/TRIM, as indicated by the outlier Xe causing such signi cant
improvement in mass results. Therefore, the ratio of enerdgss from LISE++ by Xe com-
pared to Cs was calculated at roughly 1.25, and this factor waused as a multiplier to all
energy loss estimates from LISE++ relating to heavy ssion ppducts. Calibrations and
corrections were performed again, and the results can be rsae Figure 4.23. The initial
inclusion of Xe in the energy calibration was producing fale promising results, and it
has clearly been shown that LISE++/TRIM underestimates theenergy loss of heavy ssion
products in the absorbers investigated.

The structure of the light and heavy peaks are similar for bt detector arms, and both
appear fairly similar in shape to England & Rider data. Howeve both arms are slightly
shifted in mass from each other and from England & Rider dataln general, there is an
apparent rightward shift from arm 0 to arm 1, which can likelybe attributed to error in energy
loss estimates in the target backing. As previously mentiodediscrepancies in energy loss of
ssion products in carbon from simulation can be up to 30%. Qidrations and corrections
were redone with increased target backing thicknesses 0012g/cm? and 130 g/cm? (as
well as a 1.25 multiplication factor on all heavy product eginates). The resulting mass plots
can be seen in Figure 4.24, and Figure 4.25.

The discrepancy between arms is reduced greatly by incraagthe thickness of the carbon
backing on the?3°U target. Based on the rightward shift of the heavy peak in Fige 4.25, the
energy loss estimate for the backing is o by no more than 30% his supports the statement
from Ziegler received in a personal communication that \Therror can be substantial - up to

3x error in ranges for heavy ion products from U [70]." Evidely, simulation underestimates
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Figure 4.22: Initial SPIDER FPY results for 2°U(ny, ,f) using LISE++ for energy loss esti-
mates: (a) method one for energy calibration; (b) method twéor energy calibration.
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Figure 4.23: SPIDER FPY results for>*>U(ny, ,f) using LISE++ for energy loss estimates,
and a 1.25 multiplication factor on all heavy product estimtes: (a) Method one for energy
calibration; (b) Method two for energy calibration; (c) Method three for energy calibration;
(d) Method four for energy calibration;.

the energy loss of ssion products in carbon, or the target loking is actually thicker than
reported. Carbon conversion foil thicknesses were all imased by 20%, energy calibrations
and corrections were performed again, and mass is plotted footh arms in Figure 4.26.
Increasing the carbon conversion foil thicknesses resulte slight improvement to the mass
plot, which is seen by comparing Figure 4.26 to Figure 4.24.

Material thicknesses were increased by 20% from their qudtealues including the target
backing, carbon conversion foils, and the silicon nitrided window, calibrations and cor-
rections were performed again and mass was calculated fottbarms, seen in Figure 4.27.
Agreement was improved slightly from the material thicknesgcrease, however, clear dis-

crepancy between arms still exists as well as discrepancgrir England & Rider data.
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Figure 4.24: SPIDER FPY results for?*>U(ny,,f) using LISE++ for energy loss estimates
with a 20% thickness increase in the target backing, and a 5.2nultiplication factor on all
energy loss estimates for heavy ssion products.

Figure 4.25: SPIDER FPY results for?>U(ny, ,f) using LISE++ for energy loss estimates
with a 30% thickness increase in the target backing, and a 5.2nultiplication factor on all
energy loss estimates for heavy ssion products.
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Figure 4.26: SPIDER FPY results for?*>U(ny,,f) using LISE++ for energy loss estimates
with a 20% thickness increase in the target backing and bottabon foils, and a 1.25 mul-
tiplication factor on all energy loss estimates for heavy son products.

Figure 4.27: SPIDER FPY results for?®U(ny, ,f) using LISE++ for energy loss estimates
with a 20% thickness increase in the target backing, both daon foils, and IC entrance win-
dow, and a 1.25 multiplication factor on all energy loss estiates for heavy ssion products.
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Keeping the energy calibration constant, the add back funicins were arbitrarily modi ed
in an e ort to get the results from both arms to agree better wih each other, and with data
from England & Rider. The mass plot resulting from modi catons to the y intercept of the
add back functions is shown inFigure 4.28. While the light peakagree quite well between

detector arms and England & Rider data, the heavy peak stillmws obvious discrepancies.

Figure 4.28: SPIDER FPY results for?*>U(ny,,f) using LISE++ for energy loss estimates
with arbitrary modi cations to the slope and intercept of the add back functions.

To get an indication of what modifying the add back correctio e ectively changed, the
modi ed functions are plotted alongside the original add bek corrections in Figure 4.29.
The absolute values of the arbitrarily modi ed functions ae not helpful as the add back
functions, once changed, no longer correspond to the enegfibration, however, the trend
may contain insight. The arbitrarily modi ed functions imply that more energy was needed
to add back to heavy ssion products than accounted for by eshates. This is consistent
with a slight overestimation in the energy loss in the Ul target e ectively shifting the
calibration down in energy, thus requiring an increase in adback energy. The general

slope of the arbitrarily modi ed heavy add back function apears reasonably close to the
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initial estimate. Alternatively, the slope of the arbitrarily modi ed light add back function
is signi cantly greater than the initial estimate, indicating that the impact of increasingZ
on energy loss is much greater than accounted for by energgdaestimates, for light ssion
products. It is de nitive that LISE++/TRIM underestimate t he energy loss of heavy ssion
products across the board by at least 25%. In addition LISE+M RIM underestimate the

energy loss of all ssion products in carbon by roughly 20-3&
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Figure 4.29: Add back corrections from initial estimates congped to values obtained from
arbitrary modi cations to add back slope and intercept: (a)SPIDER arm 0; (b) SPIDER
arm 1.

