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Abstract

Abstract

Experimental measurements in conjunction with sastih simulations are
used to determine hydrogen atom yields in the gamnghheavy ions radiolysis of
agueous solutions of formate and deuterated forroagte

In radiolysis, the hydrogen atom is produced diyelay the fragmentation of
water excited states, and during the diffusion-kaevolution of the radiation track
by the intra-track reaction of.& with Haq™ up to the microsecond timescale. The
yield of He is relatively small, but it is fundantefly very important. An accurate
examination of the H atom yields after radiolysidl wnake possible a better
understanding of the initial steps of the radialylecomposition of water. The
competition between H atom combination reactiors issformation by reaction of
€aq With Hyy makes predictions of the H atom kinetics veryidift. Hydrogen
atom yields were determined by difference measunésnef H yields and direct
measurements of HD yields when using deuterateddts as He scavenger. While
the total H yield measured is always greater for alpha thagdmnma radiolysis, the
H atom yield is observed to be smaller. The additd selected scavengers of the
hydrated electron and its precursors reveals angdrocorrelation of the H atom
formation on the precursor to the hydrated electather than the hydrated electron
itself. Scavengable He yields strongly decreaséhasconcentration of the electron

scavenger increases.

Stochastic track chemistry calculations were usedralyze the measured
experimental yields and to elucidate the underlyimgtics.
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Chapter 1 Introduction

1.1 Background

Energy production and its environmental cost isopict of considerable
importance [1-3]. Nuclear power represents a Siganit energy resource, however,
its production generates relatively small amourftighly toxic waste. Common
components of this waste are hydrocarbons, whiehdarived from nuclear power
plant infrastructure or reprocessing and storagéemads, in contact with water.
Generation of species of a considerable interesteapected when radiolysis of
water-hydrocarbon systems occurs. While the radislpf many aqueous systems
have been studied [4-10], mechanisms and prodetdsyidue to different types of
radiation and concentrations of solutes are stknown for a large number of
aqueous systems.

Hydrogen atoms are formed by the decay of watetexkstates and by the
reaction of the hydrated electron reactiag, ith the hydrated hydrogen ionafi
during the diffusion-kinetic evolution of the ratian track. Although comparatively
small, the H atom yield is essential to understtdmafundaments of the radiolytic

decomposition of water.

1.2  Objectives

The main objective of the project is to gain an emsthnding of the early
steps in the radiolysis of water, in particulad&iermine the main source of H atom
and its yield depending on the system and energlieab Additionally, the
reliability of the methods used to measure the dinayields has been tested under
different conditions [11].

To achieve these aims, radiation chemical expefisn@@mbined with
stochastic track chemistry calculations have bese @o investigate the formation of
H atom in the irradiation of water and aqueous tsmhg of formate and deuterated
formate.

The experimental work was carried outhe Radiation Laboratory and the
Nuclear Structure Laboratory at The University aftié Dame in Indiana, USA.
Gamma and heavy ion irradiations were performedgusi°®®Co source and FN
Tandem Van de Graaff. Gaseous products producedrdnjiation were collected
and characterized using a gas chromatograph arata spectrometer.

Monte Carlo track simulations were performed usthg same general

techniques and parameters, as in the previousestydil-13]. Each calculation
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Chapter 1 Introduction

simulates a realistic track structure for the tfan®f energy from the ionizing
radiation to the medium, determines the physicalsequences of each energy
transfer event, and models the kinetics of the aitipn between the relaxation of
the spatially non-homogeneous distribution of radmeinduced reactants and their
reactions either within the track or with the saayers.

Overall the aim was to gain a better understandinipe H atom production
in the radiolysis of aqueous organic solutions wergng different radiation types
and concentrations of the species in solution. Wiigly of simple organic in
aqueous solution can be easily related to more toatgd organic compounds, such

as polymers in contact with water.
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Chapter 2 An introduction to radiation chemistry

2.1 Introduction

This chapter aims to set the background to theighatroducing the basis of
the radiation chemistry, outlining the processesuoing after the radiolysis of
water and explaining their relevance to the sdientommunity. The discussion
begins with the definition of radiation chemistrigdathe classification of ionizing
radiation. This is followed by a section on theemaction of radiation with matter,
which is essential to understand the chemistrylirach Finally, an overview of the
primary radiation processes is introduced.

2.2 Definition

Radiation chemistry is the study of the chemictda$ produced in a system
by the absorption of ionizing radiation [1]. Thiaciudes the chemical effects
produced by alphaoj, beta ) and gammavy) radiation, high-energy charged
particles (electrons, protons, deuterons...) andtrel@@gnetic radiation of short
wavelength {-rays or X-rays witi<<250 A and E>>50 eV). Radiations are often
classified using a parameter called the linearg@neansfer. Linear energy transfer
(LET) is defined as the linear rate of loss of gygtocally absorbed) by an ionizing
particle traversing a material/medium [2]. It isnseasure of the kinetic energy
transferred per distance travelled when a highggnparticle travels through matter,
ie.

LET = —E.
dx

LET is generally expressed in ke¥* or eV nm'.

2.3 Radiation from radioactive nuclei

Different ionizing radiation is produced dependomgthe radioactive nuclei
disintegrating.

Alpha particles (o) emitted in alpha decays are helium atoms whicke ha
lost both electrons and consist of one nucleus Witlmeutrons and 2 protons
expressed atHe™ . Alpha particles show discrete energies charatierof the
radioactive nuclei decaying. Therefore, all paetscemitted by the same radioisotope
have a similar range in a given material.

Alpha particles interact with matter through inélasollisions with electrons
found in their path. Due to their high charge aadjé mass, alpha particles are the
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least penetrating radiation that radioisotopes peed Alpha particles trajectories do
not change significantly after a collision, agarticles travel in straight lines and
their range is equivalent to their path length &edtor penetration, see figure 2.1
below

—

Penetration
Path length
Range

Figure 2.1  The penetration, path length and range are ecvdor alpha

particles.

The average kinetic energy transferred per collisvhen passing through
matter is quite similar for alpha and beta radiafi8]. Alpha particles are the least
penetrating radiation; they have the smallest dcgatravelled between collisions
and consequently have the highest LET values.

Beta particles () are energetic electrons or positrons emittedaolyoactive
nuclei with energies varying from zero up tg Bhich is the highest energy value
depending on the radioisotope disintegrating. Timaximum energy value gE
determines the maximum range that beta particléhawe in matter.

When passing through matter beta particles predamtinlose their energy
by inelastic collisions. Since beta particles anolenular electrons have the same
mass, they can be widely deflected in a singleissofi losing most of their energy.
The term “range” is used in connection to alphaiglas to denote the penetration
and path length. Due to the large deflections e®peed by beta particles after a
collision, the path length and penetration are egptivalent and the term range is

used to denote the penetration.
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g

—3 Path length
Penetration = Range

Figure 2.2  The penetration, path length and range are noivalgat for beta

particles.

Gamma rays (y) are electromagnetic radiation of high energy ahdrt
wavelength. Gamma rays produced from radioactivdengan have either a number
of discrete energies characteristic of the radigaatlement or all the same energy
(monoenergetic). Whereas alpha and beta particlesgeadually decelerated on
passing through matter and lose energy througheauof collisions, gamma rays
produce a series of particle-like collisions toegisecondary electrons. They lose
most of their energy in a single collision and aoselary electron of considerable
energy is produced. This electron then transpbdgsehergy away from the primary
event site. The track of this electron is equivhlena beta particle track. As the
photon transfers most of its energy to the ejesembndary electron in the primary
ionization, the LET for gamma radiation is usuatignsidered to be that of the

electrons ejected after the inelastic collisionh&f gamma ray with matter.

2.4 Interaction of radiation with matter

The way radiation interacts with matter dependsi@mnantly on the nature
of the absorbing material. On passing through matectronslose energy through
electromagnetic radiation emission and inelastitsoons. At high energies, energy
iIs mainly lost by emission of electromagnetic réidma or bremsstrahlungwhere
electrons are decelerated and deflected as theyip#ése vicinity of another charged
particle, such as an atomic nucleus. At lower @esrghan those at which

bremsstrahlungmission occurs energy is lost through inelagiltisions, due to the
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Coulomb interactions with molecular electrons pi@dg ionization and excitation
in the stopping material.

Heavy charged particleslose energy mainly by inelastic collisions with
electrons in their path. Other types of interadi@me comparatively unimportant
except at low energies where nuclear collisions andlear stopping are the
dominant processes. A nuclear collision occurs wheavy charged particles
interact with atomic nuclei.

Electromagnetic radiation interacts with matter via three main processes;
the photoelectric effect, Compton scattering andgraduction.

a) In the photoelectric effegctone electron from an inner shell is ejected
when it collides with a photon. The vacancy crea®dilled by an
electron from an outer shell and emission of X+i@iation occurs.

b) The Compton effecbccurs when an incident photon is deflected and
reduces its energy after interaction with an atoahéctron.

c) In pair production,an incident photon is absorbed when passing ¢tse
an atomic nucleus and a positron-electron pair fiedyced. Pair
production occurs at very high energies and is pontant compared
with the two former processes in radiation chemistr

The sum of these processes defines the linearuatien coefficient, which is the
fraction of the incident photons absorbed fromittedent beam per unit thickness
of absorber [1]. This is represented by the exprass

p=t+o+xK
wheret, o, k are the contributions of the photoelectric, Compédfect and pair
production, respectively.

In addition to these processes, there are twogdessable processes whose
contributions may be neglected; coherent scattenmphotonuclear reactions.

d) In the coherent scatteringa photon is scattered with little loss of
energy. The main process is Rayleigh scatteringevimeraction with an atomic e-
occurs. This takes place in an energy range winereliotoelectric cross section is
large, so it can be neglected without introducingey large error.

e) In photonuclear reactioneither a proton or neutron from an atomic
nucleus is ejected by collision with a photon dfisient energy. Photonuclear cross
sections are generally small compared with the Gompnd pair-production cross

sections at the same energy, so its contributioratso be neglected.
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Neutrons are not generally considered as ionizing radiatasthey do not
cause direct ionization on passing through maittewever, they are able to interact
with atomic nuclei by four different processes. Tmest probable interaction is
elastic scatteringwhere the energy of the neutron is shared betweercalliding
neutron and the nucleuselastic scatteringcan also occur if a neutron is absorbed
by a nucleus, re-emitting a neutron with less enpeftpe nucleus will remain in an
excited state and returns to the ground state lgnga ray emissionNuclear
reactions,where a neutron is included into the nucleus aptbton or alpha particle
is emitted, occur at high energies. Finally, intén by capture is the most
probable way of interaction at thermal temperatutesthis case, one neutron is

captured into a nucleus giving heavier isotopéneftarget molecule.

2.5 lonization and excitation produced by radiation

Heavy charged particles and electrons give risa &eries of excited and
ionized atoms in their path as they lose energynwhassing through matter.
Excitation is produced when atomic electrons of stegping material gain energy
and are promoted to a higher energy level. loromagivents occur when the energy
gained is high enough to eject the atomic elect8omething similar occurs when
electromagnetic radiation passes through mattemmit electrons absorb the energy
transferred by the electromagnetic radiation arskigate it along their path. In
conclusion, the passage of any type of ionizingatémh through matter leads to the
formation of tracks of excited and ionized partclEach type of radiation dissipates
the energy at different rates which means thaksrad different local energy (and
reactants) density are obtained. Further excitatind ionization is produced by
sufficiently energetic expelled electrons.

Secondary electrons produce clusters of ionizatiad excitation events
close to the location of the parent primary ionat These clusters are known as
spurs. In heavy ion tracks the primary events dosectogether, however, in
energetic electron tracks the primary events ark separated. Consequently, the
distribution of ionizations and electrons is verfjetent.

Heavy charged particlestracks are densely populated with primary energy
loss events situated close to each other givingréral core of excited and ionized

species surrounded by spurs from the tracks ofegjeslectrons, see figure 2.3.
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Figure 2.3  Schematic representation of heavy ion track sirectStars represent

the excited water molecule [4].

Different types of energy deposition are found fast electron track
structures depending on how energetic the seconelactrons are. A schematic
representation is shown is figure 2.4. Secondagteins have a short range and are
situated close to the primary ionizations for smatlergies of about 100 eV.
However, some electrons are ejected with enoughggn® travel further and
generate their own highly energetic spurs knowblabks (from 100 up to 500 eV),
short tracks (from 500 up to 5000 eV) and branabks (from 5000 eV) [5].

— . —

< 100 &V 5000 eV

Delta rays

Figure 2.4  Fast electrons track structuseRositive ions) [1]

The consequences of energetic electrons and gamXaays are similar as
electromagnetic radiation produces high energy redemy electrons. The only
distinction being that in gamma radiolysis the falgictron track begins well within

the irradiated medium.
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2.6 Reactions due to excited molecules, ions and adeals

Excited molecules, ions and free radicals are predwalong the track as a
result of the transfer of energy from the ioniznagliation to the medium. Some of
the possible reactions involving excited moleculeas and free radicals are listed
below [1].

2.6.1 Reactions of excited molecules

Excitation to singlet and triplet excited states: A - A*

Radiative or non-radiative conversion to the grostade (no chemical reactiofAj —

* Non-radiative energy transfer: A*+B - A+B*
« Dissociation into free radicals: A* - R-+S-
« Dissociation into molecular products: A* 5 M+N
« Electron transfer: A*+B - A"+B" (orA”+B")
» Hydrogen abstraction: A*+RH - R-+ AH-
* Addition: A*+B - AB
 Stern-Volmer reaction: A*+B - A+B

2.6.2 Reactions of ions

. Radiation induced ionization: A5 A" +efor(AT)*+€]

* Neutralization producing singlet or triplet excitsiztes: AT +e - A** (A%
- Dissociation into molecular products following nelization:

A*+e o A*(A*%) o M*+N

Neutralization by a negative ion: AT+A - A*+A

« Dissociation into free radicals following neutraion: A* +e - A* (A**) . R-*+ S.

» Neutralization of complex by reaction: AB"+e - C+D
« Dissociation of an excited ion into an ion and deuole: (A")* > M"+ N
« Dissociation of an excited ion into a positive &md a radical: (A")* - R"+S-
» Charge transfer: A"+B - A+B"
« lon-molecule reaction: A"+B - C"'+D

36



Chapter 2 An introduction to radiation chemistry

2.6.3 Reactions of free radicals

Reactions:

* Rearrangement: AB- - BA.
- Dissociation: AB--. A-+B
+ Addition: R-+C=C - R-C=C-:
* Abstraction: A-+BC - AB+C-
- Oxygen addition: R-+0, - R-0O-0-
Destruction:

+ Combination: R-+S--» RS
- Disproportionation: 2RH-- RH, +R
- Electron transfer: M* +R-- M®D" + R

The abstraction reaction listed is important inélkperimental section which focuses

on the abstraction of hydrogen from selected sslute

2.7  Primary radiation processes in water
Reactions in the picosecond domain of the radislgdi water are usually

described in terms of a reaction scheme like [§seen in Figure 2.5.

e,  H,OT+OH

Figure 2.5  Early processes in the radiolysis of water

lonized water molecules and water excited statespasduced in the range of the
femtoseconds due to the ionizing radiation travergi.e. gamma rays or energetic
particles). Subsequently,.&" reacts with a neighbouring water molecule to form

OH radicals and hydronium. The water excited slatmays as seen in Figure 2.6,
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H,0" +e” Ionized state
SO Triplet
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¥
AR .0 Singlet 1L,+0
2 state
/ y
5 +'0 H+0H
AE
H,O

Figure 2.6  Decay of the water excited states

where GE and RER refer to the geminate and theorandncounter reaction
respectively. In the absence of spin relaxatiommigate reactions lead to the
formation of a singlet state since there is just paossible encountee“e , Whereas,
a random encounter reaction between unrelated nus lead to the formation of
either a singlet or a triplet state. An example banformulated considering a two
pairs spur, as explained by Pimblott et al. [7]otder to identify the possible states
of the system it is necessary to consider not dmynumber and type of particles,
but also the ways in which their spins are coreglaihe two pair spur has an initial
singlet state configuration. The resulting eigh¢gble states are shown in figure 2.7.
The states 1-4 represent the four possible ingtates. In states 1 and 2 the
correlated pairs are singlets and the encountdrgeka uncorrelated radicals have
probability 1/4 of being singlet and 3/4 of beimglet. On the contrary, in states 3
and 4 the correlated pairs are triplets and thgletirand triplet probabilities of the
uncorrelated pairs have reversed probabilities §B6 1/4, respectively). The states
5-8 represent the four possible states in the @weolwf the spur. In state 5 the pair
B-B had a singlet reaction while in state 7 the paA had a singlet reaction. This
forces the remaining pair to have a singlet intgoac In state 6 an A-B pair has had
a singlet reaction leaving a singlet A-B pair atates 8 represents the state after two
singlet reactions. In our model, state 2 is alwayssidered to be the initial state the

spur: geminate partners are treated as a singtet pa
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Figure 2.7  Spin states of a two pair spurs accessi—@®— ) singlet probability
=1.0; (...) singlet probability = 0.75; (---) singlerobability = 0.25;—®— ) singlet
probability = 0.0 [7].

Secondary electrons are attenuated to thermal yifebgut 0.025 eV) in the range
of the 100 femtoseconds; some are captured byiymsitns while others become
hydrated, &,. While the energy attenuation is initially due etectronic transfer
events, at low energies degradation is due to trdoral and rotational events.

As a result of the primary processes, water moéscare decomposed into
free radicals and ions which become solvated agdismaller than 2 picoseconds.
Diffusion limited chemistry is considered from thgsint; radicals diffuse randomly
reacting with either whatever solutes they findtheir path or one another before
diffusing far from the vicinity. The evolution ofi¢ OH, g4, H, H, and HO; yields
in the gamma or fast electron radiolysis of neatewavith time has been modeled

using the techniques described later in this clmagstd shown in figure 2.8.
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Figure 2.8  Evolution of g4, OH, H, O, and B yields with time followingy or

fast € radiolysis of water.
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Radicals, molecular products and subsequent reactave then controlled by
diffusion in the bulk of the liquid. A schematicpresentation of this process is

presented below

H,0
H,O" + ¢ >  H,O%
OH + H,0* - H,+0 H+ OH

HO, + H,0 H,0,

OH H H,O0:~ OH

H, OH+H,0 H,0

OH H+OH H,+20H H,+OH H+H0O OH-+OH

Figure 2.9  Main primary products in the radiolysis of water

Spurs are formed close together along the trackstduheavy particle radiation

which means that radicals are produced in largeugs. Consequently, as the LET
of the radiation increases, the molecular produeldyg increase, whereas the
amounts of radicals which diffuse into the solutttatrease. The addition of selected
solutes is frequently used to interfere with fradical yields since they may react
before the radicals have time to diffuse and comiith one another. The effect of

these solutes, named as scavengers, increasethaiitboncentration.

2.8 Summary

Knowledge of the principles of the radiation chsimy and the primary
radiation processes in water allows the elucidatain complex experimental
radiation chemistry. A general overview of the edidin types and the interaction of
radiation with matter has been presented as welbhasprocesses and reactions
occurring after collision. Finally, the early stapsthe radiolysis of water have been

introduced in terms of their time scale. Radicald @ns are on a sub-nanosecond
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timescale and allowed to diffuse randomly reactiith whatever solutes they find

in their path to be finally involved in bulk chertrig

2.9
1.
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3.1 Introduction.

The chemicals, radiation sources and analyticdirtiggues employed in this
project are described in this chapter. Water-seldsganic compounds, as well as
electron and OH radical scavengers used in theolggaratom determination process
are listed and described in the chemicals seclibe. heavy ion accelerator and the
cobalt-60 source used to irradiate the aqueous Isampth alpha and gamma rays
respectively are of vital importance, and therefthrey are explained in detail. In
addition, the in-line set up used to collect gasepwducts and the analytical

techniques used to characterize the products azibed finally.

3.2 Chemicals.

The solutions were made with various concentratioh sodium formate,
NaHCQ (ACS reagent grade), or deuterated sodium fornNa®CGQ, (98 atom %),
with 1 mM potassium bromide, KBr (ACS reagent glademd a range of
concentrations of sodium nitrate, NaN(ACS reagent grade), or sodium selenate,
NaSeQ (ACS reagent grade). All the chemicals were froldrish and they were
used without further purification. The bromide wadded to suppress OH radical
back reactions with Hand has no other effect on the system. Produota this
reaction such as Brwill be at sufficiently low concentrations thatetthydrated
electron will be scavenged by the nitrate befoeegbssibility of reaction. Nanopure
water (resistivity 18.7 icm) from an in-house H20nly system (consisting &

lamp and several microporous ultrafilters) was usearepare all solutions [1].

3.3 Radiation sources.

Accelerated heavy ions’He, 'H) and gamma rays have been used to
investigate hydrogen atom and molecular hydrogefdyiat different LET values.
Heavy ions were generated in the FN tandem Van @afGaccelerator, whereas
gamma rays were delivered from the Shepherd®¥D@ source.

Due to their large mass and high chaf#t is the least penetrating radiation
of the three studied and in consequence has thees$tig.ET value. Cobalt-60
undergoes radioactive decay with emission of betdigles and energetic gamma
rays, which have the highest penetration in maited therefore, the lowest LET

value Finally, 'H has a LET intermediate betwe#e ions and°Co gamma rays.
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3.3.1 The FN Tandem Van de Graaff accelerator.

The FN Tandem Van de Graaff Accelerator of the HBaclStructure
Laboratory at The University of Notre Dame has bgeservice from late 1960’s
and upgraded several times over the years [2].

Figure 3.1 shows the plan of the facility where tontrol room is number 11,
ion sources are numbers 1 and 2, the acceleratidnis number 3 and beam line

number 4 was used for sample irradiation.