Energy calibrations and corrections were performed agairsing CasP (unitary convolu-
tion approximation with mean charge state inputs) for energ loss estimates, and mass is
plotted in Figure 4.30. When compared to the mass plotted usingriginal LISE++ energy
loss estimates (Figure 4.22), there is better agreement betn both detector arms on both
peaks. There is also better agreement in both light and produpeaks between SPIDER and
England & Rider data. Overall, energy loss estimates from GB seem to produce a much
better mass result than energy loss estimates from LISE++.

To get an indication as to why CasP produces much better indi estimates, a comparison
of the energy loss of ssion products in various absorbers psesented in Figure 4.31. Not
surprisingly, CasP consistently estimates greater enerdpyss for heavy ssion products than

LISE++ regardless of the absorber. Estimates from CasP fonght ssion products are
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Figure 4.30: SPIDER FPY results for?*U(ny, ,f) using CasP for energy loss estimates.

generally also greater than estimates from LISE++, exceptof the energy loss in the Ul
target. Again, this is consistent with expectations as both &P and LISE++ slightly
overestimated energy loss in the target, therefore, it wasgécipated that the estimates
would be fairly close to each other. Also, energy estimatesr fiight ssion products in
the SkN4 window are very similar. The greatest discrepancy betweena€P and LISE++
estimates occurs for heavy ssion products in C, and for lighssion products in C to a lesser
degree. This is consistent with LISE++ requiring a carbon cwection factor to get agreement
between detector arms. This is also consistent with LISE++equiring a carbon correction
factor to achieve reasonable agreement to England & Ridertdawhere no correction factor
was needed for initial CasP estimates.

The target thickness was then decreased 20% from its quotealue and energy calibra-
tions and corrections were performed again with CasP. Thegs@ting mass plot is shown
in Figure 4.32. There is very good agreement between arms inethight peak as well as

good agreement with England & Rider data, con rming that CaP is more accurate than
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Figure 4.31: Energy loss estimate comparison between LISE-and CasP for SPIDER?*°U:
(a) energy loss in the UF target; (b) energy loss in the 100 g/cm? C target backing (141.4

g/cm?e ective thickness); (c) energy loss in a 20g/cm? C conversion foil; (d) energy loss
in the 200 nm thick SgN4 window.

LISE++ at estimating the energy loss of ssion products in cabon, as backing and foil
thickness modi cations were not necessary to achieve sialagreement between detector
arms.

Despite what code was used for energy loss estimates, or wheterial thickness values
were used in energy loss estimates, a mass plot with betteragment to England & Rider
data than seen in Figure 4.28 and Figure 4.32 could not be geneic Initial estimates from
LISE++ showed discrepancy between arms, and increasing tharget backing thickness by
20% resulted in much better alignment (shown in Figure 4.24)f an increase in the carbon
target backing is required, it follows that a similar corretion for the carbon foils would be

warranted. Indeed, increasing the carbon foil thickness 0% also drove slightly better
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Figure 4.32: SPIDER FPY results for’*>U(ny, ,f) using CasP for energy loss estimates with
a 20% increase in target thickness.

agreement with England & Rider. It follows that energy lossrbm ssion products in other
materials might be underestimated as well, so the thickness$ the IC entrance window was
increased by 20%, however, this did not signi cantly changthe mass results (as seen by
comparing Figure 4.26 to Figure 4.27). Changing material thkoess of the carbon foils and
IC window had much less e ect on mass results than changingdharget backing (shown by
arm 1 only) by the same factor. This is largely due to the relizce of the energy calibration
on the energy loss estimates. Clearly modi cations to the engy calibration have much more
in uence than modi cations to the add back function. It was dso seen that both LISE++
and CasP overestimated the energy loss in the target when assng a homogenous Uf
composition for energy loss estimates.

The initial estimates from CasP produced closer FPY resultotEngland & Rider than
initial estimates from LISE++. Also, results from CasP were m better initial agreement

between detector arms than initial results from LISE++. Ca® energy loss estimates with a
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20% decrease in target thickness drove very good agreemestideen arm 1 data and England
& Rider, however, arm 0 data showed good agreement in the ligheak while showing poor
agreement with the heavy peak. CasP seems to provide a betestimate of the energy loss
of ssion products in carbon than LISE++.

The previous plots clearly show the level of con dence in anyass plot produced can
only be as high as the level of con dence in energy loss estiemof ssion products. Small
deviations to these estimates can have signi cant impact othe mass results, and with the
current level of understanding of the energy loss of ssionr@ducts, an independent mass
result can not be presented with any con dence. It is, therefe, necessary to have a better
understanding of the energy loss of ssion products in orddp produce results that are
independent from radiochemical data. The data can still beseful to provide a lower limit
on mass resolution for the detector, and indicate potentishreas of improvement for the
collaboration moving forward.

To qualify the performance of the detector, the mass resultgsere optimized to the Eng-
land & Rider data following the same method presented in Seoh 3.3. The optimized results
for arm O are shown in Figure 4.33, and Figure 4.35 for arm 1. Thed line in the gures
is England & Rider data with a Gaussian smearing introducedhat increases linearly with
mass. The smearing applied in Figure 4.33, and Figure 4.35 i® Amu FWHM at the light
peak, and 2.0 amu FWHM at the heavy peak, and shows reasonableegnent to the data
for both detector arms.

The data can be improved further by requiring both arms to regter each product from
a coincident pair for valid event consideration. Conditioal code was implemented for this
purpose allowing automatic identi cation of which product are light products, and which
products are heavy products. The products can be di cult to dstinguish near the valley
between peaks when performing single product analysis, whirelies on the geometric cut to
distinguish light products from heavy. Coincident analys removes this ambiguity, allowing

every product to have the appropriate add back function appd during energy correction.
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Figure 4.33: Optimized SPIDER arm 0 FPY results for®*U(n ,f).

@ (b)

Figure 4.34: Optimized SPIDER arm 0 FPY results for3*U(ny, ,f) with residuals from 2
di erence test plotted beneath for: (a) light ssion produds; (b) heavy ssion products.
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Figure 4.35: Optimized SPIDER arm 1 FPY results for**U(n ,f).

@ (b)

Figure 4.36: Optimized SPIDER arm 1 FPY results for3*U(ny, ,f) with residuals from 2
di erence test plotted beneath for: (a) light ssion produds; (b) heavy ssion products.
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The mass results from coincident optimization analysis ashown in Figure 4.37, where clear

improvement from single arm analysis can be seen, most nolgalon the tails of the peaks.

Figure 4.37: Optimized SPIDER FPY results for**U(n ,f) with dual arm coincident prod-
uct pair analysis. The Gaussian smearing applied to the Eragld & Rider data shown in red
begins at 0.5 amu FWHM at mass 60 and increases linearly across tnass scale up to 1.5
amu FWHM at mass 140.

Now that we have an optimized set of calibration and correctioequations, let us return
to the subject of the graphical cut. The FPY results from singl arm optimization can
be seen plotted in Figure 4.38, with a logarithmic scale on thgaxis. As a reminder, the
energy-velocity space before and after the cut can be seenFigure 4.15. When taking
the cut, based on the ratio of light to heavy ssion productsas many light products were
included as possible while the cut around the heavy group waenstricted until the number
of light and heavy counts were equal. There is data included the lower tail of the light
product group that is clearly the result of failing to removescattered ssion products from
the analysis, and is, therefore, a direct result of the cutig method. The same is true for
the upper tail of the heavy product group for arm 1. The lowerdil of the heavy product

group exhibits the e ect of the graphical cut removing real dta instead of only scattered
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ssion products. In an e ort to get the same number of light poducts as heavy products,

too many light products were included, and too many heavy pducts were removed with

the cut.
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Figure 4.38: Optimized SPIDER FPY single arm analysis resultfor 2*°U(ng, ,f) with a
logarithmic scale on they-axis.

At this point, the graphical cut was removed from analysis, rd instead the appropriate
calibration and correction for each ssion product was ches based on an uncalibrated time
of ight gate, or an uncalibrated energy gate, with the gate alue set at the minimum of
the valley between the light and heavy product groups on theespective plot. The results
can be seen displayed with linear and logarithmic scales dmety-axis in Figure 4.39. Both
methods produce remarkably similar results, with scattete ssion product data included
outside of both peaks, as well as in the valley between peak&irthermore, the light peak
has shifted down in relation to literature due to the normakation problem arising from the
inclusion data that should have been discarded.

The chosen window and support structures clearly become imant as the only way

to condently report FPY results near the tails of the peaks ad the symmetric ssion
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Figure 4.39: Optimized SPIDER FPY results for®U(ny, ,f) with no graphical cut: (a) time
of ight gate at minimum; (b) time of ight gate at minimum wit h a logarithmic scale on the
y-axis; (c) energy gate at minimum; (b) energy gate at minimunwith a logarithmic scale
on the y-axis.

region is to accurately remove the data resulting from ssioproducts scattering, while not
removing real data in the process. A fair amount of time was spt adjusting the cut, slowly,
and viewing the impact on the FPY results. Even after having th optimized equations for
calibrations and corrections, and viewing the data side byde with literature, the best | could
come up with after a fair amount of time is the plot shown in Figte 4.40, and the graphical
cut used to get the result is shown in Figure 4.41. Coincidentssion product pair analysis
reduces the e ects of scattering, however, it does not elimate the problem. On occasion, a
coincident ssion product pair can be detected even when ofi¢ products scatters o of the
window frame and still continues into the IC. Corrections cald potentially be implemented

for such a scenario, however, that would likely require itswm extensive study.
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Figure 4.40: Optimized SPIDER FPY results for**U(ny, ,f) with a logarithmic scale on the
y-axis, shown after adjusting the cut to gain better agreeméno England and Rider. It is
apparent that this cut removes all sensitivity in the?®>U(ny, ,f) symmetric ssion region.
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Figure 4.41: Energy-velocity space illustrating the grapbal cut used to get the results seen
in Figure 4.40.
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For comparison, results from the CSM FPY spectrometer with atretched polypropylene
IC window are shown again in Figure 4.42. Although it is di cult to compare results from
252Cf(sf) directly to results from 2%°U(ny, ,f) due to the much narrower valley between peaks,
Figure 4.42 and Figure 4.43 illustrate excellent agreement the valley from a graphical
cut taken long before obtaining any mass results. Clearly ¢éne is some bene t to ensuring
the e ects from scattering are minimized, and the stretchegolypropylene window shows a
clear reduction in scattering e ects over the silicon nitile windows by close to an order of

magnitude.