1. SNICS lon Source 10. Conference Room

2. HIS lon Source 11. Accelerator Control Consoles

3. FN Van de Graaff Accelerator 12. ECR lon Source Test Setup

4. Gamma Spectroscopy Beamling 13. KN Van de Graaff Accelerator

5. Spectrograph Beam Line 14. JN Van de Graaff Accelerator

6. R2D2 Beam Line (1 m scattering chamber) 15. ORTEC Scattering Chamber

7. Weak Interaction Beam Line 16. Windowless Gas Target Beam Line
8. RNB Beam Line 17. Gamma Table

9. Neuton Detection Wall

Figure 3.1  Layout of the FN Tandem Van de Graaff acceler@pr

The FN Tandem Van de Graaff Accelerator has amreal ion source
producing a negatively charged ion beam travelimgacuum towards a positively
charged terminal. Electrons are stripped from tresiin the terminal as they pass
through a thin carbon foil, leaving the ion beansipeely charged. The name
“Tandem” comes from the beam being acceleratedetwas the negatively and
positively charged beam approaches and travels axgapectively from the

positively charged terminal.
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Figure 3.2 Beam trajectory within the accelerator.
There are two different ion sources at the faegiin Notre Dame, the SNICS
and the HIS lon Sources. The SNICS (Source of Negéins by Cesium Sputtering)

ion source produces all the negatively charged vatts the exception of the helium

beam. Its principles are quite straightforward eepresented in the diagram below.

|onizer
& Extractor

Reservoir

SNICS |l Schematic Diagram

Cathodz

Fowder
MNeutral

Cagiut

Cesiurm

Figure 3.3 SNICS Il lon Source [4].

The cesium in the reservoir is heated to 120°Gymne vapour is formed and rises
through the vacuum to the cathode and ionizer diea.cathode is cooled while the
ionizer remains hot. Some of the cesium vapour epnses on the cathode surface
while some of the vapour deposits on the ionizds¢ommediately ionized and then
ejected towards the cathode. The positively chamgsium ions impact onto the

cathode with great energy and some material isesat and gains electrons when
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passing through the cesium coating. As the soupsrates at about 80 kV, the
negative beam is accelerated out of the sourcertlsnvdne accelerator. A large
variety of ion beams can be produced by choosiegtipropriate cathode. A basic
cathode is a small cylindrical section of coppethva cavity filled with the desired

element to be sputtered.

The Helium lon Source (HIS) employs a complicgteacedure but a simple
description can be given, as seen in figure 3.4 3burce consists of a filament
made of tungsten housed within a cavity filled witelium gas. The filament is
heated by passing a high current through it andltees the production of electrons
by thermionic emission. These electrons then ioriee helium gas, so singly
charged positive helium ions move forward throughaarow aperture known as
“button”. The positive ion beam passes next throtigh “extraction” electrode
maintained at -20 kV, and the einzel lens, whicbusbthe beam into the lithium
charge exchange chamber, where the beam goes ltheougrrow passage filled
with lithium vapour from the heated lithium reservécome of the positive helium
ions gain electrons when colliding with the lithiustoms which leads to the
formation of singly negatively charged helium ioready for injection into the
accelerator. The lithium charge exchange is maiathat -20 kV, which means that
the singly charged negative helium beam is ejectstd of the charge exchange
region at 40 keV due to the 20 keV gained as tleeglarate into the region plus the
20 keV as they accelerate away from the regions Tithium charge exchange
chamber is therefore acting as a small tandem exatet because of the charge

exchange process.

Lithnm Charge Exchangze

Tnoplasmatron
Helium Ton Souce (HIS)

Figure 3.4 Helium lon Source (HIS) [5].
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The FN Tandem Accelerator is housed into a tan&wed below, made of
steel and with approximate dimensions: 12.2 m boBg/7 m diameter. Its function is
to isolate the high voltage electrodes from thesidgt and avoid electrical discharges.
The latter is achieved by filling the tank to highessure with an insulating gas,

typically SF or a SE-N, mixture.

Figure 3.5 Acceleration tank of the FN Van de Graalff accetarat the Univ. of
Notre Dame [6].

The terminal electrode is supported within thektap two columns. The low
energy column (LE) refers to the column in the thake nearest to the ion source,
whereas, the high energy column (HE) extends flwartérminal to the opposite tank
base. Each column is made of approximately 200 iaium planes. Each one of
these planes is glued to four glass blocks in oralelectrically isolate them. These
columns are suspended and held on the terminar@diecby compression supplied
by a large spring located in the HE tank base.dR@s are connected between each
metal electrode at the top of the column, creatingltage divider circuit. Charge is
continually flowing from the terminal to ground dugh these resistors, and

therefore the charge in the terminal must be caoatly replenished.

Resistors

Figure 3.6 Resistors connected between each metal electfdtie oolumn [6].
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Resistors are shown in the Figure 3.6, which isea\from the top of the column.
Each resistor is about the size of a pencil amdade of a small ceramic core with a
thin film coating and housed in an aluminium tub@ider to shield them.

The evacuated beam tubes are mounted along tbeofithe column. There
are four acceleration tubes, two before the terhrand two after, each measuring
2.4 metres long, 20.3 centimetres in diameter apdraximately a hundred
kilograms weight. Each tube is composed of abod déirs of hollow cylindrical
glass spacers glued to aluminium “dish shape” mldes with an aperture in the
center to allow the passage of the beam. The tateesonnected to the columns by
metal springs which link each plane of the columthwhe corresponding plane in
the tube.

Figure 3.7 shows a close up of a section of tieneo and a beam tube. The
column is the set of aluminium vertical bars in beaekground while the tube is the
round set of metal electrodes and glass spacdheiforeground. The “acorn nuts”
between the electrodes on the tube are spark §hpsg.are designed to dissipate any
spark to ground so the energy does not pass thrieghlass spacers and potentially
shatter them. The metallic triangles at the botiminthe column are used to run
strings through their slots in order to communioatth the terminal from ground,
setting voltages, etc. The dark colour on the glsacers is due to the radiation

exposure.

|

Column
Beam tube

pr gm A e i,

Acorn nuts #Es o A 'é i “L'LL “***j'-'; ‘.'#“ B 5,
Py g1 g

s = A un -p—-k- = VI, S

Ahieonns g

Metallic triangles

Figure 3.7 Acceleration tube and column within the acceleratank [6].
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The system used to charge the terminal is knowe ‘@elletron chain” (see
Figure 3.8). It consists of a chain formed by clkdrgnetal pellets connected by
nylon links, which isolate electronically two conséve pellets. In the FN Tandem
accelerator there are two different Pelletron chiaome in the LE column and one in
the HE column. A motor and a pulley are used teedtihe chain at approximately 40
mph through the accelerator.

Pelletron Charging System
(Positive configuration showr)

-
530 VYV PS Chireiie Dhain Terminal Shell

pellets, nvlon links !
+ 4+ 4+ 4 o+ 4+ A+ 4
B T T e T TR O TR I TR T IR A Sl S T R TI S - T
+ + + + + + + + + + T *

Diriwe pulley

Suppressor

Inductor

Charging
Current

+

Figure 3.8 Pelletron charging system [7].

To understand how the terminal is charged, condiue travel of a single
pellet in Figure 3.8. The single pellet passesubhothe drive pulley close to the
inductor charged to a negative potential by theema source, the electrons in the
pellet flow to ground through the pulley due tosthegative potential, and therefore
the pellet leaves with a net positive charge whewring towards the terminal. When
approaching the terminal shell, the pellet sligltbyntacts with a “pickoff wheel” to
produce a small amount of positive charge thatdltevthe inductor at the bottom of
the terminal. This inductor remains at large pwsitpotential due to the small
contributions of the numerous pellets within thaioh The pellet continues towards
the negatively charged suppressor which makesdbitiye charge on the pellet flow
to the upper surface. The contact between the ipelsitcharged pellet and the
terminal pulley helps the positive charge to flawgtfto the terminal pulley and then
to the terminal shell through a carbon brush amarent. As the pellet keeps on
moving through the terminal pulley, it enters te fiositive charged inductor region,

which makes the negative charge from the termiloal fo the lower surface of the
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pellet leaving a positive net potential in the terah The terminal is therefore
charged by the upper and lower sections of thencHdie upper section charges the
terminal positively while the lower takes negatolearge away from the terminal.

The terminal voltage is measured by a device knas/m Generating Volt
Meter (GVM) which is mounted in the wall of the karThe GVM has alternated
rotor and stator blades. As the rotor blades shanstators are alternately exposed to
the electric field of the terminal. Therefore, dectric signal is produced that is
proportional to the terminal voltage [8].

The charge provided to the terminal by the Pdatetchain must be in
equilibrium with the charge flowing to ground thgbuthe resistors. The corona
feedback is a system of very sharp needles on @alhde arm. As the corona system
Is moved towards the terminal, a discharge bedinbkeatips of the needles causing
charge to flow from the terminal through the nesdlad then to ground. In addition,
a variable resistor is attached to the corona mesentl order to help control the
charge extracted from the terminal. The signal useabjust this variable resistor is
provided by the Stabilizer, which is a feedbaclkuwir used to control and stabilize
the terminal voltage. It has two operative modeswvkn as the Generating Voltmeter
(GV) Control and the Slit Control (see Figure 3.10)the GV control, the terminal
voltage provided by the GVM is compared to the agét desired by the
experimenter using a setting on the front panelanly difference occurs, the
Stabilizer automatically adjusts the variable esiswhich allows the terminal
voltage to change until both voltage values agieé&lit Control, an error signal is
generated by a set of metal slits, which are symoadlly placed at both sides of the
beam at the exit of the analyzing magnet (see Ei@®). This magnet is used to
select the ion momentum of interest by controllthg current in the magnet and
therefore the magnetic fiel@®, which fixes the radius of curvature, of the ions

entering the field according to their momentypnand chargeQ, ( rB =p/Q ), all

other beams collide with the walls and never reheltarget.
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Analyzing Magnet

FN Tandem Accelerator

Target Chamber

Figure 3.9 The analyzing Magnet of The FN Van de Graaff [8].

For example, if the terminal voltage decrease$sligthe charged ions entering the
magnet will collide with the left slit. Thereforthe difference between the amount of
particles colliding in the left and right slitsas indication of whether the voltage on
the terminal is too high, too low or just right. i¥hsignal is then send to the

Stabilizer to control the variable resistor in @iar way as with the GV control.

Not Enough Energy Just Right Too much energy

Figure 3.10 Metal slits within the analyzing Magnet used ire tBlit control
mode|8].

The ion beam then leaves the magnet with the egbktgy and trajectory to
irradiate our sample placed in the target room.

In this project, energetic beams of 5 M&" and 5 MeV*He*" inside the
sample cellwere produced by respective voltages of 2.75 M\L.&tnA and 3.43
MV at 1.5 nA in the accelerator. These voltages thiedenergy required to produce
the energetic beams were determined by using tH& $8topping and Range of
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lons in Matter) and TRIM (Transport of lons in Mait software packages as shown

in table 3.1. The voltage is first calculated bttieg the ion type and energy inside

the sample cell. The energy beam is then giveméyexpression,

E=V (Qout1)

(3.1)

whereV is the voltage an@,. is the ion charge. The difference between theggner

beam and the energy inside the sample cell is tteawmted energy when passing

through the metal cap of the beam line and the mindow of the sample cell.

Energy Stopping Stopping
Energy | Attenuated
lon | Voltage inside the power power
beam energy
type | (MV) cell (at 5 MeV) | (track average
(MeV) (MeV) L L
(MeV) (MeV cn? gb) | (MeV cnt g?)
H* 2.75 5.5 5 0.5 78.5 180
‘He’* | 3.43 | 10.29 5 5.29 886 1530
Table 3.1 Parameters of the energy beam.

The sample receives between 50 and 100 beam catiite means that the energy

received can be calculated by using the appropcateersion factors as shown in

Figure 3.11.

Beamcountscoulombsk Conv.factor(

elemcharge
coulombs

n°of elementarghargesx Instrumentalibratian

j x BeamEnergy(eV)=E(eV)

Figure 3.11 Calculation of the energy received by a sampkdiated with heavy

ions.

The beam counts are given in ®l@oulombs which by definition is equal to

6.242 x 16® elementary charges. This value is then dividedtt® number of

elementary charges of the beam times the instruncahibration, and finally

multiplied by the energy of the beam. The finalutess the energy received by the

sample. Calculations f§He and*H are shown next,
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‘He

Number of beam counts

He beam energy
(50 - 100)t/ 10®coulombx 6’242)4018elem.(|:hartg:es i
coulombs 5 8 9
Gx10°eV)=8x10"° - 1.6x10°eV
2e|emcharges< O
Instrument calibration
K

Number of beam counts

_ H beam ener
(50 1OO)D 10°coulombx 6,242x10'® elemcharge (I:haE]es '/ &
coulombs _ 9 9
5x10°e\)=1.6X10" — 32x10"eV
1e|emcharges< "
Instrument calibration

3.3.2 The Shepherd 108Co source.
Cobalt is a hard but fragile, bluish-grey metalb@lo-60 is a radioisotope of

cobalt that is not found in nature due to its simadioactive half life of about 5.27
years. However, it is produced artificially in neat reactors by exposing cobalt-59
to neutron radiation.

The decay scheme of cobalt-60 is shown in Figut2.3obalt-60 undergoes
radioactive decay to the stable isotope nickel-& wmission of beta particles and
energetic gamma rays. There are two possible tetaitions; however, one is much

more probable than the other one [9].

60
,CO
5.27 years 0.31 MeV B (99.88%) 2505.7 keV/
.7 ke
1.48 MeV B, (0.12%)
1.17 MeV vy,
1332.5 keV
1.33 MeV vy,
0
60 N\I;
g NI

Figure 3.12 Decay scheme 8fCo
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The cobalt-60 is commonly housed in shielded nmiatainers for industrial
or medical purposes; these are referred to astiadisources”. The Shepherd 109
cobalt-60 source (see Figure 3.13) has been incgeirvthe Radiation Laboratory at
the University of Notre Dame (USA) since 2November 1997 with an initial
activity of 24,000 curies (1 curie = 3.7 x4 @isintegrations per second) and current

activity of about 4,500 curies.

Figure 3.13 The Shepherd 109 cobalt-60 source in the Radiatoratory at the

University of Notre Dame (own photo).

The metallic door on the upper side of the souscepened to place the sample and
closed to isolate it. The monitor on the left haide is used to control the radiation
time and to operate the motor which drives the sampwn to the lower chamber of

the source. In the lower chamber of the sourcesthee 12 rods of cobalt and the

sample lowers to the middle (see Figure 3.14).

~— L
MUWM

Figure 3.14 Cobalt-60 rods layout within the Shepherd 109 tef@ source.
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In this project, radiation doses ranged from apipnately 24 to 78 krads or
from 3.0 x 16' to 4.1 x 16" eV kg*, with four millilitres samples loaded into the

sample cell.

3.4  Analytical techniques.

Gaseous samples were analysed using two diffeeehhiques to determine
their chemical composition. Gas chromatography igeehnique used for the
separation of gaseous mixtures. A chromatograpénéaly consists of a stationary
phase within a column and a detector. A chemicadfrt carrier gas is used to
transport the sample through the column and taldtector. Mass spectrometry is a
commonly used technique for the determination ef élemental composition of a
sample. A spectrometer essentially consists obarnsource, a mass analyser and a
detector. The gaseous samples are ionized in theaarce, separated in the mass

analyser and transport to the detector.

3.4.1 The SRI 8610C gas chromatograph.

In the current experiments, a SRI 8610C gas chrognaph has been
employed for the determination of molecular hydroge simplified layout is shown
in figure 3.15. Ultra high-purity argon was usedtfass carrier gas with a flow rate of
about 50 ml/min. The argon passed through a flayulegor, an injector port, a four-

way valve and into a 3 m 5x molecular sieve columith a thermal conductivity

detector.
f :;»g: { I ] Column oven
Flow
controller Column
S
. = Recorder
Carrier > 34—
O oA
gas 3

Valvl
T Injector port

7 " ﬂSyringe |

Figure 3.15 SRI 8610C Gas chromatograph layout.
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Argon was used as the carrier gas in the moleduldrogen determination, since
they have very different thermal conductivities.

A four-way valve is included for sample injectios shown in figure 3.16. It
has two different positions, when the valve is aukthe carrier gas flows straight
through the column to the detector. However, indlused position, the carrier gas

flows through the sample pushing the gases in¢he¢awards the column.

Carrier Carrier

Column

Sample in

OPEN VALVE CLOSE VALVE

Figure 3.16 Four-way valve within the SRI 8610C gas chromadpbr

The molecular sieve column is made of aluminaaiéc zeolite which
contains tiny pores of a well defined size anditommonly used as an absorbent
for air and humidity. Molecules small enough, swh nitrogen or water, pass
through the pores and are then absorbed, whiledanglecules are not. A molecular
sieve can adsorb water molecules up to 22% ofwis weight. Gases are separated
due to their different rates of absorbance on tlensn and then are observed by the
detector [10].

The thermal conductivity detector consists of pidgt Wheatstone bridge
circuit (see Figure 3.17). The thermal conductiafythe carrier gas is monitored by
the R4 resistor; however, when an analyte elut@s fihe column and flows across
resistor R3, a measureable potential change isupeabland registered as a signal
[11].
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L35
> &

\/Reference Flo

Column Flov——_|

Figure 3.17 Thermal conductivity detector.

3.4.2 The Balzers Mass Spectrometer.

The basic steps of an ordinary mass spectrometeshawn in figure 3.18.

Y

Y

Y

Sample lon Source

Y

Mass analyze Detector Recorder

Figure 3.18 Schematic design of an ordinary Mass Spectrometer.

The Balzers Mass Spectrometer [12] used in theepteexperiments ionizes
the gas samples with a hot filament. It is based dreated wire filament with an
electric current running through it and emits el@as by thermionic emission. These
energetic electrons interact with gas phase mascui the ion source to produce
ions. The ionized gas passes through a small elefigld on its way to the
quadrapole mass analyzer [13].

Figure 3.19 Titanium rods within the quadrapole mass analpffihe Balzers

Mass Spectrometer.

The quadrapole is made of four titanium rods afuald cm diameter and 10
cm long. Opposite rod pairs are electrically cone@@nd a radio frequency voltage

is applied between each pair of rods. A directenirvoltage is then superimposed
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on the R.F. voltage. The ions are separated asttaegl in between the rods of the
quadrapole based on their mass to charge raticseing the appropriate voltage
and frequency, selected ions reach the detectde wie rest collide with the rods.

A secondary electron multiplier is used to detdw presence of ions
emerging from the quadrapole mass analyzer [14].th&sions collide with the
surface of an electrode, secondary electrons flarotiter layers are released. The
number of secondary electrons released dependsedype of incident primary ion,
its angle, energy and nature of the incident setfatiese parameters are ultimately
related to the abundance of an ion, the intendith@ion beam, and the area of the
peak.

3.5 Set up and Data Collection.

Two very similar inline set ups were used for thellection and
characterization of products in the heavy ion aachia ray irradiation of aqueous
systems.

3.5.1 Heavy ion radiolysis of aqueous formate solutions.

Twenty millilitres samples were loaded into a Py®il (see Figure 3.20)
with a thin mica window (~6 mg/cth The sample cell contained a magnetic stirrer
operating continuously and inlet and outlet poms purge the sample before
irradiation with ultra high purity argon. The sgt is shown in Figure 3.20.

Figure 3.20 Pyrex cell filled with 20 milliliters of the samg@(own photo).
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The sample receives between 50 and 100 beam couantke heavy ions
accelerator. Once the sample has been irradidted;drrier gas is allowed to pass
through the cell carrying the molecular hydrogemfed into the gas chromatograph.
The carrier gas was ultra high purity argon witthoav rate of ~50 ml/min. The gas
passes through a constant flow regulator, an igeceptum, a four way valve and
into a 3 meter 5x molecular sieve column. Totalenalar hydrogen was determined
from the gas chromatograph signal of a thermal gotinity detector (TCD). The
sample leaves the gas chromatograph and entemnmidbe spectrometer connected
inline, as seen in Figure 3.21. The mass specten{8alzers) has a QMA 140
analyzer with axially mounted secondary electrontipiier. The capillary tube has a
25 um diameter and is 20 cm in length. The hydrogetofses were monitored at
masses 2 (k), 3 (HD) and 4 (D).

Calibration was carried out by injecting differerstiumes of pure Hand D
with a gas-tight microliter syringe. The estimatedor in gas measurement is
expected to be ~5%. Radiation chemical yields axpressed as G values
(molecules/100eV), which is equivalent to ~ 0ol J*.

Cell

Heavy ions
accelerator

Gas ¢
chromatographiie

Figure 3.21 The gas chromatograph and the mass spectrometecoarescted
inline with the sample cell placed on the heavysiancelerator (own photo).
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3.5.2 Gamma radiolysis of aqueous formate solutions.

Four millilitres samples were loaded into a sangel that consists of a 1 cm
cuvette with inlet and outlet ports to purge thegke before irradiation, as seen in
Figure 3.22.

Figure 3.22 Cuvette filled with four milliliters of the sampjgaced in the gamma

source (own photo).

Ultra high purity argon with a flow rate of ~50 mifh was used to deaerate
the solutions and as a carrier gas. The sampletheasirradiated for a given time

between 3 and 30 minutes.

Mass
spectrometer

Cell

Gas
chromatograph

Gamma source [
(GOCO)

Figure 3.23 Gas chromatograph and mass spectrometer connedieé with the

sample cell placed in the gamma source (own photo).
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Once the sample has been irradiated, the carrigrigallowed to pass
through the cell carrying the molecular hydrogemed into the gas chromatograph.
Total molecular hydrogen was determined from the ga&omatograph signal after
passing through a constant flow regulator, an trgacseptum, a four way valve and
into a 3 meter 5x molecular sieve column. The sangaves the gas chromatograph
and enters the mass spectrometer connected iabrnggen in Figure 3.23. The mass
spectrometer (Balzers) has a QMA 140 analyzer axially mounted secondary
electron multiplier. The capillary tube has a|i#h diameter and is 20 cm in length.
The hydrogen isotopes were monitored at masses)23KHD) and 4 (D).

3.6 Summary

The chemicals and experimental techniques usddisnproject have been
described in this chapter. A variety of radiati@uises have been used for studying
the H atom formation in the radiolysis of aqueoystams with added electron
scavengers. The analytical techniques used to ciesise the hydrogen atom and
molecular hydrogen have been described and theakdtasis of the techniques has

been explained.
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Chapter 4 Stochastic models

4.1 Introduction

The radiation induced processes occurring afteematdiolysis have been
studied in order to be able to understand and mtdelchemistry involved. A
variety of different models have been developedhm literature, which take into
account the nature of the irradiated matter andahiging radiation. In this chapter,
the stochastic models used to simulate the traoktste and the chemical evolution
of the track are described. Command scripts usednohe simulations are enclosed
in Appendix C.