Figure 4.42: 252Cf(sf) FPY POLY run results using optimization technique, dsplayed with
a logarithmic scale on they-axis (no extra graphical cut).

4.5 SPIDER 2#U(n 4 ,f) Results

The initial energy calibration and add-back for>23U(n ,f), with Xe left out of the cho-
sen ssion products, can be seen in Figure 4.44. While the cheali composition of actinide
targets prepared with vacuum volatilization is fairly wellknown to be AnF,(where An repre-
sents the actinide element), the same cannot be said of theechical composition of actinide

targets prepared with molecular plating (as is the case fohé 233U target used by SPIDER)
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Figure 4.43: 252Cf(sf) FPY LUXEL run results using best result, displayed with alogarith-
mic scale on they-axis (no extra graphical cut).

[84].

Based on the results of a study regarding sources producedwiholecular plating, 80%
of the current generated during molecular plating goes to egdtrolysis of the solvent [85]
(pyridine in the case of the’*3U SPIDER target). L.R. Dos Santos, et al presented a detailed
characterization of electrodeposited uranium Ims and faud the chemical composition to
be polymeric structures of variable composition, with a pagble unit monomeric formula
of UO,(OH),.x (ONH,4)x yH,O [86]. However, Sadi, et al. concluded the structure of the
deposit is complex but does not include water molecules [8Therefore, the value of y in
the monomeric formula was always assumed to be 0. Initial @sfates were performed using
LISE++ assuming x = 0 with a calculated thickness based on adtity of 90.4 g/cm?
(e ective thickness of 63.9 g/cm? after taking half of the total thickness and accounting for
the target angle), and results are shown in Figure 4.45.

There is large discrepancy across the board when comparingtio arms to England &

Rider data, most signi cantly in the heavy product peak, as aticipated from our 25U (ny ,f)
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Figure 4.44: Parameters for mass calculation: (a) energy itahtion function; (b) add-back
correction function.
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Figure 4.45: Initial SPIDER FPY results for 233U(ny, ,f) using LISE++ for energy loss esti-
mates, assuming a target chemical composition of JOH ONH4 (x = 0).
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results (when Xe was excluded from calibration). The correoin factors obtained from the
235U (ny, ,f) analysis were applied to the energy loss estimates fé2U(ny, ,f), including a 20%
increase in the target backing and conversion foils, as wal a 1.25 multiplication factor on
all heavy ssion product energy loss estimates. Energy losstimates were performed once
again and calibration and correction functions were gendesl. The resulting mass plot is

shown in Figure 4.46.
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Figure 4.46: SPIDER FPY results for23U(ny,,f) using LISE++ with correction factors
from analysis of?**U(ny, ,f) applied for energy loss estimates, assuming a target chieal
composition of UQOH ONH,4 (x = 0).

The results once again con rm the indications that LISE++ underestimates the energy
loss in carbon, as well as underestimates the energy lost bgalwy ssion products in all
absorbers. Although the correction factors drove much betteagreement between experi-
mental results and results from England & Rider, there are gt discrepancies between peak
locations in comparison to England & Rider. In general, expienental results are still shifted
to the right of results from England & Rider, indicating that energy loss in the target has

been underestimated. Energy loss estimates were perfornegghin, and calibration and cor-
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rection functions were calculated for increasing x valuesReasonable agreement between
experimental data and data from England & Rider for the lightpeak was found with x = 5,
and results can be seen in Figure 4.47. For x = 5, mass was caitatl to be 172.2 g/cm?

(e ective thickness of 121.8 g/cm?).
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Figure 4.47: SPIDER FPY results for?®3U(ny,,f) using LISE++ with correction factors
from analysis of?*U(ny,,f) applied for energy loss estimates, assuming a target chieal
composition of UQ(OH)s (ONHy)s (x = 5).

Evidently, the correction factor applied to all heavy ssim products of 1.25, in combina-
tion with the carbon correction factor of 1.2 has overcompeated the energy loss estimates,
based on how arm 1 has shifted left of arm 0 and is narrower indth (seen in Figure 4.47).
The heavy correction factor was reduced to 1.08, keeping teame carbon correction factor,
and results can be seen in Figure 4.48.

After modifying the chemical composition of the target, and educing the heavy ssion
product correction factor from 1.25 to 1.08, reasonable agment was achieved between
experimental data and data from England & Rider, particulaly for the light ssion product

group. A comparison of energy loss in the target material for = 0 and x = 5 can be seen

152



9 &0 E&R Chain Yield
— [ | 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
E\O, — —e— SPIDER Arm 0
o g b Entries 407070
-g - —e— SPIDER Arm 1
. - Entries 200376
6 —
5 —
4 —
3 —
2 —
1 —
0 'z--‘.i‘-"'A">V PRI TR NI NI A QO . Al 25666 é A:
80 90 100 110 120 130 140 150 160
Mass (amu)

Figure 4.48: SPIDER FPY results for?®3U(ny,,f) using LISE++ with correction factors
of 1.2 for carbon, and 1.08 for heavy products, assuming a get chemical composition of
UO2(OH)s (ONH4)s (x = 5).

in Figure 4.49. Changing the chemical composition increasélte energy loss in the target
by a factor of about 2.7, which was also found to be around 1.5d¥ more energy loss in
the target than in the 2%°U target.