4.2  Radiation process
Many different physical and chemical processesapected after irradiation.
By modelling these processes, the chemical effettadiation on matter can be

studied. The different processes are listed inréigul.

Radiation

<+—  Monte Carlo simulation of track structure

Material

<— |onization, excitation, atomic displacement, phgsic
chemical modelling

Damage

<«— Monte Carlo simulation of chemical evolutioitrack

Chemistry

<«—  Bulk chemistry modeled deterministically
Effect

Figure 4.1  Physical and chemical processes in the evolutioadiation tracks

Energy loss by energetic ions is a stochastic gmemon. There is more than
one way in which a particular track can evolve withe, however, some of the
outcomes are more probable than others. An inferadtetween the radiation
particle and matter may result in elastic or ingtasollisions and in the latter case in
an ionization or excitation event. From these prin@hysical events, the chemical
evolution of the track can be followed with time hging an appropriate model

specific to the irradiated medium.
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4.3  Monte Carlo simulation of track structure

The Monte Carlo methods used to simulate the fi@stren and heavy ion
track structures in gaseous and liquid water haenlglescribed previously in detail
[1-3]. The modelling follows the flow diagram, figai4.2, which has been developed
on the basis of the real radiation processes obdeiter collisions occur. Excitation
and ionization events may occur as a result of ggnéransfer due to inelastic
collisions. Each ionization event generates a né&egt®n which may result in

further excitation or ionization events.

lonizing radiation collides with molecular electsoof the stopping material

Elastic collisions Inelastic collisions
| |
No energy transfel Energy transfer
| | . 1
lonization Excitation

A secondary electron is generated

Thermalization lonization Excitation

I
Etc...

Figure 4.2  Physico-chemical processes in a radiation track

While only slight differences are found betweerthmndologies employed to
simulate the energetic electron and heavy ion tigtolictures, the cross sections

employed within these simulation methodologies tmayery different.

4.3.1 Monte Carlo simulation of electron track stue

The Monte Carlo methodology for simulating theustare of electron tracks
starts from one high energy electroB) (travelling in a defined direction. This
electron is initially at point, and the distance travelled before a collision d
defined asAz The electron trajectory has a Poisson distrilbbutigth a mean free

path, 4, Which is the average distance travelled betwesrsecutive collisions
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and is dependent on the total cross sectigm (m“molecule) for inelastic and

elastic collisions as well as the number densitsnofeculesN (molecules/).

— -1 -1
Atotal - (No-total) = [p(o-elastic+0-inelastic)] (41)
The distance travelled between two consecutivdissions is calculated by

using the inversion method [4] and sampling frone tbrobability distribution

function
P(A, .. AZ) :1—exp{_—Azj (4.2)
total

with a uniformly distributed random numbey in the range 0 — 1. Now, knowing
the direction of the trajectory and calculating tbestance travelled between
collisions, the initial electron position z canteplaced by the new ong.%

A second random numbddy,, is now compared with the probability of an
inelastic or elastic collision to determine whethli®e collision results in an energy

transfer and if an energy transfer results in azetion, an excitation or a vibration

event:
O . .
0<U, < ——Lonzalon IONIZATION (4.3)
ainelastic + O'elastic

O'ionization < U ) < O'ionization + aexcitation EXC'TAT'ON (44)
O-inelastic + O-elastic O-inelastic + O-elastic
O-ionization + O-excitation < U 5 < O-inelastic VlBRATlON (45)

ainelastic + O'elastic ainelastic + O'elastic

o .
——nelastie <y, <1 ELASTIC (4.6)
o +o

inelastic elastic

With Ginelastio Telastio Tionization @8N dexcitation D€ING the inelastic, elastic, ionization and

excitation cross sections respectively, .sic = Teiectronic T Pvibrationd T Crotational &N

o o +o0

electronic — “ionization excitation *

An illustrative representation of the probabilitistdibution of elastic and inelastic
events can be found in figure 4.3.
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o +0

ionization excitation

O ionization O total O inelastic

o o

total total

& & &
»< »< »<

lonization Excitation Vibrational Ekic

L 4

A~

Electronic

A~
L 4

Inelastic

Figure 4.3  Diagrammatic representation of the probability ritsttion of elastic

and inelastic events

At this point the energy remaining is calculatenirirthe difference between
the initial energy k) and the energy transferred as a result of thesicol (AE):
E.,=E-AE 4.7)
The energy transferred is generated by a thirdaandumberUs. If a vibrational
event occurs, the energy transferred is definedhbyvibrational excitation. If an
electronic excitation or ionization takes places #nergy loss is obtained from the
cumulative cross section for these processes anibiization efficiency.

The simulation continues depending on the eventiroicg. When inelastic
collisions result in ionization events, two elecischave to be considered; the parent
or primary electron and the daughter or seconddegtren generated by the
ionization event. The directions of the primary asdcondary electrons are
determined from the conservation of energy and nmbame equalities. If the energy
of the secondary electron is smaller than a preslodefined limit energyKgaughter<
Esop), the primary electron simulation proceeds inghme manner until the defined
final energyE fna IS reached. Otherwise, when the daughter energgraeater
(Edaughter > Estop), its energy should be reduced beldiy,, before continuing the
simulation of the primary electron. If there is excitation the direction of travel is

not modified. New primary electron trajectories determined if there is an elastic
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collision from the differential elastic cross seatior from kinematics if there is a
vibrational energy loss.
4.3.1.1Cross sections

The methodology described above needs a serieseofjyedependent cross
sections for liquid water [5-8]. In this sectiorxpeessions used to calculate cross
sections for liquid water are introduced.

The cross section concept is used to express dimlpitity of an interaction
between atomic particles. This requires an encoysaeameter with units of area per
molecule. Cross sections can be measured for meogegses. In track structure
simulations, the cross section is usually dividet ielastic and inelastic collisions
with the latter separated further into the varibuderior” processes of electronic
(ionization and excitation), vibrational and roteual excitations.

o =0 * Oibrationd T O rotational (4.8)

inelastic electronic

Rotational cross sections are ignored since tlwgitribution is very small compared
to the electronic and vibrational cross sectionsegiently in experimental
determinations, rotational processes are includethe elastic cross sections since
their effects are not distinguishable from elastallisions. In the calculations
reported, vibrational cross sections and elastissisections employed to simulate
liquid water are assumed to be the same as thodbdayas phase. The electronic
cross sections for ionization and excitation eveate calculated from the
experimental dipole oscillator strength distribatias described below and then
partitioned into the two contributions using expegntal data for the ratio of

Gionizatior{celastic-

Modeled value: o o +o (4.9)

electronic — “ionization excitation

(4.10)

Experimental value: o lo

ionization electronic

The sum of all the cross sections estimated giwesatal cross section.
In the following discussion, atomic units are asesdm.e.m=1, h=1.

Electronic: The probability of an energy losAE, per unit distance traveled by a

non relativistic electron with incident enery= v*/2 is given by the expression

_ -1 |dq
E,AE) =]l - 4.11
o ‘ ImL(q,AE)hl #11)

With Im symbolizing the “imaginary part of” and wieelm[-1k(q,AE)] is known as

the energy loss function. The complex dielectrepanse functiong(g,AE), defines
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the response of a homogeneous medium to an emamgfdarAE and a momentum
transferq, which is the amount of momentum that one particdesfers to another
particle when they collide.

For most materials, the only available dielecti&ta are the dipole oscillator
strength distribution, E), which are related to the'= 0” value of the energy loss

function [9]
Im[-1/£(0,AE)] = (LOh%®*N /2m)f (AE)/ AE. (4.12)
The “binding energy”,AE', is the energy released or lost to the mediumr afte

collision occurs. Ashley proposed an approximationquadratically extend the
optical data into the energy-momentum plane [1#reby giving

Im[~1/¢(q,AE)] = | ii Im{— ~ 1A EI)}S(AE —(AE'+q—22DdAE' (4.13)

The probability t(E,AE) is easily related to the density normalized
differential cross section by
Ndo = t(E,AE)JAE (4.14)
whereN is the number density of molecules in the medilihe integration gives the
inelastic cross section dependent on the initettebn energy Eand the energy lost
AE calculated as:

S ranai AE, E) = %IT(E,AE)dAE (4.15)

To formulate the electronic cross-sections, corsem of energy and
momentum of a resting electron and an electron wittident energw?/2 are

considered. After collision with a molecular electr the primary particle departs
with energw? /2 an energy’/2 is given to the secondary electron and a binding
energyAE' is released to the system. Energy conservatia@sghe expression

V22=\7 2+ Vi [2+ AE' (4.16)
Whereas the energy loss can be expressed as

AE =V?[2-V}[2 =V;[2+ AE'> AE' (4.17)

As electrons are indistinguishable, the highestggnelectron is always assumed to
be the primary so

VZ[2>V212>0 (4.18)

In addition, considering the equalities
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AE = AE'+@?/2 (4.19)
v, = (V2 —2AE)"? (4.20)
Momentum conservation gives the inequalities

V-V, <g<V+y, (4.21)
—(V? = 2AE) + (V2 = 2AE)Y? > AE'> 0> —(V? — 2AE) - v(V? - 2AE)"? (4.22)
which reduces to

0<AE'<—(V* -2AE) +Vv(V* - 2AE)"* = AE' for O<AE<V’/4 (4.23)

AE_ =1/ 42 (1+2AE' /v —v(1-4AE'[V?)V?) < AE (4.24)
AE <1/ 42 (L+ 2AE' V2 +V(L-4AE'[V?)?) = AE, '
Using the optical approximation and the momentund @mergy conservation

expressions listed above, the collision probabigity

T(E,AE) =ﬁj§§.'mmi:xlm[—1/ £(0,AE)]G(AE,AE")AE'dAE' (4.25)
where allowing for exchange
. 1 1
G(AE,AE') = +— ; — -
AE(AE-AE') (V2/2-AE)(V?/2-AE +AFE’) (4.26)

1
JAE(AE - AE')(V? 12— AE)(V? /2~ AE +AE')

With AE'min= 0 when 0 AE <1v%/4 or AE'min= 2AE - /2 whem?/4 < AE < 3,48 [9].

This probability is used to determine the inelastioss section, according to

equation 4.15

2N (4.27)

B2y syt | 1| @-a+s)l+a-g) | 2 . _.y 13| [AE .
I cIm[-1/¢(0,AE™)] {aln[(l—a—s)(l+a+s)} 1+aF(arcsm$/(1 a)),1+a)} = dAE

wherea = AE'/E ands = (1 — 2)Y2. The function F,y) is the incomplete elliptic
integral of the first kind and the parameter 1/(zE).

In addition, the mean free path is defined as
AY(E) =[1(E,AE)dAE (4.28)
Therefore, the total inelastic cross section camtmessed in terms of the inverse

inelastic mean free path becoming

1

o(E, E' =NA"1(E) (4.29)

max )
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Many track structure simulations used a paramaiewn as the Y function,
which describes the probability of an energy losslger than a valueé\E and
therefore, is the ratio of the cumulative inelastioss sectiong(E,AE), to the total
inelastic cross sectiom(E,AEnay). Further consideration of the bounds is needed
when determining the cumulative inelastic crosdigecsince the energy lossE
must be lower thanEma[9]. The bounds are giving by 0AE' < -(° - 2AE) + v(v*

- 2AE)Y?andAE' > 2AE —*/2 and the maximum permissible energy lags= 3E/4
whenAE' = E/2.

The cumulative inelastic cross section in the ralge\E < E/2 follows the expression

o(E,AE) = 1 ﬁ JEMXAAE'Im[-1/£ (0, AE NIZ,]AEE (4.30)
with
[3,]= 7| (b-a)l-b+a)(l+a-s)(l-a+s) +
b-b)(l-a-s)(l+a+s) (4.31)
F[ 1+a 2b j 2 F( { j1 aJ
+7 arcs —— R arcsi
1-a 1+a 1+a 1-a/)1l+a
while for the intervaE/2 < AE < 3E/4
-1
o(E,E") —AT(E) ; X ;£ FdE'Im[-1/£(0,AE NIZ;]AE'E (4.32)
where
[ZS]—— (b-a)d- b+a) arcsv(l a- ij (4.33)
b(1-b) 1+a -a l+a

Elastic: Elastic cross sections are expected not to varyifgigntly due to
condensation since these interactions are colBslmtween electrons and charged
particles. Parameterization of experimental datalde®en done before [2]. The elastic
cross sections used in the simulations reporte@ werived from experimental data
for the gas phase. Differential cross sections mtenergy,E, were fitted to a
polynomial function.

o'(0,E)=a,+ab+an’+an’+a0’ (4.34)
The energy dependence of the coefficieatsyas then fitted to a second polynomial.
a(E)= i_ioh E' (4.35)
The total elastic cross section is then easilyinbthat a given electron energy from.

= 27[%6'(6,E) sinfdo (4.36)

elastlc
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4.3.2 Monte Carlo simulation of heavy ion track structure

The modelling of heavy ion track structure usesilammethods to those
employed for fast electron tracks. The simulatioocpeds by following the ionizing
particle collision by collision through the mediuosing an energy dependent
inelastic cross section obtained from the dipoleillagor strength distribution of
liquid water. The nature of the energy event (iatian or excitation) is obtained
from the energy dependent ionization efficiencyliquid water [5]. If an ionization
event occurs, the trajectory of the ejected electsofollowed using the methods
outlined earlier until its energy is smaller thanefined cut-off energy, usually 25
eV since the possibility of further ionization belahat energy is quite small.
According to the fast electron description, theeratiation of these low energy
electrons is included by using spatial distribusiaither obtained from simulations
using experimental ice phase cross sections [1JLlorlBptimized to reproduce the
kinetics of g; measured in fast pulse radiolysis.

The trajectory of the energetic ions is followedilumts initial energy drops
by 10-100 keV. This procedure produces an ion tragkesentative of an ion at a
given energy, not for the ions complete attenuationlike the electron track
structure simulation, the chemistry of an entirevyeion track is obtained by

integrating the chemistry of consecutive track sexgis [1].

10°

1035-
S .o
= | He™
C\% 1025-
> -
s | by
= H
o 0F

o
00 T T ETITY BT BT R TITY BN BT T
! 10° 10° 10° 10> 10 10 100 100 10°
Energy (MeV)

Figure 4.4  Stopping power for electrons, hydrogen and helinmerms of the

particle energy.
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From a chemical point of view, there is no apprgleiazhange in the stopping power
(see Figure 4.4) from 50 keV to 1 MeV when simuigtihe electron track structure
since the Bragg peak for electrons occurs at logrgn Since the LET value does
not change substantially, a 10 — 20 keV energy segnm this range is a good
approximation of the whole track in a chemistrydgtuHowever, this approximation
is not applicable to the heavy ions. Small energgrvals are considered at different
ion energy and LET, so their appropriately averagedults are a good

approximation of the whole track.

A

LET
=
£

[G(E)E = E,G(H,)

l

G(H,)

AE

log E (keV)

Figure 4.5 Heavy ion track structure is calculated at conseeutack segments.

As shown in figure 4.5, independent GjHare calculated for each track
segment. Hence, a curve of GJHs plotted at a given energl, and LET as a
function of E and the area under the curve is taled. The track average yield is

obtained by dividing the result of the integralthg initial energy E;

1 (E
Gtrack = E_O'[O GsegmendE' (437)

4.4  Monte Carlo simulation of chemical evolution of tinack

Traditionally, deterministic kinetics methods haween used to model the
chemical evolution of a radiation track. These nia@ensidered a typical radiation
spur or track segment and modelled evolution usiagventional “macroscopic”
diffusion and rate laws [13, 14]. Recently, stot¢itasadiation chemistry models
have been developed in which reactant traject@iessimulated by random flights
methods [15]. Particle positions are generatecdhiili time using a track structure
simulation. Every interparticle distance is caltethand compared with the reaction
distance. When a pair is close enough to reactetiveunter is considered and the

particles are removed from further consideratiofieAevery possible pair has been
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considered at initial time, particles are allowedrtove and react further by diffusion
controlled encounter.

Random flights are assigned for each particle duaircarefully chosen time
stepdt. The random flights simulation determines the Ifiparticle position after
time stepdt checking whether the new interparticle distangeare smaller than the
reaction distanc®,. However, an important problem may arise if durthg time
step,ot a specific pair of particles reach a separatjplower thanR,, before moving
apart during the same time step. In this casedgaetion would not be counted.

This problem is solved by using the Brownian bridgeich defines the
probability for a conditional encounter during tirae stepdt [16]

W, = exr{— ("' ~Ro) (T = P\n)} (4.38)
D', &t

wherer’, andry, are the initial and final inter-particles distagdg,, the encounter
distance andD’y, the relative diffusion coefficient. The Brownianridye
methodology is only valid if the radial drift doast change appreciably throughout
the time ste@t. Consequently the Brownian Bridge is used whetigles are close
and the probability of an encounter during the tistep is significant. Random
flights simulation is applicable to high and lowrtivity solvents, however, this
approach is computationally expensive and prohiliyi so for systems with large
number of reactants.

An alternative stochastic simulation method knoas the independent
reaction times (IRT) model has been developed talahnthe diffusion-reaction
kinetics of radiation-induced reactive species imter, where intermolecular
Coulombic forces are weak. The IRT model is basaedan independent pairs
approximation, in which the interparticle distancase allowed to evolve
independently so the triangle relationship of thpeegticles, see figure 4.6, is not

maintained.
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Figure 4.6

r /r/z/

1

-~
1A

The triangle relationship of three particles

r3>n+n

The IRT model allows

This approximation is the same approximation useithé conventional treatment of

diffusion limited bulk chemistry [17].
IRT simulation has been shown to reproduce kingiitailated using random

flights methods for neutrals and ions in high pétimty solvents. The basic

simulation steps in the IRT approach are showiguré 4.7.

Begin
1
Input information
J
Are all realizations complete?
I
NO ¢ y YES
Generate initial positions Output results
v v
React any particles closer thanR Stop
{
Generate random reaction times
for remaining pairs
Select minimum random reaction
[ times (RRT) (_I NO
L . . ., |YES
Na Less than cut-off time? All feasible reactions occurred?
J YES T
React corresponding pairof  |_| Remove all RRTs for pairs
particles (i & j) containingi or j
Figure 4.7  Independent Reaction Times simulation method
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This collection of steps can be easily outlinedusyng a simple example

which considers the encounter of 4 particles [$8¢ figure 4.8.

| Pair | _r, |t |Reaction
12 X

1+2 1.3

1+3 2.1 27 X
1+4 1.0 40 2
2 3} 1.1 8 1
2+4 1.7 125 X
3+4 1.8 b X

Figure 4.8 Example of the IRT model

Random reaction times are generated for every Ipaiusing random numbers
uniformly distributed on the interval (0 - 1) arigetappropriate random reaction time
distribution functions. In the example, the shdrtesaction time is found for
encounter between patrticles 2 and 3. Thereforseth&o particles “react” and are
removed for any further consideration. The next pmencounter would be particles
1 and 4 as all the other pairs have been removed.

As in the random flights treatment the initial piosis are determined by a
track structure simulation. Interparticle distanaes calculated and checked for time
t = 0 encounter. Random reaction times are thenrgetefrom the pair distances of
the remaining particles and the distribution fumctiW(t). In the absence of any

intermolecular force, the expression ¥t) is [19]

W(t) =7Rerfc{%j

wherer is the interparticle distanc® is the reaction distanc®'’ is the relative

(4.39)

diffusion coefficient and erfc(x) is the complemanyterror function defined as

2 . .
< retdt. 4.40
o (4.40)

Simulations using the IRT method are much fasten ttandom flights simulation as

erfc(x) =1-erf(x) =

the trajectories of the diffusing particles are maideled, only the encounter times

are calculated.
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A number of enhancements to the basic formalissnna&cessary to model
real radiation chemical kinetics, which include r@gactions between ionic reactants
where an inter-ion Coulombic force modifies thefudifon, and (ii) reactions which
produce potentially reactive products.

lonic reactants In the radiation chemistry of water and aqueoystesns
many of the reactants are ions. In solvents of hédgitive permittivity such as water,
where the Coulomb forces between ions are weak f@8]reaction time distribution
function used in the IRT method is reformulatedifrthe recombination probability

for neutrals in the form,

R Fer ~ Reg
W(r,t) = erf 4.41
(=" = (4.41)
which employs an effective distance scale for #ymasation r
o=— e (4.42)
ex;{rcj -1

r
and for the reaction distance R

r

¢ (4.43)

Ry =
exp{rcj -1
R

The constant. is the Onsager distance and is the distance athmthie Coulomb
potential energy ikgT. In the limit of large separations, the expressionions
asymptotically approaches the one for neutrals.

Reactive products Reactive products are species generated durieg th
evolution of the system capable of further reactioss random flights simulation
calculates every new position after collision, plosition of the new reactive product
is known. This is not the case in the IRT modetsithe diffusive motion of the
particles is not followed. If the reactive produstgenerated at zero time, their
random reaction times can be generated in a stfarglard way. A new
approximation must be included to consider the ceffd these new particles. A
number of different approximations have been ingastd [16]. In the simulations
reported here, new particle positions are not gdadr but the evolution of
interparticle distances is considered and theseardises are allowed to evolve
independently. Hence, when a pair reacts, the agparfrom all the other species
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can be evaluated. This process then allows thergigme of random reaction times
for the reactive products of the pair reaction.

Because of the high efficiency shown in recendlistsiwith high permittivity
solvents [20], the IRT method has been used inglogect to model the chemistry

involved in the radiolysis of aqueous systems.

45 Summary

The stochastic models used to simulate the tracictste and the chemical
evolution of the track have been described in¢hepter. Slightly different methods
are used to model the electron and the heavy ik tstructures based on their
different LET values. Our model of choice, methadown as the independent
reaction times (IRT) model, has showed high reliigan high permittivity solvents,

such as water, with a more simple methodology whecluces computing time.
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5.1 Introduction

The objective of this chapter is to determine theatdm yield in the
radiolysis of water and its variation with the centration of the hydrogen atom
scavenger. To achieve this goal, two different méshto determine H atom vyields
have been developed and tested. Experimental seautonjunction with stochastic

simulations are presented in this chapter.