While reasonable results were achieved using LISE++ after sliovering the appropriate
correction factors, it is problematic that the same correadn factor that was applied to heavy
ssion products in the 2%°U analysis could not be applied to the?33U analysis. Calibrations
and corrections were calculated using CasP for energy lostimates for the chemical compo-
sitions x = 0, and x = 5, and results are shown in Figure 4.50, andligure 4.51, respectively.

It has been shown that CasP is superior to LISE++/TRIM when esimating the en-
ergy loss in carbon of ssion products from thermal neutronnduced ssion, as well as
heavy ssion products, in general, in all substrates invesfated. Not only do estimates from
LISE++/TRIM require correction factors for estimates in carbon, as well as estimates for

all heavy ssion products, the correction factors themsebs were not consistent when mov-
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Figure 4.49: Initial SPIDER FPY results for 233U(ny, ,f) using LISE++ for energy loss esti-
mates.
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Figure 4.50: SPIDER FPY results for?®3U(ny, ,f) using CasP for energy loss estimates,
assuming a target chemical composition of UWH ONH,4 (x = 0).
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Figure 4.51: SPIDER FPY results for?®3U(ny, ,f) using CasP for energy loss estimates,
assuming a target chemical composition of UQOH)s (ONH,4)s (x = 5).

ing from one target to another, requiring data to be comparetb an existing data set to
determine the appropriate correction factors. CasP requad no correction factors, and if
the energy loss in the target is understood, provides a reasdle initial mass result. Upon
closer inspection, nearly all of the structure in the peaksdm the England & Rider data set
have washed out of the experimental data, in comparison togelts from the 23°U target,

where much of the structure in the peaks of the England & Ridedata did appear in the
experimental data.

The energy loss estimates from CasP and LISE++ for ssion piucts in the 233U target,
assuming a composition Ug{OH)s (ONH,)s, can be seen in Figure 4.52. When it comes
to energy loss estimates in the target material (UF4 and , USPQOH),., (ONH,)4) CasP and
LISE++/TRIM show similar results for light products, with a greater discrepancy in heavy
product estimates. Results are also similar for energy losstimates of ssion products in
SisNg4, however, changes in energy loss estimates in the IC windom@uced minimal changes

to the FPY results as opposed to changes in the energy loss irettarget material. Based on
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how closely the FPY results from CasP come to data from Englangl Rider, CasP would

seem to have the edge.
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Figure 4.52: Energy loss estimates from th&3U(ny, ,f) target using LISE++ compared to
CasP, assuming a target chemical composition of Y@H)s (ONH,)s (X = 5).

The optimization technique was also applied to thé**U data, and results can be seen
in Figure 4.53 for arm 0, and Figure 4.55 for arm 1. The red line inoth plots is the data
from England & Rider with a Gaussian smearing of 3 amu FWHM at thedht peak, linearly
increasing with mass up to 6 amu FWHM at the heavy peak. Even wherpplying the
optimization technique that should, in principle, give theoptimal result, the mass resolution
is a factor of 2 worse than seen in th&°U data.

The coincidence requirements and conditions applied to tfé*U(ny, ,f) data in 4.4 were
applied to the 233U(ny, ,f) analysis, and mass results can be seen in Figure 4.57. Asnsee
with 2%U(ny,,f), the coincident product pair analysis results show im@vement from over
single arm analysis, and more structure in the peaks seemshe revealed than can be seen
in single arm analysis. The optimized mass resolution froA¥U(ny, ,f) is much better than
initially expected based on FPY results from initial energydss estimates, however, mass
resolution is still estimated to be around a factor of two tires worse than the?**U target.

Future investigation into the targets is clearly necessaryCurrently, the two main meth-
ods for preparing sources for neutron induced ssion experents are vacuum volatilization
and molecular plating. Vacuum volatilization is preferreddue to the superior uniformity

of the actinide deposits, while molecular plating o ers mut higher yields than vacuum
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Figure 4.53: Optimized SPIDER arm 0 FPY results for®3U(n ,f).

@ (b)

Figure 4.54: Optimized SPIDER arm 0 FPY results for33U(ny, ,f) with residuals from 2
di erence test plotted beneath for: (a) light ssion produds; (b) heavy ssion products.

157



Figure 4.55: Optimized SPIDER arm 1 FPY results for®3U(ng ,f).

@ (b)

Figure 4.56: Optimized SPIDER arm 1 FPY results for33U(ny, ,f) with residuals from 2
di erence test plotted beneath for: (a) light ssion produds; (b) heavy ssion products.
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Figure 4.57: Optimized SPIDER FPY results forr®3U(ny, ,f) using coincident product pair
analysis. The Gaussian smearing applied to England & Ridemath, shown in red has a 1.5
amu FWHM at mass 60 and increases linearly across the mass spattto 3.0 amu FWHM
at mass 140.

volatilization making it the method of choice for situatiors where the actinide material is
scarce [84]. The?®U target was manufactured by Walt Loveland, and was made usirvac-
uum volatilization of UF, onto a carbon backing. The?*3U target was also manufactured by
Walt Loveland, and was produced using molecular plating, vene the chemistry of the target
is complicated due to the electrolysis of organic depositianedia during the process. The
233 target is electroplated uranium out of organic solution uag high voltage (on the order
of 600 Volts). Loveland postulates that the application of igh voltage causes cracking to
form in the organic solvent molecules, and deposits theseganic solvent molecules together
with uranium as something called \crud" [84].