5.2 Introduction to the H atom determination in thdiolysis of water
The processes involved in H atom production inrddkolysis of water have
been widely studied and discussed in the litergin®]. In general terms, they can

be outlined in the mechanism shown in Figure 5.1.

H,0

H+OH  H,+O H;O"+OH e H+OH H,+O

b

e H\_H,0*
H, H, H

Figure 5.1  Atomic and molecular hydrogen production in theiobis of water.

The hydrogen atom is one of the most importantispan the fragmentation
of the water excited state and in the radiolysisvafer. An accurate examination of
the H atom vyields after radiolysis will make pos$sih better understanding of the
initial radiolytic decomposition of water. H atonelds have been partially studied
in gas phase water [6, 7], but only limited dataehbeen obtained for liquid water.
The measurement of H atom yields is difficult sirbe H atom can behave as a
reductant or an oxidant, i.e. like hydrated eletdror OH radicals, depending on the
system considered. H atom vyields are usually deétean by difference
measurements of Hields [8-11]: H atoms produced in water irradiatare allowed

to abstract H atoms from selected solutes to genenalecular hydrogen. Hydrogen
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atom vyields are then calculated by taking the bifiee between the ,Hyield
obtained in the presence of the solute and inlbiserece of the solute. An alternative
method uses isotopically labelled solutes where islDormed quantitatively by
direct abstraction of D atoms from the deuterat#dts.

It is currently believed that the dominant pathwadgsthe formation of
molecular hydrogen, £lin neat water occur due to reactions of the hgdralectron

and its precursors [12],

H,O0"+e - H,0* -~ H,+0 (5.1)
e +H,0 - [H,0]" = H,+.0" (5.2)
e +H,0 - [H,0] -~ H ++OHO P - H, ++OH+OH" (5.3)
€4 t€4 +2H,0 - H,+20H" (5.4)
*H+e, +H,0 - H,+OH" (5.5)

as well as the combination of H atoms

eH+eH - H, (5.6)
and the decay of directly produced excited staless also produced through
abstraction reactions between H atoms and solutetaioing H atoms. In this
project, formate and methanol were used as H atavesigers,

*H+HCO, O - H, +<CO, (5.7)

¢ H+CH,OHO[Y - H, ++CH,OH. (5.8)
The rate coefficients for these reactions are 8.1 x 16 M™* s and k = 2.6 x 16
M™ s, respectively [13]. The H atom vyields can be eated just calculating the
difference between Hyields obtained when the solute is added and wvitersolute
IS not present.

Deuterated solutes may also be used as H atorersgans. In this case, there
are two ways in which H atom yields can be deteeaijreither by the directly
measured HD vyields or by the subtraction methodutaing the difference between
the total H yield (H, + HD + D) and the Hyield in the absence of the deuterated
solute. In the present studies, deuterated forn{®¥€0,) and tri-deuterated
methanol (CROH) have been used as hydrogen atoms scavengers:

+H+DCO, 00 -~ HD ++CO,” (5.9)

*H+CD,OHO[® - HD ++CD,OH (5.10)
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Rate constants for these two reactions gre R.9 x 16 M™*s™ and ko = 1.0 x 16
M1st[13].

The measured Hyield may be affected by slow homogeneous reagtion
Water decomposition generates OH radicals whicletreath H, decreasing the
observed yield.

*«OH+H, - *H+H,0 (5.11)
To prevent this reaction, bromide is added as a&dlital scavenger,

« OH+Br O% - BrOH" (5.12)
where k, = 1.1 x 18° M*s? [13]. The concentration of Bmust be kept low as
depending on the H atom scavenger added and itsentration, the following

reaction may also take place

Br +eH O™ - HBr (5.13)
due to its non-negligible rate coefficientk 1.76 x 16 M*s? [14].

In addition to the direct formation of <H, hydratetbctrons can generate H
atoms by reaction with hydronium within the radiattrack,

e, tH,O' 0 -+*H+H,0 (5.14)
with kis = 2.3 x 16° M s* [13]. Nitrate or selenate may be added to act as a

hydrated electron scavenger.

e,, *NO, O NO,” (5.15)

e,, +SeG +H,00F - SeQ +20H" (5.16)

where the rate constants are k 9.7 x 1 M*s? [13] and k= 1.1 x 1§ M*s? [15]

respectively.

5.3 Experimental work

The experimental work was carried out in the Raalat.aboratory at the
University of Notre Dame (USA). The Shepherd 1880 source described in
chapter 3 was used to irradiate the samples.

Solutions with different concentrations of sodiuformate (NaHCGQ),
deuterated sodium formate (NaDgOmethanol (CHOH) or deuterated methanol
(CD3sOH) were made adding concentrations of 1 mM patassiromide (KBr) and
1 to 24 mM sodium nitrate (NaNPor 1 to 100 mM sodium selenate gSaQ). All
solutions were prepared with nano pure water (ie#is18.7 MQ cm™*) from an in-
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house HOnly system. Four millilitres samples were loadetbia sample cell that
consists of a 1 cm cuvette with inlet and outlettgdo purge the sample before
irradiation. A gas chromatograph and a mass speeter were used inline to
determine molecular hydrogen, as previously deedrib chapter 3.

Calibration of the gas chromatograph was carrietdbguinjecting different
volumes of pure KHland B gases with a gas-tight microliter syringe. Thenested
error in gas measurement is expected to be ~5%iafkad chemical yields are
expressed as G values (molecules/100 eV), whiefusvalent to ~ 0.imol/J.

5.4  Supporting calculations

The methodology used in the simulation has beegaduoced in chapter 4 and
in previous studies [16-18]. The method simulates track structure due to the
transfer of energy from the radiation particletie sample, determines what kind of
interaction has occurred (inelastic or elastic ismlhs, ionization or excitations
events, vibration or rotation), and models the #@sebased on the competition
between the relaxation of the spatially non-homegess distribution of radiation-
induced reactants and their reactions either withentrack or with the scavengers.

Each simulation of a track structure determinesttéjectory of the electron
and the daughter electrons as well as their ingrad final positions. The nature of
the event produced after interaction is modelled dajculating the difference
between the initial and the transferred energyratating this with the cross sections
for each one of the possible events using a randamber.

The chemical evolution of the track is modelledngsthe independent
reaction times methodology (IRT) based on the iedépnt pairs approximation, as

described before.

5.5 Results and discussion
Results have been plotted in terms of G values smadenging capacities.
The G value was established by Burton and Magel®%? [3] and is described as
the number of molecules produced for each 100 ed6réed by a substance from
ionizing radiation. The scavenging capacity is wedi as the pseudo-first order rate
that is the product of the scavenger concentrati@hthe scavenging rate coefficient.
Three measurements were made for each experinpoitdl The associated

errors to the experimental values are smaller tharsymbol used to represent each
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point. The error associated with the scatter of éRperimental measurements is
expected to be significantly larger than errorsodticed by other parameters such as
change in humidity (as measurements were made fiereht seasons and
laboratories) or change of nylon cords used to eonthe sample cell with the GC
and MS (which may cause better isolation). Evergsneement with their respective

averages and standard deviations are presentegpiendlix B.

5.5.1 Formate and nitrate addition

Initially, H atom yields were obtained by differemheasurements of
molecular hydrogen obtained in the gamma radiolgéiaqueous formate solutions
with concentrations varying from 1 mM to 1 M anchtaining 1 mM concentrations
of sodium nitrate and potassium bromide. In theesgmaph, modeled results are

shown for formate concentrations from 0.1 mM ta\1.0

HCOZ' +1 mM NaNQ + 1 mM KBr

B ——G(Total H)

® —— G(H atom) = G(Total |} - G'(H,)

1.6 —(H)

1.4

1.2

1.0 §

0.8 =

0.6- o

0.4-

0.2- /

00
100 100 10 100 10 168 100 10°

H atom Scavenging Capacity'}s

N
P

1.84

G(H,) (molecules/100 eV)

Figure 5.2  Production of H and H atom in the-radiolysis of aqueous formate
solutions with 1 mM NaN@and 1 mM KBr as a function of the formate scaveggi
capacity for H atoms. ®,) is the yield of H from a 1 mM NaN@/ 1 mM KBr

solution in the absence of HGOLines represent modeled results.
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H atom yields obtained by the difference betweenttital molecular hydrogen yield
and the molecular hydrogen vyield in neat water vigm 0.31 up to 0.74
molecules/100eV for scavenging capacities fromx21D° s* up to 2.1 x 14s*. A
detailed report of the errors associated with thkpeemental values has been
included in Appendix B.

Higher total molecular hydrogen values are obserwdten increasing
formate concentrations due to more efficient scgwen of the H atom which
prevents intra track reaction leading to other potsl Total molecular hydrogen and
estimated hydrogen atom yields obtained from thukition are slightly higher than
the experimental values, however, the overall ages# is good.

It would be expected that an increase in the canagon of NQ would lead
to a decrease in hydrogen atom yields due to tharmence of reaction 5.15 at the
expense of reaction 5.14. In order to test thieréiss, the experiments were

repeated by changing the sodium nitrate conceatrdtom 1 mM to 24 mM.

HCO, + 24 mM NaNQ+ 1 mM KBr

—~ 2.0-
% 1.8 B ——G(Total H)
8 1.64 ® —— G(H atom) = G(Total b - G'(H,)
- y —G'H,)
8 1.4—_
Q 1.0
o) ]
c 0.8—_
N
~, 06
L 041
O 0.2-
0.0

100 100 10 10 10 1 10 10°
H atom Scavenging Capacity')s

Figure 5.3  Production of Hand H atom in the-radiolysis of aqueous formate
solutions with 24 mM NaNg@as a function of the formate scavenging capaoityHf

atoms. Lines represent modeled results.
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In this case the difference observed between G{TFtdpand G(H,) in neat water
varies from 0.18 up to 0.55 molecules/100eV foveoging capacities ranging from
2.1 x 16 s* to 2.1 x 18 s*. Higher sodium nitrate concentrations have theeetqul
effect on the observed yield of,HThe increased concentration of the hydrated
electron scavenger decreases the production obggdratoms due to reaction 5.14
and consequently the production of molecular hyenodue to reactions 5.4, 5.5 and
5.6. H atom yields obtained by the difference mdthath added 1 or 24 mM
sodium nitrate are compared in figure 5.4.

HCOZ' + 1 or 24 mM NaNQ+ 1 mM KBr

N
?

1.8 O G(H atom) (24 mM NaNQ

1.6—- ® G(H atom) (1 mM NaN9Q

1.4
1.21
1.0
0.8
0.6
0.4
0.2

0.0-
100 100 100 100 10 10 10 10°

H atom Scavenging Capacity')s

® O
® o
o

G(H) (molecules/100 eV)

o
@)

Figure 5.4  Production of and H atom in theradiolysis of aqueous formate
solutions with 1 or 24 mM NaN{as a function of the formate scavenging capacity

for H atoms.

The hydrogen atom yield clearly decreases as tmeerdration of the electron
scavenger decreases. The higher the concentrdtioitrate, the more efficient the
scavenging of the hydrated electrons and, therefthre lower the amount of

hydrogen atoms produced through reaction 5.14.
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The scavenging of H atoms by nitrate has a ratstaat of 1.4 x 1oM™*s™
[13]. Therefore, considering the rate constantyiptesly presented for scavenging
of H atoms by formate, methanol, deuterated forneatd deuterated methanol,
reaction of H with nitrate is not expected to cotepgith reaction 5.7 due to formate.
However, it should be noted that reactions 5.8a25885.10 have rate coefficients for
the scavenging of H atoms by gbH, DCQ’ and CROH low enough to be
affected at low concentrations by the presence@j.N

The total molecular hydrogen yields obtained frdra &ddition of 1 or 24
mM sodium formate are shown in Figure 5.5 alondnitevious results found in the

literature when using formate as a hydrogen atamestger [9, 19, 20].

Mahlman (HCO, +24 mM NO)
Scholes(HCO, + 16 mM NO)
2'0__ B Draganic (HCO, + 0.25 mM NQ)
S\ 1.84| - B--Huerta (HCO, + 1 mM NQ, + 1 mM B)
8 1.64| M- Huerta (HCO, +24 MM NQ + 1 mM Br)
o |
= 1.4
O 12 N
3 1.0- .»“'l
o g
O 0.81 R i
E o6l m
P~ 4 (0]
= 1
O 0.2
0.0+

10 100 10 100 100 10 10 107
H atom Scavenging Capacity')s

Figure 5.5  Production of Hin they-radiolysis of aqueous formate solutions with
different concentrations of NaN®r N,O as a function of the formate scavenging
capacity for H atoms. (Results from Mahlman [9]h&8es [11], Draganic [8] and
Huerta [21]).
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Nitrous oxide, used by Scholes [11], reacts wittdrhted electrons in a
similar manner to nitrate,

€q TN,OOT N, +e0" (5.17)
with kiz= 9.1 x 16 M*s? [22]. Table 5.1 compares the scavenging capadgifi¢he
experimental systems considered in figure 5.4 watbpect to the .. There are
clearly two distinct groups of data, with scavemgaapacities in the range 1.0 — 2.5
x 10 s'(1, 2 and 5) and a group with scavenging capaditi¢ise interval 2.4 — 10.0

x 10 s* (3 and 4).

K(NO3 + &q) | kK(N2O + &) | [scavenger]| eyq scavenging capacity
Set| Authors 1 1 L
(M™s?) (M™s7) (mM) (s9)
1 | Mahlman 9.1 x 10 24.00 2.2 x 1H(2)
2 | Scholes 9.1 x fo 16.00 1.5 x 19(3)
3 | Draganic 9.7 x 10 0.25 2.4 x 19(5)
4 Huerta 9.7 x 10 1.00 9.7 x 10(4)
5 Huerta 9.7 x 10 24.00 2.3 x 19(1)

Table 5.1 €q Scavenger capacities in terms of the scavenger itsd

concentration. The decline ig;eScavenger capacities is shown in red numbers.

At this point it is worthwhile considering the chistny occurring after scavenging of
the hydrated electron. The radical anion,sNQs obtained due to reaction 5.15 as a
result of the hydrated electron scavenging reachgmitrate. Subsequently, this
product reacts with other species in solution tmegate nitrogen dioxide and

ultimately nitrite

NOZ™ +H,0 0% — NO, + 20H" (5.18)
NOZ +H" OI® - NO, + OH" (5.19)
NO, + NO, +H,00 - NO, + NO; +2H" (5.20)
NO, ++CO; 0% -, NO; +CO, (5.21)
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with kig = 8.9 x 16 M?s? [23], ko ~ 2.0 x 18° M s [24], koo = 1.5 x 16 M s?
[25] and k; = 1.0 x 18 M s®. Both NG and NQ may react with the H atom
decreasing its total yield,

NO, ++H O % - HNO, 0 ti? - H,O" ++NO; (5.22)

* NO, +*H O % . NO+OH" (5.23)
with ko, = 1.0 x 16° M?*s'[26] and k3= 7.1 x 16§ M*s [27].
In nitrous oxide solution, Ts obtained as the product of thg ecavenging

reaction. Under neutral and acidic conditiorig@cts with HO and Hg' to give the
OH radical

O +H,00% - OH ++OH (5.24)
«O +H;, 03 -0H (5.25)

with kos = 1.7 x 16 Mts? [22] and ks = 4.8 x 18° M™* s? [28]. It may also react
with several other species within the solution

«O +e,+H,00 & - 20H" (5.26)
*+O ++Br +H,00% - +BrOH™ +OH" (5.27)
O +H,0® e, +H,0 (5.28)
+ O +HCO, Of* - +CO, +OH" (5.29)

where kg = 2.2 x 16° M™*s* [29], ko7 = 2.2 x 16 M™*s? [30] and ks = 1.1 x 1§ M*
s [31] and ke = 1.4 x 16 M's* [32]. It would be expected thaggewould have
reacted with MO before it has the chance to react with Reaction 5.27 should
occur before reaction 5.28 and therefore, no deerea G(H) would be expected.
Finally, formate would react with most of the hygen atom formed within the track
before it has the opportunity to react withadd therefore, it would not reduce GYH
any more than the scavenging of the hydrated electoes. Consequently, @ould
be much more likely to react with eithep® or Hy . In conclusion, it would be
expected to obtain lower GfHvalues at the samggdescavenging capacity when
using nitrate rather than nitrous oxide as an edactcavenger.

It is worthwhile to consider the chemistry of tlH radical as it is the
primary product obtained in the reactions of The hydroxyl radical may react with
the molecular hydrogen decreasing its total yield,

sOH+H, 0™ «H+H,0 (5.30)
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with kso = 4.2 x 16 M™*s™ [22]. Bromide was then added to avoid the actibthe
OH radical on decreasing the molecular hydrogeld yie

*«OH+¢Br 0 . BrOH" (5.31)
where k; = 1.1 x 18° M*s* [22].
In addition, it may react with hydrated electromswith formate,

«OH+e, 0 OH" (5.32)

+ OH+HCO, 0% «CO; +H,0 (5.33)
where k> = 3 x 16°M™s? [22] and ks = 3.2 x 1§ M s? [22]. It might be expected
that at high concentrations of formate, reactidd25w~ould prevent the reaction of
the hydrated electron with the OH radical. This {doproduce an increase in the
concentration of g and therefore, an increase of the hydrogen atatmawiecular
hydrogen yields due to reactions 5.4, 5.5 and 5.6.

5.5.2 Deuterated formate and nitrate addition

H atom vyields are determined from deuterated selutey direct
measurements of HD yields and from the differenaasuarements of molecular
hydrogen yields as shown in Figure 5.6.

H atom yields obtained from the difference betwegmotal H,) and G(H.)
vary from 0.14 to 0.55 molecules/100eV for scaveggiapacities ranging from 2.9
x 10* s' to 2.9 x 10 s*. Whereas H atom vyields obtained by direct measemnémof
HD yields are shown to vary from 0.12 to 0.44 males/100eV for the same
scavenging capacities. There is a good agreemdmtebe the two techniques,
particularly at low deuterated formate concentraiolThe disagreement showed at

higher concentrations may be explained by considehe following reaction
« OH+HCO, 0¥ - +CO; +H,0 (5.34)
with kss = 3.2 x 18 M?* s* [22]. Increasing the concentration of formate will

increase the amount of reaction 5.34 decreasingaheentration of hydroxyl radical,

which will cause a reduction in the reactions a8 5.36.
*OH+e,, -~ OH" (5.35)
«OH+H - H,0 (5.36)

The former will increase the concentration of, eand therefore, the
molecular hydrogen yield due to reaction 5.4 whtlee latter will increase the
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concentration of hydrogen atoms and consequelhéyconcentration of molecular
hydrogen. This analysis suggests that hydrogen ay@ids obtained by the
difference method at high concentrations of forntatey be not reliable since the
yield of molecular hydrogen formed by the intrackahemistry would increase as

the concentration of HCQincreases.

DCOz' +1mM NaNQ + 1 mM KBr

9 2'0__ 1.0,/ ® ——G(H atom) W ——G(TowlH)
» 184 os G(HD) G(H)
o y G(HD)
S 164 0§
i { 04 ¢ cQ
E 1.4— 0.2 - GO(HZ)
S 1.24

O .
QO 1.01

O -

= 0.84
= ]
—. 0.6

N -
L 04
O 0.2-

0.04— e

1¢ 10 100 10 1 100 18 10
H atom Scavenging Capacity Js

Figure 5.6  Production of H in the y-radiolysis of aqueous deuterated formate
solutions with 1 mM NaN@as a function of the formate scavenging capacity-
atoms. Lines represent modeled results.

Modeled results slightly overestimate the yieldHoatom but in general show good

agreement, as shown in table 5.2.

[HCO ] 1mM| 10 mM| 100 mM| 1 M| Average * stnd error
[G(Hatom)/G(HD)] exp | 1.22 1.11 1.15 1.24 1.18 £ 0.06
[G(Hatom)/G(HD)]sim | 1.20 1.10 1.08 1.09 1.12 +0.06

Table 5.2 Accuracy of the difference method forinesting G(H) at each

concentration of nitrate.
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The determination of the H atom yield through tlféedence method is reasonably
accurate as errors of less than 20 % are obtaiagdiit experimental and modelled

results.

5.5.3 Formate and selenate addition

Similar results to those shown should be expesteeh nitrate is replaced by
selenate as electron scavenger. Results for 1 n®4*Ssolution are shown in figure
5.7.

HCOZ' +1 mM NgSeO4 + 1 mM KBr

2.0+
. ] B ——G(Total H)
% 1.8—_ ® —— G(H atom) = G(Total b - G'(H,)
Q 16 —G(H,
= 1.4-
U') 4
D 1.2
3 -
O 1.0
L3 ]
O 0.8
£ o6
,\C\l 1
T 0.44
= ]
O 0.2-
0.0

10 100 10 1 10 10 10 10°
H atom Scavenging Capacity')s

Figure 5.7  Production of H and H atom in the-radiolysis of aqueous formate
solutions with 1 mM Ng5eQ as a function of the formate scavenging capaoity-f
atoms. G(H,) is the yield of H from a 1 mM NaSeQ solution in the absence of

HCOQO,'. Lines represent modeled results.
Hydrogen atom yields obtain by the difference mdthoe observed to increase as

the hydrogen atom scavenging capacity increasgserkfmental values are ranging
from 0.44 up to 0.69 molecules/100eV for scavengiagacities varying from 2.1 x
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10° to 2.1 x 16 s*. Whereas, hydrogen atom vields varying from 0.81ai0.74 for
the same scavenging capacities had been obtaineudl wging nitrate.

The discrepancies between the experimental ansirtindated results may be
due to some complication with the chemistry of siesdenate. This is discussed in

detail in the next chapter.

HCO, + 100 mM NgSeQ + 1 mM KBr

2.0+
18 1 B ——G(Total H)
ad ® —— G(H atom) = G(Total J - G'(H,)
167 —GH)
1.4-
1.2
1.04

0.8
0.6
0.4
0.2

0.0-
100 100 10 10 10 10 10 10°

H atom Scavenging Capacity']s

G(H,) (molecules/100eV)

Figure 5.8  Production of Hin they-radiolysis of aqueous formate solutions with
100 mM NaSeQ as a function of the formate scavenging capactyH atoms.
G°(H,) is the yield of H from a 1 mM NaN@ solution in the absence of HGO
Lines represent modeled results.

Hydrogen atom yields decrease from the range 00489 to the range 0.33 -
0.66 molecules/100eV for scavenging capacitiesingrfrom 2.1 x 18to 2.1 x 18
s when the concentration of selenate is increasem ft to 100 mM (see Figure
5.8). A higher concentration ofgscavenger results in a decrease of G(Total H
and G(H atom) due to reactions 5.4, 5.5 and 5.14.
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5.5.4 Methanol and nitrate addition

In addition to previous studies performed with fatsy complementary
experiments were made with methanol as a hydro¢g@m acavenger with a rate
constant of 2.6 x foM™*s* [13]. This has the same order of magnitude agate
constants for the reaction of hydrogen with nitr&td.4 x 16 M™* s [13]) or
bromide (~1.76 x 1OM™ s [14]), which may result in competition betweengbe
three reactions to scavenge the hydrogen atom.egaestly, methanol should be
view as an unreliable scavenger for the H atomdysktermination in agueous

radiolysis. Experimental evidence is shown in fegbr9 and discussion follows.

CH3OH + 1 mM NaNQ+ 1 mM KBr
—~ 2.0

1.84

B ——G(Total H)

1 ® —— G(H atom) = G(Total ) - G'(H,)
1.6 )

1.4
1.2
1.0-
0.8
0.6
L 0.4
Q)

,) (molecules/100 eV

0.24

100 100 10 100 10 10 10 10 10

H atom Scavenging Capacity'[s

Figure 5.9  Production of Hand H atom in the-radiolysis of aqueous methanol
solutions with 1 mM NaN@as a function of the formate scavenging capacity-
atoms. Lines represent modeled results.

The hydrogen atom values obtained were found tg fram 0.06 to 0.80
molecules/100eV for scavenging capacities rangiomf2.6 x 18s* to 2.6 x 16 s*.
The experimental value obtained at 1 M{OH seems to have been overestimated
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according to the simulated results. The low H atoeitds registered at the lowest
concentrations of methanol may be explained by idensg that the rate constant
for scavenging of hydrogen atoms by formate is 2.10° M s*[13] and for
methanol is 2.6 x To0M™ s* [13] therefore, it is reasonable to hypothesis, tht
low concentrations of methanol, scavenging of hgdroatoms by nitrate or bromide,
with rate constants of ~1.4 x 1B s* [13] and ~1.76 x 1OM™s™ [14] respectively,
can compete with methanol for H atoms resulting iconsiderable drop in totabH
yields. To test this hypothesis, the probability pfdrogen atom scavenging by
nitrate, bromide, methanol and formate are compardtie ratios shown in Table
5.3,

kH+N03,[NO3_] . kH+X[)<] . kBr'+H[Br_:I
R R R

(5.37)

where R =k [NO, J+ky[X] +k, ., ,[Brr] and X represents the H atom

H+NOj,

scavenger (i.e. C#DH or HCQ)

[Br1M | [NOz]M | [CH3OH] M Br- NOs CH3OH
1E-3 1 1 2
1E-3 1E-3 1E-2 1 1 16
1E-1 1 1 163
1E+0 1 1 1625
[Br]M | [NOg]M | [HCO,]M Br- NOs HCO,
1E-3 1 1 131
1E-3 1E-3 1E-2 1 1 1313
1E-1 1 1 13125
1E+0 1 1 131250

Table 5.3 H atom scavenging kinetic ratios among, BHO;, CH;OH and
HCO,.

5.5.5 Deuterated methanol and nitrate addition

This complication becomes worse when tri-deuteratethanol is considered.
The rate constant for scavenging of H atoms byatateéd methanol is 1.0 x 21®1™
s [13]) and therefore, reaction of H with nitrate bromide is expected to
successfully compete with reaction 5.10 even athdrigdeuterated methanol

concentrations as seen in figure 5.10.
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CDgOH + 1 mM NaNQ+ 1 mM KBr

2'0__ 1.0, ® —— G(H atom) B ——G(Total H)
%* 1.84 o8 G(HD) G(H)
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Figure 5.10 Production of Hand H atom in the-radiolysis of aqueous deuterated
methanol solutions with 1 mM NaNCas a function of the formate scavenging

capacity for H atoms. Lines represent modeled tesul

H atom yields obtained by direct measurement ofyiilds are shown to vary from
0.01 to 0.41 molecules/100eV for scavenging caigaciainging from 2.9 x G to
2.9 x 10 s*. Whereas, H atom yields obtained from G(Tota) knd G(H,)
difference vary from 0.09 to 0.49 molecules/100eM the same scavenging
capacities. The agreement of the Monte Carlo sitiaua with experimental values

is good, as seen in figure 5.10.

5.6 Summary

Hydrogen atom yields have been calculated by diffee measurements of
H. yields and by direct measurements of HD yieldswheing deuterated H atom
scavengers. Higher yields are observed when inagdbhe concentration of the
hydrogen atom scavenger due to more efficient sgamg of the H atom, as shown

in figure 5.11.
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H atom scavenger + 1 mM Nal, + 1 mM KBt

1.2- @ G(H atom) H atom scavenger: HCO
—
2 ® DCO;
O 1.01 ® CHOH
S ® CDOH
D
>
o 0.6
g .
< 0.4- [ o ®
T L 4
I
N
(D 0.2

o °®
OO——WMMmmmmmm
0 10 10 100 10 10 10 10 10

H atom Scavenging Capacityj(}a

Figure 5.11 Production of H atom in theradiolysis of aqueous HGOQ DCGO,,
CH3OH or CDO;OH with 1 mM NaNQ@ and 1 mM KBr as a function of the H atom

scavenging capacity for H atoms.

The accuracy of the difference method has beertiqued at high concentrations of
the H atom scavenger since the yield of molecuj@rdgen formed by intra track
chemistry would increase as the concentration efHhatom scavenger increases
which would cause the G(H atom) not to be reliadl@ugh. Nitrate and selenate
were both used as electron scavengers showingasigfficiencies, however, some
discrepancies with modeled results were found. Whilsbe studied in detail in the
next chapter. Finally, methanol and deuterated amethdo not seem appropriate to
estimate H atom vyields as nitrate or bromide campmie with them for the
hydrogen atom due to their similar rate constants.

The scavenging capacity has units inversely ptopwl to time and
therefore, the hydrogen atom production can beedud terms of time as shown in
figure 5.12.
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2 0- e G(H atom) (1 mM NaNO+ 1 mM KBr)

’>-\ ] ® G(H atom) (HCQ +1 mM NaNQ + 1 mM KBr)eXp

g 1'8__ === G(H atom) (HCQ + 1 mM NaNQ + 1 mM KBr)__
1.6

8 14 1 Intra track chemistry Bulk chemistry

?) "1 Intra track formation and | Removal of H atoms

@© 1294 consumption of Hatom | by bulk scavenging

3 1.0

o .
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O 0.8‘-

£ 0.6
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0.4-

L 7 °
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O'O_mmmm"mm

10 100 1¢ 10 10" 10 100 10 10 10
Time (ps)

Figure 5.12 Hydrogen atom production as a function of time.

The black line represents the simulation of therbgdn atom yield in the gamma
radiolysis of water with 1 mM NaN$£and 1 mM KBr as a function of time. The blue
dots and line represent the experimental and mddelatom production in the-
radiolysis of aqueous formate solutions with 1 mMNO; and 1 mM KBr as a
function of time. At times shorter than 2 X°Ii5, i.e. to the left of the intersection of
the black and violet line, there is a competitionoag the reactions governed by
diffusion where H atom is being formed and destdoye

e;q + H;q - oH (538)
cH+eH - H, (5.39)
e H + e;q — H2 (540)

From the intersection to the right (i.e. at longieres), the H atom always reacts with

the added scavengers decreasing its total yield.
*H+NO, - HNO, (5.41)
«H+NO; - HNO; (5.42)
(nitrite, NG, formed due to the chemistry of the nitrate, thils be studied in detall

and reported in chapter 6)
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eH+eBr - HBr- (5.43)

The exact intersection point represents the G(lfhpformed in the track.
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6.1 Introduction

In the radiolysis of water, H atom is not only puodd by the fragmentation
of the water excited state, but also by intra-traekctions due to the hydrated
electron. In this chapter, gamma and heavy iordiateons were performed in the
presence of selected electron scavengers to detetime dependence of the H atom

yield on the scavenging of the hydrated electrahitmprecursor.

6.2 Introduction
H atom is produced directly by the fragmentatibnvater excited states and
during the diffusion-kinetic evolution of the ratian track by the intra-track

reaction of g with Hag,
€,y +Hi O - *H+H,0 (6.1)
with k; = 2.3 x 18° M s* [1]. The vyield of this reaction can be reducedthy

addition of selected electron scavengers (S).

e, +SM - S (6.2)
€, +SM - S (6.3)

The influence of electron scavengers on the madechydrogen yield has been
already studied [2, 3]. A steady decrease in mddeduydrogen yields was found
with increased scavenging capacity for the hydragkttron. However, a faster
decrease in molecular hydrogen yields was showrsd¢arvengers with higher rate
constants for reaction with the precursor to thdrated electron compared to the
hydrated electron. The molecular hydrogen yielderawrcurately correlates with the
scavenging capacity of a precursor to the hydrakttron than the hydrated
electron.

Gamma and heavy ion irradiations were performetiénpresence of NaNO
and NaSQ, as electron scavengers to determine the dependétive H atom yield
on the scavenging reaction of the hydrated elecamh its precursor. Both added
scavengers are known to scavenge precursors tbyihated electron efficiently
while selenate is a poor scavenger of the hydralxtiron. The reactions of selenate
with e,q and g, are

SeG +e,+H,0 0 - SeQ +20H" (6.4)

Sed +e,,+H,00L - Seq +20H" (6.5)
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where the rate constants are respectivgly k.1 x 18 M*s? [4] and k = 1.0 x 16°
M™ st [5]. Subsequently, th&eQ radical disproportionates to give selenite and
selenate

Seq +Seq +20H" OfF - SeG™ +SeC +H,0 (6.6)
with ks ~ 1.04 x 18 M* s' [6]. The selenite(IV) ion, obtained from the

disproportionation, can additionally react with thgdrated electron, hydroxyl

radical and hydrogen atom

HSeQ +e;, 0L - Seq, + OH" (6.7)
Sed +«OHOI - Seq +OH" (6.8)
HSeQ +<H O - Seg +H,0 (6.9)

where k=23x16M*'s? [4] ke = 1.6 x 16 M s [7] and k < 1.0 x 16 M s [6)].
Nitrate efficiently scavenges the precursor to lilgdrated electron, but it is

also a good scavenger of the hydrated electron
NO; +e;, 0% - NO; (6.10)
NO; +e,, 0% - NOJ- (6.11)
with kyo=9.7 x 16 M*s? [8] and ki = 1.0 x 18 M s* [5]. Afterwards, the NgF

intermediate reacts with other species in solutmmgenerate nitrogen dioxide and

nitrite
NO?™ +H,00 % - NO, + 20H" (6.12)
NOZ +H" 0% -, NO, + OH" (6.13)
NO, + NO, + H,0 0% -, «NO; + NO; +2H" (6.14)
NO, ++CO, O[F . «NO; +CO, (6.15)

with ki, = 8.9 x 16 Mtst[9], kis~ 2.0 x 16° M™*s[10], kia = 1.5 x 216 M st [11]
and ks=1.0x 16 M*s™,

In dilute solutions, it is important to consideettelative probabilities of H
atom reacting with all the solutes present, i.eddition to reactions with formate or
deuterated formate, it is necessary to consideticees with nitrate or selenate,

NOj; +<H O - HNO; (6.16)
Sed ++HO7 . Seq +OH" (6.17)
where kg = 1.6 x 16 M™*s* [12] and k7 < 1.0 x 16 M™*s* [6], and bromide,
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Br +eHOI¥ - HBr~ (6.18)

where kg = 1.7 x 16 M s 1. The relative contributions of the scavenging
reactions are compared in the ratios shown in Bale and 6.2 (nitrate and selenate
are considered interchangeable in these ratiosessatffinity for the H atom is very

similar and therefore, no appreciable differencesld be expected).

- KX - - X = HCQO,, NGy, Br
kHcog+H[HCOZ] + kNog+H[NO3] + kBr‘+H[Br ]
- KnlX] - - X =DCO,, NG, Br
cho;+H[HCOZ] + kNog+H[NOS] + kBr’+H[Br ]
[HCO,](M) | [NO3I(M) | [Br (M) HCO NOs Br
1.E-03 1235 1 1
1.E-02 1235 9 1
1E-02 1.E-01 1E-03 1235 94 1
1.E+00 1235 941 1
1.E-03 123529 1 1
1.E-02 123529 9 1
1.E+00 1.E-01 1.E-03 123529 94 1
1.E+00 123529 941 1
Table 6.1 Formate, nitrate and bromide reaction ratios withhydrogen atom.
[DCOZI(M) | [NO3I(M) | [Br (M) DCO, NOs Br-
1.E-03 171 1 1
1.E-02 171 9 1
1.E-02 1.E-01 1E-03 171 94 1
1.E+00 171 941 1
1.E-03 17059 1 1
1.E-02 17059 9 1
1.E+00 1.E-01 1E-03 17059 94 1
1.E+00 17059 941 1
Table 6.2 Deuterated formate, nitrate and bromide reactiatios with the

hydrogen atom.
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Formate and deuterated formate have the highesitaffor the H atom with
the sole exception of the highest concentratiothef electron scavengers and the
lowest concentration of the hydrogen scavenger eviiee H atom yield might be
slightly affected by the reaction with nitrate etenate.

Selenate scavenges the precursors to the hyddatedoe efficiently, but is a
poor scavenger of the hydrated electron. The katige.+s)/ K (eag-+s) IS Significantly
higher for selenate (9.09 x *ahan nitrate (1.03 x £ This difference suggests
that a higher dependence of thgathd H atom formation on thgsewould produce
similar curves for the comparison of the ¥elds as a function of the scavenging
capacity for the hydrated electrone{s) for the two scavengers and two different
curves in terms of the precursor to the hydratezttedn. Otherwise, a higher
dependence on theg.& would lead to similar curves as a function of fge.and

two different curves in terms of the hydrated etmct

6.3  Experimental work

Gamma irradiations were performed in the Radiatiaioratory at The
University of Notre Dame (USA), using the Shephd® °°Co irradiator previously
described. Solutions with 10 mM or 1 M sodium fotengNaHCQ) or 10 mM
deuterated sodium formate (NaDgQOL mM potassium bromide (KBr) and different
concentrations of sodium nitrate (NapyOor sodium selenate (MaeQ) were
prepared with nano pure water (resistivity 18.% m™) from an in-house yOnly
system. Four millilitres samples were loaded intsaeple cell that consists of a 1
cm cuvette with inlet and outlet ports to purge shenple before irradiation. A gas
chromatograph and a mass spectrometer were usaed tol determine molecular
hydrogen as shown in chapter 3.

Irradiations with heavy ions were conducted in tNeaclear Structure
Laboratory at The University of Notre Dame (USAheTFN Tandem Van de Graaff
described in chapter 3 was used to irradiate thgkss. Solutions with 1 M sodium
formate (NaHCG@ or 10 mM deuterated sodium formate (NaBfOl mM
potassium bromide (KBr) and different concentragion sodium nitrate (NaN4p or
sodium selenate (N&eQ) were prepared with nano pure water (resistiviy7 IMQ
cmt) from an in-house pOnly system. Twenty millilitres samples were loadtei
a Pyrex cell with a thin mica window (~6 mg @mattached. The sample cell

contained a magnetic stirrer operating continuowsig inlet and outlet ports to
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purge the sample before irradiation. Hydrogen waterdhined with a gas
chromatograph and a mass spectrometer conneciee with the sample cell placed
on the heavy ions accelerator.

Calibration was carried out by injecting differesiumes of pure kHand B
gases with a gas-tight microlite syringe. The totablecular hydrogen was
monitored from the chromatographic response, wthike hydrogen isotopes were
determined from the mass spectrometric response.efifor in gas measurement is

expected to be ~ 5%.

6.4  Supporting calculations

Monte Carlo track simulations were performed using same techniques
already explained in chapter 3 and in previous ietuil3-15]. Each simulation
calculates the transfer of energy from the radmparticle to the sample to simulate
the track structure, determine whether this en@nayysfer results in an ionization, an
excitation or a vibration event and models the tsebased on the competition
between the relaxation of the spatially non-homegess distribution of radiation-
induced reactants and their reactions either withentrack or with the scavengers.

Each simulation determines the trajectory of thenary ion and the daughter
electrons as well as their initial and final pasis. The nature of the event produced
after collision is determined by relating the diffiece between the initial and the
transferred energy with the cross sections for @mehof the possible events using a
random number.

The independent reaction times methodology (IRBased on the
independent pairs approximation, is used to mdueldiffusion-reaction kinetics of

radio-induced reactive species in water.

6.5 Results and discussion

Total H, and H atom yields are presented below for the garfirnand*He
radiolysis of 10 mM to 1 M formate and 10 mM to 1dduterated formate aqueous
solutions with added sodium nitrate or sodium saienvith concentrations varying

from 1 mM to 1 M and containing 1 mM potassium biden
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6.5.1 Total molecular hydrogen production

The total molecular hydrogen vyield is the additafnthe H atom yield and
the molecular hydrogen yield in neat water. Itsdgtus essential to gain an
understanding of the early steps in the radiolydisvater and in particular to

determine the main source of H atom and its yield.

6.5.1.1 Gamma radiolysis
Experimental results are presented first for thega radiolysis of 10 mM
sodium formate as a function of the hydrated ebectcavenging capacity and later

as the precursor to the hydrated electron scavgrugipacity.

10 mM HCOZ' + NaNOs/NaZSeO4 + 1 mM KBr
2.0-

S 1.8 B [0 G(Total H) (Nitrate/Selenate)
L T P [> G(H) (Nitrate/Selenate)
S 1.6 2
o .
= 14
3 ]
o 1.0-
© psl O
£ 0.8- n " _
—~, 0.6 =
zj;/ 0.4- > ﬁ $ [ |
0.2 > 2w .

O-O- LA | LA | LAY | LA | LB RLL LA |
10° 10° 10’ 10° 10° 10° 10"

Hydrated Electron Scavenging Capacif$) (s

Figure 6.1  Production of H in the y-radiolysis of aqueous 10 mM formate
solutions with NaN@or NaSeQ, as a function of the hydrated electron scavenging
capacity. G(H,) is the yield of H at different concentrations of the electron

scavengers in the absence of any H atom scavenger.

A decrease in the total molecular hydrogen vyieldolsserved as the
concentration of the electron scavenger increadédsen selenate is added, total
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molecular hydrogen vyield decreases from 0.83 to0 On3olecules/100eV for
scavenging capacities ranging from 1.1 X §bto 1,1 x 18 s*, while it goes from
0.86 to 0.21 molecules/100eV for scavenging caieacitarying from 9.7 x 10s™* to
9.7 x 10 s* when nitrate is added.

Production of H as a function of the precursor to the hydratedteda

scavenging capacity is shown in figure 6.2.

10 mM HCQ + NaNQ/Na,SeQ, + 1 mM KBr
2,0-

B [ G(Total H) (Nitrate/Selenate)
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Figure 6.2  Production of H in the y-radiolysis of aqueous 10 mM formate
solutions with NaN® or NaSeQ, as a function of the precursor to the hydrated
electron scavenging capacity®(8,) is the vyield of H at different concentrations of

the electron scavengers in the absence of anyH stavenger.

Average total molecular hydrogen vyields vary frorB&to 0.25 molecules/100eV

for scavenging capacities ranging from ~ 1.0 ¥ to 1.0 x 16°s™.
Complementary experiments were carried out at dmigloncentrations of

sodium formate in order to study its effect onitih@ecular hydrogen production.
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1M HCO’2 + NaN03/Na25e04 + 1 mM KBr
2,0-

B [0 Total H (Nitrate/Selenate)
» [ H)(Nitrate/Selenate)

P
®

) (molecules/100eV)
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Figure 6.3  Production of Hin they-radiolysis of aqueous 1 M formate solutions
with NaNG; or NaSeQ as a function of the hydrated electron scavengagacity.
G°(H,) is the yield of H at different concentrations of the electron scgees in the

absence of any H atom scavenger.

Higher formate concentrations increase the conagom of molecular
hydrogen due to a more efficient scavenging of bgdn atoms. Therefore,
increased bl yields were obtained in the-radiolysis of aqueous 1 M formate
solutions with NaSeQ, or NaNQ with values ranging from 1.21 to 0.46 and 1.20 to
0.41 molecules/100eV respectively. Results are shiowfigure 6.4 in terms of the

electron precursor scavenging capacity.
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1 M HCO, + NaNQ/Na,SeQ + 1 mM KBr

— 2,09
% 1,8—- B [0 G(Total H) (Nitrate/Selenate)
@) . » [ G’(H,) (Nitrate/Selenate)
O 1,64
i J
B 14
=2 12 0
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Figure 6.4  Production of Hin they-radiolysis of aqueous 1 M formate solutions
with NaNQ; or NgSeQ, as a function of the precursor to the hydratedtela
scavenging capacity. °GH,) is the yield of H at different concentrations of the

electron scavengers in the absence of any H atamesger.