The impurity is speculated to be SiQ leached from glass containers of actinide solutions,
where the pH is low. Carbonates, oxides, and hydroxides arés@ cited in literature as
the constituents of the \crud" deposit [87, 88]. Typical derand for these types of targets

for neutron induced ssion comes from experiments that are@s$s sensitive than SPIDER to
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ssion product energy loss in the target material, such as oss-section measurements, or for
secondary nuclide production. While target manufacture israactive area of research, there
are currently only a few experts in the eld, whose primary fous has been channeled by
demand toward manufacturing targets to withstand heavy-io beam doses.

The total amount of uranium in the target (226.1ug) was derived from the total mea-
sured activity (8.33E4 Bq [81]), and the total mass of the tayet was calculated from atomic
ratios based on the chemical formula assumed for th&U target. Energy loss in the \crud"
was accounted for by modifying the value of x in the chemicabimula used for the tar-
get, UO,(OH) ..« (ONHy4)«, which includes the oxides and hydroxides that are specuéat to
compose the \crud". By increasing the value of x, the amountfdcrud” was e ectively
increased. Although a reasonable estimate for the energydasf ssion products in the?33U
target seems to have been achieved, it seems that the incre&nergy straggling caused by
the nonuniformity of the uranium deposit, or the \crud", dominated our ability to achieve a
similar mass resolution to that obtained with the?*>U target. Nonuniformity in the target
will cause ssion products to experience di erent degreed energy loss from di erent posi-
tions of origin in the target. Without knowledge of the originof the ssion product, there
is no way to correct for the nonuniform energy loss. The origiof the ssion product can
be determined using the position sensitivity of the stop MC® and perhaps a correction

method could be established in digital post processing.
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CHAPTER 5
DISCUSSION OF RESULTS AND FUTURE RECOMMENDATIONS

Analysis methods discussed such as mass optimization and eral thickness factors
were used to probe for corrections that could be applied to ¢hdata to achieve better agree-
ment with literature to see if the detector setup could be ugel for relative measurements.
Correction factors were used to increase energy loss esti@sain various absorbers, resulting
in better agreement between the mass yield data and literate. This indicates that our
understanding of the energy loss in the materials investitgd de nitely needs improvement;
it cannot be stated with certainty that this is due to error from TRIM/CasP, or due to
improperly modeling the material composition of the targe{perhaps it is a combination of
both). Insight was gained into what areas need improvemen iorder to move towards the
end goal of unit mass resolution, but, further investigatio is needed to pinpoint the source
of error with certainty.

Optimizing mass results to literature describes the poter@l mass resolution achievable.
The actual mass resolution of the detector is not quanti al@ at this time due to the error
in energy loss estimates being large and unknown. Very lgtlempirical stopping power data
exists, therefore, the accuracy of predictions cannot be éwn at this time. The corrections
and optimizations, therefore, served to isolate areas thateed improvement, as well as to

qualify the state of the project.
5.1 Window Comparison

When selecting an entrance window for the IC, important facts including price, and
performance factors like energy loss & straggling, scatieg, breaking pressure, and handling
in the lab. Inevitably, window selection will be based on a copromise between price and

performance, therefore a comparison of all windows teste@$1been presented, including
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silicon nitride, LUXEL LEX HT ® , stretched polypropylene, Mylar/PET. Minimizing en-
ergy loss of ssion products through the entrance window ishé primary factor for window
selection when attempting to achieve the lowest possible sgresolution, therefore, the SIiN
windows might be the best option for nal measurements. Moreork is needed to determine
if thinner versions of the stretched polypropylene or LUXEL widows could o er less energy
loss from ssion products in the window than silicon nitridewhile still holding the required
pressure di erential.

Silicon nitride windows can be exceptionally tricky to hank® in the lab, and window
breaking incidents are a very possible occurrence. The nalultiarm SPIDER design will
have a total of 20 MCPs, all housed in the same vacuum chambeitiwl6 ionization chambers
attached. Window breaking incidents can easily result in theestruction of every MCP
under vacuum, as the sudden increase in pressure will causghhvoltage arcing to occur.
With 16 potential points of failure, and total destruction of 20 MCPs being a potential
outcome, such an event could potentially be devastating tdhé progress of the project. It
is for this reason that | strongly urge the use of stretched pgropylene windows (based
on cost and level of performance) for initial con guration ad o ine optimization of the
multiarm MegaSPIDER detector. Additionally, with the application of a thin wire grid
for support, stretched polypropylene windows have a trangssion up to 95%, while the
support grid backing the silicon nitride membrane restric transmission to 29.5% resulting
in a signi cant improvement in detector e ciency, especialy as the number of detector
arms increases. Stretched polypropylene windows also sHegs scattering noise than silicon
nitride windows (likely scattering o of the backing grid) reducing the amount of data that
needs to be removed in post processing. It has been shown tkaattering has signi cant
undesirable e ects on the FPY peak tails, as well as the symmret ssion region.

| also recommend a safety feature for shutting o all high védges, particularly to the
MCPs, in the event of a window break, such as the one employed the CSM FPY spec-

trometer (several window break incidents occurred with noaimage to the MCPs). | would
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assume such a safety system is a lab requirement at LANL, and halseady been planned.
5.2 Frisch Grid Nuclear Charge Results

Four methods were used to attempt to extract nuclear chargefiormation from the Frisch
grid signal of the IC. Of these methods, th&8sx method showed no real sensitivity due to
the inadequate timing resolution of the waveform digitizefor this purpose. ThePg method
showed reasonable results beginning at 8 amu FWHM resolution with the potential to be
as low as 4-6 amu FWHM when a 3rd order polynomial is employed asettting function
for calibration. The Pg showed very similar results to thd® method. The best results were
seen with theRgoa and P methods with 3rd order polynomial calibration tting functions
at or just under 4 amu FWHM Z resolution. These methods were exped to perform the
best as they incorporate a component to decouple the energgpndence. Further work on
extracting nuclear charge information is necessary to get the resolution levels previously
published. It may require the use of a oating cathode to alsaise the sensitivity of the

cathode signal.
5.3 Need for Energy Calibration and much better stopping power data

Although CasP provided better initial estimates for ssion poducts from thermal neutron
induced ssion, from a mass result perspective, energy estites from?252Cf(sf) led to poor
FPY results, particularly for the heavy ssion product peak. In general, for heavy ssion
products, LISE++ provides an underestimation of the energyoss while CasP provides an
overestimation of the energy loss. | would speculate thatn ithe case of neutron induced
ssion, the large e ective charge carried by the ssion prodcts results in greater energy
loss than LISE++ predicts, and energy loss estimates from G® are fairly accurate. This
is possible if the ssion product does not reach its equilibrm charge state until it's last
stages of energy loss. The overestimation of ssion prodscfrom 2°2Cf(sf) by CasP could
potentially be a result of ssion products capturing electras quickly in the Au source cover

and reaching their equilibrium charge state much earlier itheir ight path than ssion
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products from neutron induced ssion. This explanation als applies to energy loss estimates
from LISE++/TRIM, as the charge state of the projectile is not factored into the energy
loss estimate.

Based on SPIDER data discrepancies between arm 0 and arm letanergy loss in the
carbon target backing is underestimated by LISE++/TRIM. Correction factor adjustments
to energy loss estimates of ssion products froffU(ny, ,f), 233U (nyw ,f), and 22Cf(sf) all in-
dicated that energy loss in all carbon absorbers is undergsated by LISE++/TRIM. This
is in accordance with my personal communication with J.F. Ziégr [70]. Based on discrep-
ancies between LISE++ and CasP, energy loss by heavy ssiomqaucts is underestimated
across the board by LISE++/TRIM. This is also in accordance wth heavy products carrying
higher e ective ionic charge than light products, due to the higher Z, and heavy products
remaining ionized longer than light products (as they needtcapture more electrons) e ec-
tively magnifying the underestimation in stopping power.

Although the analysis presented shows the SPIDER collaborahs goal of unit mass
resolution for light ssion products is achievable (dependg on target quality), there exists
no current method of producing a mass result that is indepeedt of radiochemical data
sets with our level of understanding of the stopping power ofsion products. There is
currently no method to calibrate the ionization chamber thadoes not rely on mass data
points taken from literature, which may or may not have corretions for e ects like energy
loss in target/source material, energy corrections due toemtron emission, etc. and often
omit such information. It has been shown that small changes ithe energy calibration,
either from t results or initial energies chosen, have sigrant impact on FPY results.
Furthermore, without extensive, independent measuremesniat ion accelerators, there is no
method to calculate mass that doesn't rely on energy corraechs, directly correlating the
error in stopping power estimates to the nal mass resolutim Even with a reasonably clean
target (UF, target used for?®°*U(ny, ,f) data) a con dent mass result could not be achieved

without optimizing it to an existing data set. The e ects of changing the energy calibration
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and add back curve on FPY results have been highlighted, shawithe only way to produce
independent results is to have a very good understanding afiexgy loss. Better stopping
power data is essential for improving energy loss estimati® needed for achieving the goal

of unit mass resolution.
5.4 Current Lower Limit Mass Resolution Estimation

In single arm operation, the CSM FPY spectrometer was found thave a lower limit
on mass resolution of 1.5 amu for light products and 3 amu for heavy products from
252Cf(SF) with a ight path length of 40 cm. The SPIDER detector was found to have a lower
limit on mass resolution of 1.5 amu for light products up to 3rau for heavy products from
235U(ng, ,f) with a ight path lengths of 70 & 67.3 cm. The lower limit on mass resolution was
improved to possibly better than 1.0 amu FWHM for light producs and 1.5 amu FWHM
for heavy products by performing coincident product pair aalysis. The SPIDER detector
was found to have a lower limit on mass resolution of 2-3 amu FWHMIf light products
up to 4-6 amu FWHM for heavy products from?33U(ny, ,f) with a ight path lengths of 70
& 67.3 cm. The lower limit on mass resolution was improved to.2 amu FWHM for light
products, and 3 amu FWHM for heavy products by performing coincident product air
analysis. Coincident ssion product pair analysis result$n a signi cant improvement on
mass resolution, and is, therefore, the recommended anatymethod for the nal goal of

achieving unit mass resolution.
5.5 Impact of Target Quality on Mass Resolution

With all experimental conditions constant except the target one might expect the de-
tector to perform similarly from one target to another. Thisis, however, not the case as
the quality of the target clearly impacts the mass resolutio of the detector. In fact, energy
loss in the target must have an e ect on mass results as an acate estimation of energy
loss is required to calibrate energy. It has been shown thdte ideal target for optimal mass

resolution should have minimal energy loss of ssion prodigin the target material. It has
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also been shown that understanding the energy loss of ssiproducts in the target material
is essential for quality mass results, and a better way to crecterize targets is integral in
improving our current level of understanding.