In figures 6.1 to 6.4, two different curves are eved in terms of the
hydrated electron scavenging capacity while onensomcurve is observed in terms
of the scavenging capacity of the precursor tonydrated electron. This difference
suggests a stronger correlation of the moleculadrdgen formation with the
scavenging of a precursor to the hydrated eleatatimer than a hydrated electron.
Examination of figure 6.2 shows the yield of thelecolar hydrogen is ~ 0.7
molecules/100eV at a scavenger capacity of apprmteiy 1.0 x 18 s* for the
precursors to the hydrated electron. This value-88% of the total molecular
hydrogen produced, demonstrating that the precsirsorthe H atom and Hare
formed on a sub-picosecond timescale. Diffusiontrotied reaction of the .g at
these short times to produce id not feasible since the fastest known reactiogp
occurs with the hydrated proton at a rate of 214X M™*s? [16], which means that
other mechanism have to be involved. Molecular bgdn is assumed to be largely

formed in the primary radiolysis events due todteetron precursor, i.e.
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e, +H,0' M -H,O0*M-H,+0 (6.19)
e, +HOM - H,+0 (6.20)
e, +H,OM - H +<OHOM - H, +OH ++ OH (6.21)

with a smaller amount formed from directly producectited states and by intra
track reactions of . and H. From now on, molecular hydrogen yields vo#
presented in terms of the electron precursor sgangrcapacity.

In theory, nitrate is a good scavenger of the hgdralectron and even at low
scavenging capacities and prevents H atom format@meaction 6.1. On the other
hand, selenate is a poor scavenger of the hydedémtron and therefore, does not
prevent H atom formation via reaction 6.1. This nwedhat, in theory, lower
molecular hydrogen and hydrogen atom yields shbaldbtained due to the addition
of nitrate. However, the difference between theota(tH,) due to the addition of
nitrate or selenate is small. This suggests tlesction 6.1 does not occur to a
significant extension within the radiation tracknee, although theoretically a
difference between molecular hydrogen yields olei@idue to the addition of nitrate
or selenate was expected, in practice, there engafly no difference.

In addition to the more efficient scavenging of tdras as the concentration
of formate is increased, two other factors mayeaase the yield of 1 Sodium

formate reacts with the hydroxyl radical
«OH+HCO, 0f# . +CO;, +H,0 (6.22)
with ko, = 3.2 x 1§ M™s? [8]. It is expected that at high concentrationgosimate,
reaction 6.22 prevents the reaction of the hydratectron with the OH radical
«OH+e,, 0~ OH (6.23)
where k3 = 3 x 1d° M*s™* [8]. This would produce an increase in the coregion

of e,q and therefore, an increase of the H atom andi¢lds due to reactions

€, +€4q +2H,0 » H,+20H" (6.24)
*H+e,, +H,0 - H,+OH" (6.25)
H,O" +e, - *H+H)0. (6.26)

Additional molecular hydrogen can be obtained du¢he direct irradiation

of the solute at high concentrations

HCOQ, +irradiation » HCO, - ¢H ++CQ, (6.27)
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*H+HCO, - H, ++CQ,. (6.28)
This direct irradiation will be discussed in detagixt in this chapter.

Yields obtained from the irradiation of 10 mM dematted formate with
gamma rays are shown in figure 6.5 as a functiothefprecursor to the hydrated

electron scavenger capacity.

10 mM DCQ + NaNQ/NaSeQ + 1 mM KBr
2,0-
184 B O G(Total H) - (NaNQ / NaSeQ)
» [> G(H,)-(NaNO,/ NaSeQ)

1,61
1,4
1,21
1,01
0,81 =
= 0,61
1::\10,4—- > > E

@) 012_-

0,0- B

100 10 10° 10" 10% 10° 10 10°
Electron Precursor Scavenging Capaci'tly (s

molecules / 100 eV)

[l
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Figure 6.5 Hydrogen atom and molecular hydrogen production the v-
radiolysis of aqueous 10 mM deuterated formatetimois with NaNQ or NaSeQ,
as a function of the precursor to the hydratedtelacscavenging capacity.’(l,) is
the yield of H at different concentrations of the electron scgees in the absence

of any H atom scavenger.

On the addition of deuterated formate, the G(tbkalis equal to the sum of
G(Hy) + G(HD) + G(13). Total molecular hydrogen yields show an almashmon
line in terms of the electron precursor scavengiagacity. It is observed to be
slightly higher due to the addition of selenatenthatrate. Selenate is a poor
scavenger of the hydrated electron and therefbee ntolecular hydrogen yield is
expected to be higher due to reactions 6.29 aril 6.3

e, +*H - H, (6.29)
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€qt€q — Hy (6.30)
The formation of molecular hydrogen, at scavengiapacities higher than s,
Is governed by the reactions of the electron pssuiThe reactions of the hydrated
electron to generate molecular hydrogen occurémast longer than I¥ s which
means that, at lower scavenging capacities thar®'? <!, additional molecular
hydrogen to that obtained due to the reactionshef dlectron precursor, will be
formed due to the reactions of the hydrated elactaod the reaction of two
hydrogen atoms. Therefore, it is expected thatyidlds when selenate rather than
nitrate is added are higher at low scavenging ¢apaof the electron precursor.

Figure 6.6 shows the results of the gamma rad®lydi aqueous 1 M
deuterated formate solutions with added NgN®o experiments were carried out
with addition of selenate at this concentration.

1 M DCO, + NaNQ, + 1 mM KBr

B G(Total H)
> GH)

(molecules/100eV)
O r Fr P P P DN
PN P+PPP?

m
m

—~ 0.6+ [ |
T >
= 0.44 } [ |
O 2] > )

] >

0.04

1¢ 100 10° 10" 10® 10° 10* 10"
Scavenging capacity {5
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Figure 6.6  Hydrogen production in the-radiolysis of aqueous 1 M deuterated
formate solutions with NaN£as a function of the precursor to the hydratedteda
scavenging capacity. °G1,) is the yield of H at different concentrations of the

electron scavengers in the absence of any H atawesger.
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As before, the molecular hydrogen yield decreasetha electron precursor
scavenging capacity increases. When the concarirafi DCQ’ is increased from
10 mM to 1 M, the hydrogen atom yield increasesmffa78 to 0.91 and 0.14 to 0.41
molecules / 100 eV for electron precursor scavengapacities 1 x f8and 1 x 16°
s respectively, due to the more efficient scavengimpacity of the hydrogen atom.

A two dimensional grid of results varying scavempincapacities
logarithmically for the H atom and for the electnarecursor from 10to 16 s* and
10" to 10 s* respectively has been obtained in the gamma raiobf sodium
formate or deuterated formate with added nitraiguré 6.7 compares the total
molecular hydrogen yields in terms of the hydrogeéom scavenging capacity to

investigate the overall set of results when nitrai@dded as electron scavenger.

10 mM/1 M HCC{ and 10 mM/1 M DCQ’ + NaNQ; + 1 mM KBr

< 207 B G(Total H) 10mM DCQ
2 1.8 B G(Total H) 10mM HCQ
O 1.6 [0 G(Total H) 1M DCO,
Q P GH)’
8 1.2- ([ 0
D 1.0- O
@)
£ 0.8 i & -
= ] H H atom
~ 0.6- o O scavenging
L 0.4 > > o als capacity
© 0.2 > g '

0.0

100 100 10° 10" 10® 10° 10* 10"
precursorScavenglng CapaC|ty ]05
Figure 6.7 H, yields behaviorin the gamma radiolysis of aqueous systems in
terms of the H atom scavenging capacity and thetrele precursor scavenging
capacity. G(H,) is the yield of H at different concentrations of the electron

scavengers in the absence of any H atom scavenger.
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In figure 6.7, total molecular hydrogen yields aresented for the gamma
radiolysis of formate and deuterated formate agsisolutions at different hydrogen

atom scavenging capacities, as shown in table 6.3.

[HCO,] (M) | [DCO,] (M) | Kusrco. (M*s?) | H atom scavenging capacity (9
0.01 2.9x10 2.9x 106
0.01 2.1x1b 2.1x16
1 2.9x16 2.9x 10
1 2.1x168 2.1x 10

Table 6.3 Variation of the H atom scavenging capacity

The greatest G(Total J1are obtained through the addition of 1 M sodiwmmfate
while lowest values are seen when 10 mM sodiumedatgd formate is added.
These solutions have the highest and the lowestadrh ascavenging capacities,
respectively. The results follow a logical patterith the G(Total H) increasing as
the H atom scavenging capacity increases. Howewach higher G(Total b} is
observed in the radiolysis of agueous 1 M sodiurméte solutions compared to the
others concentrations considered. This is due teerefficient competition of the
scavenging capacity with intra track reactionsya#i as, the direct radiolysis of the
solute at this high concentration of the solute

HCQO; +irradiation - HCO, - ¢H ++CQ;, (6.31)

*H+HCQ, - H, +-CQ, (6.32)
and the reaction of the sodium formate with OH caldi

«OH+HCO, 0¥ +CO; +H,0 (6.33)
with kss = 3.2 x 18 M's* [8]. As introduced before in this chapter, it igpected
that at high concentrations of formate, reactioB36prevents the reaction of the

hydrated electron with the OH radical
«OH+e,, 0~ OH (6.34)
where ks = 3 x 1d° M s [8]. This would produce an increase in the conegian

of e, and therefore, an increase of the hydrogen atodhmaolecular hydrogen

yields due to reactions
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€, +€4q +2H,0 - H,+20H" (6.35)
*H+e,, +H,0 - H,+OH" (6.36)
H,O" +e, - *H+H,0. (6.37)

6.5.1.2'H radiolysis

'H ions have higher LET values than the Comptontsd electrons of
gamma rays. The expected consequence is thatdhlkcloncentration of reactants in
the track will be denser. This means that an irsea the intra track reactions
should be observed and the yields will increase due to an increase fifHg).

The'H irradiation of sodium formate or sodium deutedaiermate aqueous
solutions with added nitrate and 1 mM bromide wasried out. Firstly, the
molecular hydrogen production in tHel radiolysis of aqueous 10 mM formate

solutions with added NaNQs presented in figure 6.8.

10 mM HCOZ' + NaNO3 + 1 mM KBr

B G(Total H)
» GH)

(molecules/100eV)
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Scavenging capacity {5

G(H,

precursor

Figure 6.8  Molecular hydrogen production in thei-radiolysis of aqueous 10
mM formate solutions with NaN{£as a function of the precursor to the hydrated
electron scavenging capacity®(8,) is the vyield of H at different concentrations of

the electron scavengers in the absence of any stavenger.
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The molecular hydrogen vyield decreases as the refegbrecursor scavenging
capacity increases as occurred with gamma rays. pa@oson with the yields
obtained in the gamma radiolysis of 10 mM formatdutsons shows the total
molecular hydrogen yield increasing from 0.86 t80land 0.21 to 0.26 molecules /
100 eV for the lowest and highest concentratioradofed nitrate respectively.
Solutions containing 1 M deuterated formate wese d@radiated as seen in

figure 6.9.

1 M DCO, + NaNQ, + 1 mM KBr

B G(Total H)
> GH)

(molecules/100eV)
O F P P P DN
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]
]
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Figure 6.9  Hydrogen production in thiH-radiolysis of aqueous 1 M deuterated
formate solutions with NaN{as a function of the precursor to the hydratedteda
scavenging capacity. °GH,) is the yield of H at different concentrations of the

electron scavengers in the absence of any H atamesger.

The total molecular hydrogen yield measured ingés@ma andH radiolysis
of 1 M DCG, increases from 0.91 to 1.13 and 0.41 to 0.45 mt#ec/ 100 eV for
the lowest and highest electron precursor scavgnoapacity respectively. This is
due to the increase in the intra track reactionth@gsocal concentration of reactants
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in the track will be more dense and the moleculairbigen yields will increase due
to an increase in ©,)

A comparison of molecular hydrogen yields in theradiolysis of aqueous
solutions with different H atom scavenging capasiis shown in figure 6.10.

10 mM HCQ/1 M DCO, + NaNQ,+ 1 mM KBr

2.04
A~ _ B G(Total H) 10mM HCQ
E ig [0 G(Total H) 1M DCO;
o » GH,
= 1.4~
% 1.2 e’ e
5 ] SR N
8 1.0
© 0.8- > n
1 O
é 0.6 > .
N ] 4 O
T 0.44 > H atom
\6 0.2. B |scavenging
] P |capacity
0.0+

1¢ 10 10° 10" 10® 10° 10* 10°
s SCAVENGING capacity (13
Figure 6.10 H, yields behaviorin the 'H radiolysis of aqueous systems and in
terms of the H atom scavenging capacity and thecaxdnation of the electron
scavenger. &H,) is the yield of H at different concentrations of the electron

scavengers in the absence of any H atom scavenger.

The total molecular hydrogen vield in the radiolysis of 10 mM HC®
roughly matches G(Total 4in the 'H radiolysis of 1 M DC@ at low electron
precursor scavenging capacities, but drops fastethe lowest hydrogen atom
scavenging capacity and the higher electron precwssavenging capacities. This
suggests that the G(TotakHs independent of the concentration of the hydrog
atom scavenger over the timescales where molebytiogen is mainly formed by
the reactions of the hydrated electron and showsri#ence on the concentration of
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the hydrogen atom scavenger in the region whereecutdr hydrogen is mainly

formed by the reactions of the electron precursor.

6.5.3 “He radiolysis

Complementary experiments to those with gamma emygb’H ions were
performed with*He ions. First, total molecular hydrogen and hyerogtom yields
are determined in th&He radiolysis of aqueous 10 mM formate solutionshwi
NaNQGs.

10 mM HCOZ' + NaNO3 + 1 mM KBr

M G(Total H)
» GH,)

G(H,) (molecules/100eV)
O O O O F P P P P N
NP T L S P P m L G
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Figure 6.11 Molecular hydrogen production in tHele-radiolysis of aqueous 10
mM formate solutions with NaN{as a function of the precursor to the hydrated
electron scavenging capacity®(8,) is the vyield of H at different concentrations of

the electron scavengers in the absence of anyH stavenger.

“He ions have even higher LET values tHehions, which means that, an
increase in the intra track reactions should bewnfesl and, therefore, an increase in
the molecular hydrogen yields. Results are comparigh those obtained in the
irradiation with gamma rays ari#i ions in Table 6.4.
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Gammarays| ‘Hlons “*He lons

G(Total H2) Molecules / 100 e\ 0.86 ——» 120 —H—» 1.39

Table 6.4  Molecular hydrogen vyields variation in the gamnid, and “He
radiolysis of 10 mM HC@ with NaNG; at the lowest considered electron precursor

scavenging capacity. Arrows show the increment @&l Hy) with LET.

Total molecular hydrogen yields have increasedkpsaed.
Figure 6.12 shows the yield of molecular hydrogdren deuterated formate

at low concentration was irradiated in the presaigetrate and selenate.

10 mM DCQ + NaNQ/Na,SeQ, + 1 mM KBr

= 2,01 B O G(Total H) - (NaNQ / NaSeQ)

% 1.8 » > G(H)-(NaNQ,/ NaSeQ)
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Figure 6.12 Molecular hydrogen and H atom production in thie-radiolysis of
agueous 10 mM DCPO solutions with NaN®@ or NaSeQ, as a function of the
precursor to the hydrated electron scavenging dgp#’(H,) is the yield of H at

different concentrations of théseavengers in the absence of any H atom scavenger.

Molecular hydrogen yields were observed to vary tfoe addition of NaN@ or
NaSeQ from 1.43 to 0.20 and 1.35 to 0.43 molecules/108e3pectively. A good
agreement is found between the two set of resaitshe different scavengers with
only minor disagreements between G(Malues and &H,) values at low electron

precursor scavenging capacities.
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When vyields are compared with those in the gamrdelggsis with nitrate
added as electron scavenger, total molecular hgdrgields increase from 0.78 to
1.43 and 0.14 to 0.20 molecules / 100 eV for theekt and highest electron
precursor scavenging capacities respectively. érptiesence of selenate, G(Tota) H
increases from 0.85 to 1.35 and 0.23 to 0.43 mt#scul00 eV for the lowest and
highest electron precursor scavenging capacitieperdively. The molecular
hydrogen vyield clearly increases with LET. This é@gizes the correlation of the
formation of the Hwith a second order reaction of the hydrated edegbrecursor.

Additional experiments witlfHe ions were carried out using 1 M formate
solutions with NaN@and NaSeQ, as seen in figure 6.13.

Total H, yields in the*He-radiolysis of aqueous 1 M formate solutions with
NaNQ;, or NaSeQ are decreasing from 1.37 to 0.65 and 1.39 to 0.65
molecules/100eV respectively. There is a good agee¢ between the two set of

results for the different electron scavengers.

1M HCOZ' + NaNOslN%SeO4 + 1 mM KBr

N
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M [ G(Total H) (Nitrate/Selenate)
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Figure 6.13 Production of H in the*He-radiolysis of aqueous 1 M formate
solutions with NaN@or NaSeQ, as a function of the precursor to the hydrated
electron scavenging capacity’(8y) is the yield of H at different concentrations of
the electron scavengers in the absence of anyH stavenger.

122



Chapter 6 H Influence of scavengers of theand its precursors on the H atom yield

Higher concentrations of Hvere expected with increasing LET due to the

increase of intra track reactions and with incrdasmcentration of formate.

Gammarays| ‘Hlons “*He lons
10 mM HCOZ Oi86 —+ > 120 H— I1.39
+ ~
\4 \4
1 MHCO, 1.21 + » 1.37

Table 6.5 Total molecular hydrogen yields variation in thengna,*H and*He
radiolysis of 10 mM HC® or 1 M HCQ with NaNG; at the lowest considered
electron precursor scavenging capacity. Arrows stievincrement of G(Total H
with LET.

Examination of the data in Table 6.5 shows thatrimdecular hydrogen vyield does
not increase with the hydrogen atom scavengingaipas(H,) is independent of
the H atom scavenging capacity'ke irradiation.

The irradiation of 1 M DC@ aqueous solutions wiftHe ions is presented in
figure 6.14.

1 M DCO, + NaNQ, + 1 mM KBr

B G(Total H)
» G(H)

(molecules/100eV)
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Figure 6.14 Molecular hydrogen vyields in théHe-radiolysis of aqueous 1 M
formate solutions with NaN{as a function of the precursor to the hydratedteda
scavenging capacity. °GH,) is the yield of H at different concentrations of the

electron scavengers in the absence of any H atamesger.
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A series of results in the gammi# and *He radiolysis of aqueous 1 M

DCO; solutions with nitrate have been obtained and @etin table 6.6.

[DCO;] (M) | Gammarays| *H lons | “He lons

0.01 0.78 + > 1.43
G(Total H,) Molecules / 100 eV E =
1 091 —H» 1.13-%» 1.39

Table 6.6  G(Total H) in they, *H and*He radiolysis of 1 M DC@ solutions
with NaNQ; at the lowest considered electron precursor scamgncapacity.
Arrows show the increment of G(TotapHvith LET.

As it was observed in Table 6.5, G(Total) Hemains almost constant when
the H atom scavenging capacity increases by twersrdf magnitude in théHe
irradiation. The G(Total b} increases with LET in both 10 mM and 1 M deutedlat
formate solutions due to the increase in the im&ek reactions.

The behavior of the molecular hydrogen yield deerr orders of magnitude
of H atom scavenging capacities is consideredguré 6.15.

10 mM/1 M HCQ and 10 mM/1 M DCQ + NaNQ, + 1 mM KBr
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Figure 6.15 H, yields behavioiin the “He radiolysis of aqueous systems and in
terms of the H atom scavenging capacity and thecexdmation of the electron
scavenger. &H,) is the yield of H at different concentrations of the electron

scavengers in the absence of any H atom scavenger.
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G(Total H) due to the addition of different concentratioidH&€O, or DCQ, are
close together at each electron precursor scavgrgapacity considered: i.e. the
total H, yield is independent of the H atom scavenging ciépaSince the total K
yield is also similar to the Hyield in neat water, the contribution of the Hratgield

to the total H yield must be very small as G(Totag)l G°(H,) + G(H atom).

6.5.1.4 Conclusions

Total H yields have been measured in the'H and “He radiolysis of
aqueous HC® and DCQ concentrations. The G(Total;Hhas been observed to
increase with LET. A graphical representation a$ timcrease is shown in Figure
6.16.

10mM DCG,” + NaNQ; + 1mM KBr 10mM HCG,” + NaNG3 + 1mM KBr
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Figure 6.16 Total molecular hydrogen yields behaviorterms of the LET value
of the radiation source and the concentration efelectron scavenger.
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The hydrogen atom scavenging capacity increases &do b to c to d. In
these graphs, the G(Totakb)Hs clearly seen to increase with LET at eachhef t

different H atom scavenging capacities considered.

6.5.2 Hydrogen atom production

Under the currently accepted model, the hydrogemats formed in the
radiolysis of the water through the fragmentatidnwater excited state and the
reactions of the hydrated electron and its precuo accurate examination of the
H atom vyields after radiolysis will make possiblbeiter understanding of the initial

radiolytic decomposition of water.

6.5.2.1 Gamma radiolysis
Hydrogen atom yields obtained by the differenceasneements of molecular
hydrogen yields are presented in figure 6.17 fergamma radiolysis of aqueous 10

mM sodium formate.

10 mM HCC%' + NaNOB/NaZSeQ1 +1 mM KBr 10 mM HCCZ' + NaNC3/NEaZSeC4 + 1 mM KBt
1.04 a 1.0q b

9 ® G(H atom) - NaNQ f>\ ® G(H atom) - NaNQ
8 0.8- O G(H atom) - NgSeQ, 8 0.84 O  G(H atom) - NgBeQ
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Figure 6.17 Hydrogen atom predictions in theradiolysis of aqueous 10 mM
formate solutions with NaNfor NaSeQ as a function of the precursor to the
hydrated electron scavenging capacity (a) and yurabed electron scavenging

capacity (b).

The hydrogen atom yields vary from 0.43 to 0.10eunoles/100eV. Different
curves of H atom yields are obtained in terms ef hiydrated electron scavenging
capacity, while similar curves of H atom yields atatained as a function of the

electron precursor scavenging capacity. In addi#ohydrogen atom yield of about
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0.35 molecules/100eV is implied at about a picosdc@his timescale is too fast for
the @4 whose fastest reaction occurs with the hydratetbprat a rate of 2.4 x 1o
M s All this suggests a stronger dependence of thedrh formation on the

reactions of the electron precursor, i.e. via
€, +H,O —+H+OH" (6.38)
€, +H,0" [ - H,0* I  «H+<OH (6.39)

as well as on the decay of directly produced edtates, as shown in reaction 6.40.
H,O* [ - +H+<0OH (6.40)
Hydrogen atom predictions obtained from the diffiee measurement of

molecular hydrogen yields for threradiolysis of 1 M formate solutions are shown in
Figure 6.18

1M HCO'2 + NaNQ,}/Na2SeQ1 + 1 mM KBr 1M H(:o'2 + NaNOslNa2SeO4 +1 mM KBr
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Figure 6.18 Hydrogen atom predictions in theradiolysis of aqueous 1 M
formate solutions with NaNfor NaSeQ as a function of the precursor to the
hydrated electron (a) and the hydrated electromesing capacity (b).

Similar hydrogen atom yields were obtained foraté and selenate solutions
at low concentrations of the electron scavengeosveler, slight differences are
observed at higher concentrations. The similaritthe curves of H atom yields as a
function of the electron precursor scavenging ci#palighlights the stronger
dependence of the H atom formation on the earlytsveccurring in the radiolysis
of water. From now on, hydrogen atom yields will é&eressed in terms of the

electron precursor scavenging capacity.
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Yields obtained from the irradiation of 10 mM deated formate with
gamma rays are shown in figure 6.19 as a functfahe precursor to the hydrated

electron scavenger capacity.

10 mM DCQ + NaNOQ/Na,SeQ + 1 mMKBr 10 mM DCQ + NaNQ/Na,SeQ, + 1 mM KBr
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Figure 6.19 Hydrogen atom and molecular hydrogen production the v-
radiolysis of aqueous 10 mM deuterated formatetwois with NaNQ or NaSeQ
as a function of the precursor to the hydratedtelacscavenging capacity.’(l,) is
the yield of H at different concentrations of the electron scgees in the absence

of any H atom scavenger.

The results have been presented in four differesplgs for a better understanding.
Good agreement is found between g(dnd G(H,) obtained from both electron
scavengers. Hydrogen atom yields are higher imatderather than nitrate solution.
HD atom yields determined in theradiolysis of aqueous 10 mM deuterated formate
solutions with NaN®@ or Na&SeQ are ranging from 0.37 to 0.04 and 0.39 to 0.14

molecules/100eV respectively. No significant yiefd, is measured.
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Results in terms of the added electron scavengerpaesented next in

separated graphs for discussion.

10 mM DCQ + NaNQ + 1 mM KBr
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Figure 6.20 Hydrogen production in they-radiolysis of aqueous 10 mM
deuterated formate solutions with NajN@s a function of the precursor to the
hydrated electron scavenging capacity’(Hz) is the yield of H at different

concentrations of the electron scavengers in teerate of any H atom scavenger.

The molecular hydrogen yield decreases as theeotration of the electron
scavenger increases. In the presence of deutefatethte, molecular hydrogen
should be only formed due to the radiolysis of watéich means th&(H,) should
agree with G(H,) obtained in neat water. Hydrogen atom yields iokth from the
direct measurement of HD yields are seen to berldlan H yields. The yield of
G(Dy) is nearly zero (~ 0.001 molecules / 100 eV) asfarmation would require
either

D+D - D, (6.41)
or

D+DCO; - D, ++CO; (6.42)

129



Chapter 6 H Influence of scavengers of theand its precursors on the H atom yield

At high concentrations of deuterated formate, potidn of deuterium atom by

direct radiolysis of the solute is possible [17],
DCQ; +irradiation — DCO, — D++CO, (6.43)
D+DCO, - D, ++CO, (6.44)
but this is not expected to be important in 10 ndWisons.

Something similar is observed when selenate iscddeelectron scavenger,

as seen in figure 6.21.

10 mM DCQ + NaSeQ + 1 mM KBr
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Figure 6.21 Hydrogen production in they-radiolysis of aqueous 10 mM
deuterated formate solutions with /8@Q as a function of the precursor to the
hydrated electron scavenging capacity’(Hz) is the yield of H at different

concentrations of the electron scavengers in teerate of any H atom scavenger.

Good agreement is shown between g(&hd G(H,) as the only molecular
hydrogen formed in the presence of deuterated fiernsadue to the radiolysis of
water. Nearly zero molecular deuterium vyields at#amed due to the small

concentration of deuterated formate and theretbie Jow probability of deuterium
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atoms production by direct radiolysis of the solatel subsequent generation of D
molecules.

Figure 6.22, as an enlargement of Figure 6.19cepted before, shows the
yield of HD in the gamma radiolysis of solutionsrofrate and selenate. There are
clear differences between the results. H atom gi@idSe@® solutions are slightly

higher than those ones obtained through the addifimitrate as electron scavenger.

10 mM DCOZ' + NaNO3/NazSeQ1 + 1 mM KBr
1,0 -

G(HD) - NaNQ
G(HD) - NaSeQ
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Figure 6.22 Production of HD in the-radiolysis of aqueous 10 mM deuterated
formate solutions with NaN£or NaSeQ, as a function of the precursor to the

hydrated electron scavenging capacity.

This can be explained by comparing the reactivitpath electron scavengers with

the H atom,
NO; ++H 0% — HNO; (6.45)
NO, ++H O % . HNO, (6.46)
NO, ++H Of7 - NO+OH" (6.47)
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with kss = 1.6 x 16 M*s? [12], keg = 1.0 x 16° M*s*[18] and k; = 7.1 x 1§ M s
1112], and
SeG +«HOF . Seq +OH" (6.48)

HSeQ ++H O — SeQ +H,0 (6.49)
where kg < 1.0 x 16 M™*s* and kg < 1.0 x 16 M s? [6]. Nitrite and nitrogen
dioxide may react with the hydrogen atom while sate and its derivatives do not
react significantly. This allows to hypothesize expected lower G(HD) when
nitrate was considered rather than selenate.

Figure 6.23 shows the results from thediolysis of aqueous 1 M deuterated
formate solutions with added NaNONo experiments were carried out with addition

of selenate at this concentration.

1M DCO, + NaNQ, + 1mM KBr
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Figure 6.23 Hydrogen production in the-radiolysis of aqueous 1 M deuterated
formate solutions with NaN£as a function of the precursor to the hydratedteda
scavenging capacity. G(H atom) = G(Tota) H G’(H,). G°(H,) is the yield of H at
different concentrations of the electron scavengerthe absence of any H atom

scavenger.
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Higher HD yields than those obtained at low coneditns of deuterated
formate, are obtained. In addition, significant @(Rre observed due to reactions
6.43 and 6.44 at this high concentration of detgerdormate [17]. The expected
G(D,) can be approximated by determining the energgived by the solute

Solute Number of electrons| Concentration (M)| % of eergy received

H.O 10 55 95.65

DCOy 25 1 4.35

Table 6.7 Percentage of energy received by solute deperatingpe number of

electrons and the concentration of the solute.

Considering that G(ionization + excitation) ~ 5 emiles / 100 eV [19], it can be
approximated that G(D atom) ~ 0.22 molecules / @@Qvhich implies that G(p) ~
0.11 molecules / 100 eV. The experimental valudgaioed vary from 0.081 to 0.09
molecules / 100 eV which shows a good approximatahe expected value.

A lower G(H,) compared to &H,) is obtained at this high concentration of
the deuterated formate. This is partially due ® ribaction of the deuterium atoms,
generated in the direct radiolysis of the solutéhwhe H atom decreasing G{H
but increasing G(HD). In fact, the G(HD) is obse&hte be slightly higher than the
G(H atom) obtained by the difference method. Ther@pancy will be examined
more thoroughly when irradiation is performed withandHe ions.

A two dimensional grid of results varying scavemnpi capacities
logarithmically for the H atom and from the electrprecursor from 10to 10 s*
and 168° to 10° s* respectively, has been obtained in the gamma Iyasifoof
sodium formate or deuterated formate solutions aattied nitrate.

The complete variation of the hydrogen atom yielthe gamma radiolysis is

shown in figure 6.24.
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10 mM/1 M HCG and 10 mM/1 M DC@ + NaNGz + 1 mM KBr
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Figure 6.24 Hydrogen atom yields behavian the gamma radiolysis of aqueous
systems and in terms of the H atom scavenging dgaa the scavenging capacity
of the electron scavenger.

G(H atom) shows a similar pattern to that obsefeed(Total H) increasing as the
hydrogen atom scavenging capacity increases dubketanore effective hydrogen
atom scavenging. Hydrogen atom yields are espgciajh in the radiolysis of
aqueous 1 M formate solutions mainly due to thén ligncentration of the solute
and reactions 6.22, 6.23 and 6.26. The hydrogen gield remains constant at each
H atom scavenging capacity over the range pfecursor scavenging capacity from
10" to 10? s* then decreases at high concentrations of the sgavef the electron
precursor. This variation shows the independendbeohydrogen atom yield on the
reactions of the hydrated electron.

The hydrogen atom formation is interpreted as atfan of time (assuming
t~ (scavenging capacity) in figure 6.25. The H atom starts being formedrmund
a few hundred femtoseconds (~0.1 ps) due to tlaioea of the electron precursor,

reaches its maximum value at around 1 - 2 picos#cand remain constant until at
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least a few hundred picoseconds showing its indigrese on the reactions of the

hydrated electron.
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Figure 6.25 Hydrogen atom production as a function of time e tgamma
radiolysis of aqueous systems, where times arenatdd as: t = In 2 / (N&noz+epre-
[NaNG;] )

6.5.2.2'H radiolysis

'H ions have higher LET values than the Comptontst electrons of
gamma rays. This means that an increase in tha trdéick reactions should be
observed. The expected consequence is that thedoneentration of reactants in
the track will be denser and the molecular hydrogefds will increase. H atom is
formed in the radiolysis of water through the fragntation of water excited state
and the reactions of the hydrated electron anprésursor. It is expected to undergo
fast reactions with other species in the track tuihe increase in the concentration
of reactive radicals, however, the competing effexftthese reactions are unclear a
priori.

The *H irradiation of sodium formate or sodium deutedafermate aqueous

solutions with added nitrate and 1 mM bromide wasried out. Firstly, the
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hydrogen production in th¥H radiolysis of aqueous 10 mM formate solutionshwit
added NaN@is presented in figure 6.26.

10 mM HCC%' + NaNQ3 + 1 mM KBr
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Figure 6.26 Hydrogen production in th&H-radiolysis of aqueous 10 mM formate
solutions with NaN®@ as a function of the precursor to the hydratedtela

scavenging capacity.

The hydrogen atom yield remains constant up toaxeswjing capacity of 16s?
before decreasing. Comparison with the yields abthiin the gamma radiolysis of
10 mM formate solutions shows essentially no chaingthe H atom yield with
values 0.40 and 0.43, and 0.11 and 0.11 molecul®® /eV at electron precursor
scavenging capacities of &nd 18° s respectively.

The vyields of H, HD and D from the 'H ion irradiation of solutions

containing 1 M deuterated formate are as showigurd 6.27.
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1 M DCO, + NaNQ,+ 1 mM KBr

1.0-
G(H)
G(HD)
0.8- ¢ GD)
> > GH)

o
4?

G(H,) (molecules/100eV)
o o

>

® o6 o0

OO LA LA L DL L LA LL] BRI L B AL LL IR |
10 16 10° 10* 10° 10° 10* 10°

Scavenging capacity {5

precursor

Figure 6.27 Hydrogen production in thiH-radiolysis of aqueous 1 M deuterated
formate solutions with NaN{as a function of the precursor to the hydratedtela
scavenging capacity. °G1,) is the yield of H at different concentrations of the

electron scavengers in the absence of any H atamesger.

Compared with the yields obtained in the gammaolgsgls of aqueous 1 M
deuterated formate solutions, HD yields slightlgréase from 0.53 to 0.46 and 0.27
to 0.25 molecules / 100 eV.

The molecular deuterium yield is measurable duaedigh concentration of
deuterated formate facilitating reactions 6.43 &ntl. The yield is independent of
the electron scavenging capacity as expected fnenmiechanism for D production.

The molecular hydrogen vyield clearly decreaseshasetectron scavenging
capacity increases while G(HD) remains almost @onistuntil high electron
precursor scavenging capacities (<%19") in the region where H atom yields are
formed due to the reactions of the precursor tchiftrated electron. This underlines
the independence of the scavenging of the H atorthemeactions of the hydrated
electron in the 5 Me\VH irradiation. Lower G(k) compared to &H,) are again
obtained as was the case in the gamma radiolysigugous 1 M deuterated formate

solutions. The direct radiolysis of the solute gates additional atoms of deuterium
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which may decrease the formation of molecular hgdnoand increase the formation
of HD molecules. In addition, G(HD) are also obgehto be slightly higher than
G(H atom) obtained by the difference method. Thigp®rts the assumption of the
deuterium atoms, formed through the direct radislgé the solute, reacting with H
atoms to decrease molecular hydrogen yields andase HD yields.

Hydrogen atom yields in tHéi radiolysis of aqueous solutions with different

H atom scavenging capacities are compared in Figa&

10 mM HCQ/1 M DCO, + NaNQ, + 1 mM KBr
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Figure 6.28 Hydrogen atom yieldsn the *H radiolysis of aqueous systems in
terms of the H atom scavenging capacity and thecaxdnation of the electron

scavenger.

Hydrogen atom yields remain constant until highveoging capacities of the
electron scavenger at both concentrations of thetdh scavenger. No substantial
differences are found between yields obtained fribw® two solutions at each
electron precursor scavenging capacity despiterder @f magnitude difference in
the H atom scavenging capacity. This suggests dlgaimdependence of the H atom
yield on the concentration of the hydrogen atonvecrger and the reactions of the
hydrated electron in the 5 MeVH radiolysis of aqueous solutions containing

formate or deuterated formate.
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6.5.2.3"He radiolysis
Hydrogen atom vyields are determined in fhie radiolysis of aqueous 10

mM formate solutions with NaN{are presented in Figure 6.29.

10mM HCOZ' + NaNO3 + 1mM KBr
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Figure 6.29 H atom production in théHe-radiolysis of aqueous 10 mM formate

solutions with NaN@as a function of the precursor to thg scavenging capacity.

“He ions have even higher LET th&t ions of the same energy, which means that,
an increase in the intra track reactions shouladlmerved. The expected effect on
the hydrogen atom yield is not clear since it migithier decrease due to the increase
in the intra track reactions of the hydrogen atoith wther species in solution or
increase due to the increase in the intra tracticaof the precursor to the hydrated
electron with HO" or of hydrated electrons witha4l. Results are compared with
those obtained in the irradiation with gamma rays & ions in Table 6.8.

Gammarays| ‘Hlons “*He lons

G(H atom) Molecules / 100 eV 040 —F+— 043 —— 0.13

Table 6.8  H atom yield variation in the gamm# and*He radiolysis of 10 mM
HCO, with NaNG; at the lowest considered electron precursor sgargrcapacity.
The arrows show the behavior of the G(H atom) \WHT.
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H atom yields markedly decrease. The increasednrtna track reactions produces
the hydrogen atom to react faster with other sgeicighe track decreasing its total
yield. However, a slightly lower G(H atom) is olsted at the lowest electron
scavenger capacity compared with H atom vyieldsigiidn concentrations of the
electron scavenger. This might be due to eitheexgerimental error or a chemical
effect. The observation of this anomalous behavaiurigher concentrations of the
hydrogen atom scavenger will elucidate its realireat
The effect ofHe in irradiation of 10 mM DC®is shown in figure 6.30.
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Figure 6.30 H, and H atom production in tH#ie-radiolysis of aqueous 10 mM
deuterated formate solutions with NalN@ NaSeQ, as a function of the precursor
to the hydrated electron scavenging capaciffHg is the yield of H at different
concentrations of the electron scavengers in teerate of any H atom scavenger.

HD yields range from 0.14 to 0.002 and 0.08 to Ondlecules/100eV at

scavenging capacities Pand 18° s* respectively in nitrate and selenate solutions.
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Good agreement is found between the two set ofitseBur the different electron
scavengers. There is a small difference between)G{rtl G(H,) at low electron
precursor scavenging capacities

Comparison of the yields reveals that in the game#lysis when nitrate is
added as electron scavenger, G(HD) decreases fldmt® 0.14 and 0.04 to 0.002
molecules / 100 eV at the lowest and highest a@actscavenging capacities
considered. In selenate addition, G(HD) decreasas 0.39 to 0.09 and 0.14 to 0.01
molecules / 100 eV. The hydrogen atom yield dee®atearly with LET.

Figure 6.31 compares the yield of the differentapac forms of molecular

hydrogen in the radiolysis of nitrate solutions.

10 mM DCC, + NaNC, + 1 mM KBt
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Figure 6.31 Hydrogen vyields in théHe-radiolysis of aqueous 10 mM deuterated
formate solutions with NaN£as a function of the precursor to the hydratedteda
scavenging capacity. °GH,) is the yield of H at different concentrations of the

electron scavengers in the absence of any H atamesger.

The figure shows differences between experimentabGand G(H,) as well
as G(H atom), as predicted by the difference mettdl G(HD) at electron
precursor scavenging capacities of1énd 16% s*. Apart from this, results show
good agreement.
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Comparison of these data with results from gamndadolysis experiments
shows how the Hyield increases with LET. The hydrogen atom yiefdlergoes a
significant decrease with LET and remains almoststant with scavenging capacity
for “He ion radiolysis. Finally, no appreciable G(Ds formed due to the direct
irradiation of DCQ' at this low concentration of the deuterated solute

The vyields of the different isotopic forms of maléar hydrogen in théHe
ion radiolysis of selenate solutions are shownigufe 6.32. Similar results to those

seen for nitrate are observed.

10mMDCQW¢%§a%+1mMK&

2,04 G(H,)
< | G(HD)
> 8 # c0)
o 16 » GH)
S 1,41 ® G(H atom) = G(Total § - G'(H,)
= ]

& L2 >

D ]

= 1,04 >

O ] >
o 0,84

9 g6l >
E °°

L 0,21 ® °

100 100 10° 10" 10% 10° 10* 10°
Electron Precursor Scavenging Capacity (s

Figure 6.32 Hydrogen vyields in théHe-radiolysis of aqueous 10 mM deuterated
formate solutions with N&eQ as a function of the precursor to the hydrated
electron scavenging capacity’(8,) is the yield of H at different concentrations of

the electron scavengers in the absence of anyH stavenger.

A discrepancy is observed between the two estimait€s(H atom) at the
lowest electron scavenging capacities. Tduggests that the determination of G(H
atom) through the difference measurement of moéeduydrogen yields might not
be reliable when using radiation sources of highl hMalues, similarly as it was
found in they-radiolysis of aqueous formate solutions of higmaantration.The

disagreement may be explained by considering thetioa
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*« OH+HCO, O - +CO; +H,0 (6.50)
with ksop = 3.2 x 18 M™* s* [8]. Increasing the concentration of HE@auses a
fractionally large increase in the amount of OHversed at high LET than at low
LET. Subsequently, this will produce a fractiondiigger decrease of reaction 6.51
which results in an increment of the concentratmfnhydrated electrons and
therefore, an increment on the molecular hydrogetd ydue to the reaction of the
hydrated electron with either hydrogen atoms oitemdl hydrated electrons.

«OH+e, ~ OH (6.51)

This suggests that hydrogen atom yields obtainethbydifference method in the

heavy ions radiolysis of aqueous formate or deteadréormate solutions could be

overestimated since GgHwould be higher than @H,), as seen experimentally.
Hydrogen atom yields are shown in figure 6.33 lie tHe-radiolysis of

aqueous 1 M sodium formate with nitrate as elecsavenger.

1 M HCO, + NaNQ:+ 1 mM KBr
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Figure 6.33 H atom predictions in théHe-radiolysis of aqueous 1 M formate

solutions with NaN@as a function of the precursor to thg scavenging capacity.

H atom yields vary from 0.17 to 0.21 molecules/N)(fer scavenging

capacities ranging from 1 x Tto 1 x 16® M's*, showing an almost flat shape or,
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in other words, remaining constant as the elecpr@tursor scavenging capacity
increases. This underlines the independence dfitatom yield with respect to the

scavenging capacity of therecursor until at least 1 x £ in the*He irradiation.

Gammarays| ‘Hlons “He lons
10 mM HCOy o|.4o = 043 ——» (|).13
4+ ~
\4 - \4
1 MHCO, 0.75 » 0.17

Table 6.9  H atom yields in the, *H and*He radiolysis of 10 mM HC®or 1 M
HCO, with NaNG; at the lowest considered electron precursor sgargrcapacity.
The arrows show the behavior of the G(H atom) \WHT.

The H atom yield decreases as the LET value inesasdditionally, the H atom
yield increases with the H atom scavenging capaeltgn irradiated with gamma
rays but no appreciable increment is observed ithions.

Figure 6.34 shows the H atom yield in firee ion radiolysis of 1 M formate

solutions with selenate as electron scavenger.

Lo 1M HCOZ' + N@Seq + 1 mM KBr

‘ @ G(H atom) = G(Total |} - G'(H,)

0.8+

0.6

0.2+ ]

G(H) (molecules/100eV)

0.0
¢ 10 10° 10" 10° 10° 10* 10°
Scavenging Capacity'}s

Precursor

Figure 6.34 Hydrogen atom predictions in tH#de-radiolysis of aqueous 1 M
formate solutions with N&eQ, as a function of the precursor to the hydrated

electron scavenging capacity.
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The H atom yield shows no dependence on the sgawgrapacity of the
electron scavenger in the interval 1 X1® 1 x 16° s* where the formation of the
H atom is controlled by the reactions of the prsourto the hydrated electron. It
decreases at low electron precursor scavengingitigsa

The production of hydrogen in the irradiation bfM DCQO, aqueous

solutions with*He ions is presented in Figure 6.35.

1 M DCO, + NaNQ, + 1 mM KBr

G(H,)
G(HD)

¢ cp)

» G(H,)

(molecules/100eV)
O F P P P P N
S P i S i

o
i

0.4- >
0.2

100 160 10° 10" 10° 10° 10* 10°
Electron Precursor Scavenging Capaci'tly (s

G(H,

Figure 6.35 Hydrogen yields in the'He-radiolysis of aqueous 1 M formate
solutions with NaN®@ as a function of the precursor to the hydratedtela
scavenging capacity. °GH,) is the yield of H at different concentrations of the

electron scavengers in the absence of any H atawesger.