Thermal neutron induced ssion of two targets with very di erent levels of energy loss has
been investigated. While very good agreement to chain yieldath provided by England &
Rider was eventually achieved for both targets$°U and 223U) , the agreement in the peaks
of the data is much better in results fron?3°U than 223U. Although we were able to accurately
determine, and correct for the energy loss in th&3U target, there was no way to account for
the energy straggling of ssion fragments in the nonuniforricrud" deposit. This resulted in
signi cant degradation of the structure in the FPY peaks. Ths shows it is essential to have
guality, crudless, uniform, clean targets to achieve desd mass resolution. Walt Loveland
and his group that made the targets used by SPIDER are now mag exclusively to uorides

for evaporation to produce cleaner targets in the future.

5.6 Moving Forward

The grid supporting the SPIDER silicon nitride entrance widows not only reduces ef-
ciency by 50%, it produces too much scattering of ssion prducts that still enter the IC
which can result in additional data in the tails and valley othe mass peaks, and at best, are
di cult to cut out of the data in a methodical way. Furthermor e, silicon nitride windows are
notoriously di cult to handle in the lab, making stretched p olypropylene windows a much
better choice for MegaSPIDER than silicon nitride, at leastor initial testing and calibration.

A potentially better option than both silicon nitride and stretched polypropylene would be
deeper investigation into the LUXEL LEX HT® window, which produced reasonably simi-
lar results in the CSM FPY spectrometer as the stretched polyppylene window, however,
it holds one full atmosphere of pressure (10x the operating pressure of the CSM ICs) over
a 6 cnt aperture for over 3000 cycles, and they allow over-presssite 1.5 atm. The LUXEL
LEX HT ® window is composed of proprietary LUXFiln® Polyimide 600 nm in thickness,

made in house, with a 60 nm layer of aluminum. It seems to me thdeeper investigation
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into the use of this type of window, but reducing its thicknes, is more than warranted. The
potential for a window that causes less energy loss from ssi products than silicon nitride
exists, and handling it in the lab would be a much easier in cqrarison.

Fission products are born stripped of their electrons, thusighly charged. As they travel
through material, ssion products grab electrons quickly atil reaching their equilibrium
charge state [89]. If the assumption is made that ssion pragtts will have reached their
equilibrium charge state before interacting with the stopignal conversion foil, then it would
be possible to perform a separate energy calibration measorent at an ion accelerator. If an
independent energy calibration measurement were to be parhed, along with the existing
independent time of ight calibration measurement, the on} energy loss estimates needed
to calculate mass would be the energy loss in the stop conversfoil, and the energy loss
in the IC entrance window. Both of which can be determined wlit a separate experiment
using a2°2Cf(sf) source, although it has been shown that energy loss s$ion products from
a 2%2Cf(sf) source with an Au cover might not well represent energipss of ssion products
from neutron induced ssion. Therefore, it would be interdsng to perform meticulous
energy loss measurements at an ion accelerator with carbail$ and silicon nitride windows
to produce add back functions based on experimental data togplement the independent
energy calibration, e ectively replacing the mass calcuteon's dependence on energy loss
estimates with energy loss measurements.

Typically, ion sources use magnetic separation to isolateotopes with a speci ¢ nuclear
charge ratio to produce a monoenergetic beam, which could iiged to calibrate the ionization
chambers independently of existing data sets. Con dence such a calibration could be
improved even more with the incorporation ofZ identi cation, which has been utilized in
the past using timing signals from an active cathode. The pefttial to use the Frisch grid
signal forZ identi cation has been shown, simplifying the process by deicing the necessary
electronics, and eliminating the lab di culties associatd with a oating cathode, however,

much more work is needed to improve th& resolution.
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It also might be worth investigating an alternative setup tkat would not require any
energy loss estimates. This could be done using a solid st&88B detector for energy
measurement with a stop signal picko mirror placed closelgnough to pick up electrons
ejected from the SSB. The measured energy would correlatettee measured time of ight
requiring no energy corrections. The downside, obviouslig, the energy resolution for ssion
products is worse for SSB detectors than for ionization chdrars, and SSB detectors undergo
radiation damage over time. The energy could then be caliied with a known procedure
with a quanti able PHD, and no energy loss estimates would besguired for the mass result.

The question would be if the PHD of SSB detectors is charge statlependent!
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APPENDIX
SUPPLEMENTAL ELECTRONIC FILES

Analysis code developed for the CSM FPY spectrometer as well the double arm SPI-
DER has been included in the supplemental electronic lespiaddition to software developed
for and used with the CAEN DT5720. A listing of the les includal as well as a brief de-

scription is presented in Table A.1.

Table A.1: Supplemental electronic les and their descriptin.

File Name Description

CF252resraw.cxx | Analysis le for reading MIDAS data les created by the CSM FPY
spectrometer and creating the ROOT tree structure.

m252poly.C Analysis le that reads the ROOT tree structure, performs
calculations & optimizations, and plots output from the CSMFPY
spectrometer with stretched polypropylene IC entrance widows.

m252LUX.C Analysis le that reads the ROOT tree structure, performs
calculations & optimizations, and plots output from the CSMFPY
spectrometer with the LUXEL IC entrance windows.

m2350ptSingleArm.C| Analysis le to perform mass calculations and to minimize the
di erence between SPIDER?**U(ny,,f) data and England and Rider
data.

m233optSingleArm.C| Analysis le to perform mass calculations and to minimize the
di erence between SPIDER?*U(ny,,f) data and England and Rider
data.

caen-crate.cpp Source le for the CAEN DT5720 frontend for use with MIDAS.

caen-crate.h Header le for the CAEN DT5720 frontend for use with MIDAS.
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