A complete series of results in the gamfthand*He radiolysis of aqueous
1 M deuterated formate solutions with nitrate hheen obtained and compared in
table 6.10.

The hydrogen atom yield decreases as the LET \&#Hltiee radiation source
increases. The hydrogen atom is formed at the stafyes due to the reactions of the

electron precursor and the fragmentation of theeweakcited state and reacts with
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other species in solution. Those reactions arerfast the LET value increases due to
the increment in the intra track reactions whicbdoices a faster decrease in the H

atom yield.

Gammarays| 'Hlons “*He lons

G(H atom) Molecules / 100 eV 053 —+—» 046 ——» 0.30

Table 6.10 Hydrogen atom vyields in the gamniél and*He radiolysis of 1 M
DCO; solutions with NaN@at the lowest considered electron precursor sgangn
capacity. The arrows show the behavior of the G@tha with LET.

The molecular deuterium yield due to reactions @d@ 6.44 is significant at
this high concentration of deuterated formate. Agirevious cases, the molecular
hydrogen vyield clearly decreases as the electratupsor scavenging capacity
increases while G(H atom) remains constant ungih licavenging capacities of the
electron precursor. The effect of hydrogen atonvesgging capacity on the behavior
of the hydrogen atom vyield in terms of the scaveggtapacity of the electron
precursor, is seen in figure 6.36

The hydrogen atom yield varies from 0.14 to 0.3d &#om 0.01 to 0.21
molecules / 100 eV at the lowest and highest edlagbrecursor scavenger capacities
respectively. The hydrogen atom yield remains @orisfor scavenging capacities
ranging from 1&° to 10? s* where the H atom formation is governed by the
reactions of the hydrated electron. Then, decreasésgher scavenging capacities
where the hydrogen atom formation is governed Iy rimactions of the electron
precursor. This variation shows the dependencen®fH atom formation on the
reactions of the electron precursor and indeperedendhe reactions of the hydrated

electron.
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10 mM/1 M HCQ’ and 10 mM/1 M DCQ+ NaNO3 + 1 mM KBr

s
?

G(HD) 10mM DCQ

@® G(H atom) 10mM HCQ
G(HD) 1M DCQ

O G(H atom) 1M HCQ

o
®

G(H) (molecules/100eV)
o

eaq pre
0.4
o0© 0 o
0.2- ° O
Q o
o

0.0 T
¢ 10 10° 10* 107 10® 10% 10°
Scavenging capacity (5

precursor

Figure 6.36 Hydrogen atom yields in tHéde radiolysis of aqueous systems and in
the “He radiolysis of aqueous solutions and in termshef H atom scavenging
capacity and the concentration of the electronesoger.

H atom yields due to the addition of different centrations of formate or deuterated
formate are small and similar at each electron yseEr scavenging capacity
considered. The H atom yield is independent of higdrogen atom scavenging

capacity as it has already reacted with other sgdnisolution.

6.5.2.4 Conclusions

Hydrogen atom yields have been measured in the garfith and “He
radiolysis of aqueous formate and deuterated farrmamncentrations. The G(H atom)
has been observed to decrease with LET. A graphepaésentation of this change is

shown in figure 6.37.
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10 mM DCG,” + NaNO3 + 1 mM KBr 10 MM HCG, + NaNG; + 1 mM KBr
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Figure 6.37 Hydrogen atom yields behavian terms of the LET value of the

radiation source and the concentration of the elactcavenger.

The hydrogen atom scavenging capacity increases &do b to c to d. In
these graphs, the G(H atom) is clearly seen toedserwith LET at each different H
atom scavenging capacity considered, with the exteption of graph b where G(H
atom) due to gamma arféH radiolysis are very similar. The size of the dase
increases with increasing H atom scavenging capacit

6.5.3 Experimental and stochastic modeled yields

Experimental results are next compared with sinrdatin order to reach a
better understanding of the chemistry occurrinthearadiolysis of aqueous systems.
In the simulations shown, the reaction pathwaytlier radiolysis of water is that in
Figure 6.38.
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Figure 6.38 Water radiolysis pathway.

6.5.3.1 Gamma radiolysis

Monte Carlo simulations combined with experimentgults are shown in
Figures 6.39 and 6.40 for the gamma radiolysis @M and 1 M formate with
added NaN@or NaSO.

G(H,) (molecules/100eV)

10mM + NaNQ+ 1 mM KBr 1M HCOZ_ + N:’:lNO3 + 1 mM KBr
201 a 207 b
1,81 B — G(TotalH)-10mMHCQ | < 18] B —— G(Total H) - 1 M HCQ,
1,64 > — GH,) § 1,64 > — G(H)
1,4] o 141
m 4
1,2 D 121
: 4
1,04 S 10]
0,8- . S 08-
0,6 u E 0,6
0.4- . T 04l
0,2 O 021
0,0 0,04

¢ 1 10° 100 10° 10° 10 10° ¢ 10 10° 1% 1% 10° 1% 10°

Electron Precursor Scavenging Capacity (s) Electron Precursor Scavenging Capacity (s)
Figure 6.39 Experimental Hyields combined with simulations in tiheadiolysis
of aqueous 10 mM (a) and 1 M (b) formate solutinith added NaN@ G’(H,) is
the yield of H at different concentrations of the electron scgees in the absence

of any H atom scavenger. Lines represent the nredalts.
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The agreement between experimental and modelecdcoiat hydrogen
yields is good for water with added nitrate in thbsence of formate while
differences are seen on the addition of formatesérdifferences become worse as
the concentration of formate increases, as seemxamination of Figure 6.39.
Modeled G(Total H) are observed to drop faster than experimentalthas
concentration of sodium formate is increased. There obvious formate reaction
to explain this behavior and, therefore, furthemwdations with an alternative
electron scavenger, hydrogen atom scavenger aatiaaisource were performed to
elucidate an explanation for this behavior. On #uglition of sodium formate,
experimental and modeled hydrogen atom yields ataireed from the difference

measurements of modeled G(Tota) End G(H,).

G(H,) (molecules/100eV)

10 mM HCQ’+ N828e04+ 1 mM KBr 1M HCOZ' + N828e04+ 1 mM KBr
i: a8 m —G(TolH)-10mMHCG | iz b = ——G(Total)-1MHCQ
] > —G'(H) 2 o > —GH)
1,6 O 1,61
] o
1,4 = 1.4
g 0
1,2 O 1,21
1 >
1,0 O 1,04
| ()
0,8 © 0,81
0,64 E 46l
0,41 o4l
0,2- (\D/ 0,2
e Yo e S
10 10 10° 10* 10° 10® 10 10° 1 10 10° 10" 10° 10° 10" 10°

Electron Precursor Scavenging Capacity (s) Electron Precursor Scavenging Capacity (s)

Figure 6.40 Experimental Hyields combined with simulations in thheadiolysis
of agueous 10 mM (a) and 1 M (b) formate solutiaits added NgSeQ,. G°(H,) is
the yield of H at different concentrations of the electron scgees in the absence

of any H atom scavenger.

Total H, yield calculated by the simulations for selenab@taining solutions are
clearly overestimated at low scavenging capacitdsiirst, it may seem that the
chemistry of Se}” is more complicated than that of nitrate due ® tlumerous
reactions and species derived from it [6, 7]. Hosveealculations show that at low
concentrations of the electron scavenger, thoseiespeare barely formed and
therefore, something else has to be responsiblihdse discrepancies.
Experimental results and stochastic calculatioescampared in figure 6.41
for the y-radiolysis of agqueous 10 mM deuterated formateitgwis with added
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NaNGs;. Some minor differences are shown at low scavemggacities, but in
general, a good agreement is observed between iexgmés and Monte Carlo
simulations. Slightly overestimation of the expezimtal results is seen at low
electron precursor scavenging capacities, as wbdinrs formate was considered.

10 mM DCQ + NaNQ, + 1 mM KBr 10 mM DCQ + NaNQ, + 1 mM KBr
—~207 a ~107
% 18] m —— G(Total H) % = G(H)
S 1,61 > — GH) S os- G(HD)
14 S
8 1.2+ & 0.6-
° 0381 [ R S 044
E o] E
’fv 0,4 g 0.2
O 021 O
0,0 T T T T T ; ] 0.0 e
10° 10° 10° 10" 10% 10" 10" 10" 10° 10° 10" 10% 10® 10"
Electron Precursor Scavenging Capacity) (s Precursor Scavenging Capacity)(s

Figure 6.41 Experimental results combined with simulationsha-radiolysis of
aqueous 10 mM deuterated formate solutions with ®lls a function of the
precursor to the hydrated electron scavenging dgp#’(H,) is the yield of H at
different concentrations of the electron scavengerthe absence of any H atom

scavenger. Lines represent the model results.

Larger discrepancies are found for selenate swistihan for nitrate solutions,
as shown in figure 6.42.

10 mM ch + N328e04 + 1 mM KBr 10 mM DC02' + NazseQ1 + 1 mM KBr
2097 g 109 b
% sl m —— G(Total H) % G(H)
8 1‘6_: » — GH,) 8 0.8 G(HD)
14 -
Fii 1,2-: $ o6
3 10 3
2 os 2 0.4
E ool E
? 0.4+ g 0.2
5’ 0,2 O]
Oyolwmmmmmm Oo'mmmmm
1¢¢ 160 10° 10" 10° 10°® 10* 10° 10°  10° 10° 10" 10® 10® 10" 10®
Electron Precursor Scavenging Capaci’fy (s Precursor Scavenging Capacit'fi)(s

Figure 6.42 Experimental results combined with simulationsha-radiolysis of
aqueous 10 mM DCPsolutions with NgSeQ as a function of the precursor to the
hydrated electron scavenging capacity’(H3) is the yield of H at different

concentrations of the electron scavengers in teerate of any H atom scavenger.
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The simulation does not describe the experimemsiilts accurately. Selenite is
hardly obtained at low concentration of selenate #werefore its influence over the
molecular hydrogen and hydrogen atom vyields woulé Rkery small.

Experimental results compared with simulationssiy@wvn in Figure 6.43 for
the gamma radiolysis of aqueous 1 M deuterated dwnsolutions with added
NaNGs.

1M DCCZ' + NaNC3 + 1mM KBI 1M DCCZ' + NaNC3 + 1mM KBI

—~ 207 a B —— G(Total H) < 10 b
o 18] > i " = 091 G(H)
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2 o8] 2 04]
:NO,G- :No‘g_
L 04 L o2
o 0,2- o 0,1

0,0' O,O'WWWWWWWW

1¢¢ 160 10° 10" 10% 10® 10* 10° 1¢ 100 10° 10% 10° 10® 10¢ 10°

Electron Precursor Scavenging Capacity (s Electron Precursor Scavenging Capacity (s

Figure 6.43 Experimental results combined with simulationsha-radiolysis of
aqueous 1 M deuterated formate solutions with Na&kda function of the precursor
to the hydrated electron scavenging capaciffHg is the yield of H at different

concentrations of the electron scavengers in teerate of any H atom scavenger.

Through the observation of figures 6.41 and 6.Higher discrepancies
between experiments and calculations are foundhest¢avenging capacity for H
atom is increased rather than through the incrieetfee concentration of the electron
scavenger. This increase suggests that radiatiemiskry of H atom production is
not understood.

6.5.2 'H radiolysis

An increase in the intra track reactions shouldbserved in the 5 MeVH
radiolysis of agueous solutions. The expected cpreagce is that the local
concentration of reactants in the track will be enatense and the molecular
hydrogen vyields will increase due to an increase GP{H,). According to

experimental results, H atom will be formed at ¢laely steps due to the reactions of
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the electron precursor and the fragmentation ofwthter excited state, but it would
undergo a fast reaction with other species in thektdue to the increase in the
concentration of reactive radicals decreasingiis tyield.

Calculations in théH irradiation of sodium formate or sodium deutedate
formate aqueous solutions with added nitrate amaML bromide were carried out.
Firstly, the hydrogen production in tHel radiolysis of aqueous 10 mM formate

solutions with added NaNQs presented in figure 6.44.

10 mM HCQ, + NaNQ, + 1 mM KBr

B ——G(Total H)
» —GH,

(molecules/100eV)
O Fr P P P P N
PN P PP?

o
i

0.4-
0.2

0.0-
100 10 10° 10" 10° 10° 10° 10°
Scavenging capacity (5
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Figure 6.44 Experimental results combined with simulations fie tH-radiolysis
of agqueous 10 mM formate solutions with Na)\&3 a function of the precursor to
the hydrated electron scavenging capacity(Hg is the yield of H at different

concentrations of the electron scavengers in teerate of any H atom scavenger.

The figure shows a good agreement between expetaireamd modeled results in the
absence of formate and at high concentrations ef dlectron scavenger when
formate is added. However, the modeled G(Totgli#l significantly overestimated

as the concentration of nitrate decreases. Expatahé¢otal molecular hydrogen
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yields are lower than predicted due to an erromiechanism employed in the
calculations.
Figure 6.45 shows calculations for 1 M deuterafednate solutions

containing nitrate.

iM DCOZ' + NaNC)3 + 1mM KBr 1M DCOZ' + NaNO3 + 1mM KBr
—~ 207 a —~ 107 p
% 1,8—- B ——G(Total H) % = G(H)
8 16] > G(H,) 8 os G(HD)
— 4 —
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= 127 S 0,61
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Electron Precursor Scavenging Capacity (s Electron Precursor Scavenging Capacity (s

Figure 6.45 Experimental results combined with simulations e tH-radiolysis
of agueous 1 M deuterated formate solutions witiN®a as a function of the
precursor to the hydrated electron scavenging dgp#’(H,) is the yield of H at
different concentrations of the electron scavengerthe absence of any H atom

scavenger.

The modeled yield of molecular hydrogen shows abrreeend, but
overestimates the experimental value at low elacsoavenging capacities. In
contrast, the prediction for HD is quite incorrect.

Modeled results are less accurate as the LET efr#diation source is

increased.
6.5.3 “He radiolysis

Figure 6.46 shows experimental results comparedt wiinulations of the

“*He-radiolysis of aqueous 10 mM formate solutions.
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10 mM ch + NaNQ + 1 mM KBr 1M HCOZ' + NaNO3+ 1 mM KBr
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Figure 6.46 Experimental results combined with simulationstia ‘He-radiolysis
of agueous 10 mM (a) and 1 M (b) formate solutiaith NaNQ; as a function of
the precursor to the hydrated electron scavengupaaity. G(H,) is the yield of H

at different concentrations of the electron scaeemngn the absence of any H atom

scavenger. Lines represent the model results.

The simulation of the molecular hydrogen yieldsvghisimilar results from those
obtained in théH radiolysis of aqueous solutions. An overestimmati the G(Total
H,) at low electron precursor scavenging capacitnesaeamore pronounced decrease
in the yields as the scavenging capacity of thetela scavenger increases. However,
this is the first time that experimental and mode@(H,) do not match. This
discrepancy shows the unreliability of the moddtigh LET.

Experiments and simulations for 10 mM deuteratechate solutions shown
in figure 6.47.
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Figure 6.47 Experimental results combined with simulationstia ‘He-radiolysis
of aqueous 10 mM DCPsolutions with NaN®@as a function of the precursor to the
hydrated electron scavenging capacity’(H5) is the yield of H at different

concentrations of the electron scavengers in teerate of any H atom scavenger.

Predictions of the calculations drop faster thapeemental results and
slightly overestimate the yields at low electroaws&nging capacities

Similar discrepancies to those obtained in theukition of the aqueous
system with nitrate are obtained when selenated@®d as shown in figure 6.48.
Modeled vyields drop faster as the concentrationthedf electron scavenger is
increased and differ from experimental results Wweetthe H atom scavenger is

present or not.
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Figure 6.48 Experimental results combined with simulationstia ‘He-radiolysis
of aqueous 10 mM DCPOsolutions with NgSeQ, as a function of the precursor to
the hydrated electron scavenging capacity(Hg is the yield of H at different
concentrations of the electron scavengers in teerate of any H atom scavenger.
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Experiments and Monte Carlo calculations are showiigure 6.49 for the
“He-radiolysis of aqueous 1 M sodium formate. Ourcudations clearly
overestimate the molecular hydrogen yield frtte ion radiolysis whether HGOis
present or not. Molecular hydrogen is generateekiess as the LET increases. The
significant excess predicted in the presence ah&be is due to an overestimation of
the G(H atom) calculated stochastically which reagith the formate to generate
molecular hydrogen in excess.

Experimentally, H atom yields have been found terelase with LET,
however, our calculations highly overestimate eixpental values. Our modeled
chemistry does not reproduce the reactions of tla¢oh and molecular hydrogen as

they are both being formed in excess whether fansaadded.

1 M HCO; + NaNQ:+ 1 mM KBr

2,8 B ——G(Total H)
» —G(H)

¢ 10 10° 100 102 1% 1% 10°
Electron Precursor Scavenging Capacity (s

Figure 6.49 Experimental results combined with simulationstia ‘He-radiolysis
of aqueous 1 M formate solutions with NajN&s a function of the precursor to the
hydrated electron scavenging capacity’(Hz) is the yield of H at different
concentrations of the electron scavengers in tiserate of any H atom scavenger.

Lines represent the model results.
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The same discrepancy is observed on the additioseld@hate as electron
scavenger. Calculations overestimate experimemisllts with or without added

hydrogen atom scavenger.

1 M HCO, + NaSeQ + 1 mM KBr

2,84 B ——G(TotalH)
2,6 » —G(H)

(molecules/100eV)
.

¢ 10 10° 10* 10° 10° 104 10°
Electron Precursor Scavenging Capacity (s

Figure 6.50 Experimental results combined with simulationstia ‘He-radiolysis
of aqueous 1 M formate solutions withJSaQ, as a function of the precursor to the
hydrated electron scavenging capacity’(Hz) is the yield of H at different
concentrations of the electron scavengers in tiserate of any H atom scavenger.
Lines represent the model results.

The result of irradiation of 1 M DCOaqueous solutions witfHe ions is
presented in figure 6.51. Molecular hydrogen andirbgen atom yields are

overestimated.
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Figure 6.51 Experimental results combined with simulationstia ‘He-radiolysis
of aqueous 1 M deuterated formate solutions witiN®@a as a function of the
precursor to the hydrated electron scavenging dgp#’(H,) is the yield of H at
different concentrations of the electron scavengerthe absence of any H atom

scavenger.

Our model does not describe the chemistry involiredhe radiolysis of
aqueous solutions at high H atom scavenging caga@nd when irradiating with
sources of high LET. The model for water radiolyseeds to be reconsidered. A
discussion of the actual model and the improvemémas could be applied is

developed next.

6.5.3.4 Discussion

A study of the current water radiolysis model mbst done in order to
elucidate any kind of improvement. The main reaxdtimvolved in the generation of
hydrogen atom and molecular hydrogen in the radislpf water are presented in
figure 6.38, showing their respective dependenaiethe LET value of the radiation
source.

According to the experimental data acquired, thadi is mainly generated
by routes which do vary inversely with LET, as thg@erimental results have shown
a steady decrease of the H atom yield with LET. Fhatom might be mainly
formed through the fragmentation of the water extitate and the reactions of the

electron precursor with water molecules. Then ghhundergo intra track reactions
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which would decrease its total yield. Those readtimight be faster with sources of
high LET and therefore, the G(H atom) might deceeagh LET.

In order to increase with LET, the molecular hydmogyield should be
primarily produced through reactions increasingLBf. In addition, the formation
of the molecular hydrogen showed correlation whke teactions of the electron
precursor. At this point a new idea has been inited in order to explain the very
different behavior of the hydrogen atom and molacuhydrogen yields. An
alternative pathway is presented in Figure 6.52.

\HZO

B

*

H,0 H, 0" e H,0
Hi(/lun; w‘
H,0" + OH e,
10015, e~ 24015
| A. l |
H+OH_ H, i c, H+OH
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unlikely H,O 7 e;q HBOJr
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Iljg ;llange with H+H+OH | H,+OH H, H, H with LET

Change Change with
with LET LET

Figure 6.52 Alternative water radiolysis pathway.

According to this alternative pathway, the hydrogeom would be mainly
formed due to the fragmentation of directly fornveater excited state, the reactions
of the primary low energy electron with water malles and, in less extent, due to
the reaction of the hydrated electron with hydramitMolecular hydrogen would be
primarily generated in the fragmentation of thgOHexcited stated produced by the

reaction of the electron precursor with hydronium.
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Preliminary simulations studies with this new patlgwhave not been
successful so far, however, it is not an easy &ske the rate constants for the
fragmentation of the water excites need to be aeged. Future studies need to be

done in this model in order to test and improve it.

6.6 Summary

In this chapter the dependence of the H atom foomabn the hydrated
electron and its precursor has been studied. Iitiaddits behaviour with respect to
the variation of the electron or hydrogen atom esoger capacities as well as the
LET of the radiation source has been considered.

Similar curves of H atom yields were obtained darection of the electron
precursor scavenging capacity, however, differanves of H atom yields were
obtained in terms of the hydrated electron scavengapacity. This led to suggest a
stronger dependence of the H atom formation onr#aetions of the electron
precursor.

In gamma irradiation, it has been proven that thatéin yield increases as
the hydrogen atom scavenging capacity increaseslaotases as the scavenging
capacity of the electron precursor increases, whikeindependent of the hydrogen
atom scavenging capacity in the 5 M8 and 5 MeV*He irradiation. In addition,
the hydrogen atom yield decreases as the LET afaiifiation source increases.
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Chapter 7 Conclusions and Further Work

7.1  Conclusions

Prior to this work the formation, yields and degemce of the hydrogen atom
in the radiolysis of water were poorly understdddny irradiations with gammat
and “He were carried out by addition of different cortcations of formate or
deuterated formate as hydrogen atom scavengersjenior selenate as electron
scavengers and bromide as hydroxyl radical scavenge

The H atom has been determined through two diftemeethods, through the
difference measurement of molecular hydrogen vyiedtsl through the direct
measurement of HD yields. The dependence of theolygth atom formation in the
radiolysis of water has been tested under mangreifit conditions, varying the H
atom or the electron scavenger capacities as weheaLET of the radiation source.
This effort has led to a broad and complete stddy® hydrogen atom formation in

the radiolysis of aqueous systems.

7.1.1 H atom determination

H atom yields are accurately determined throughdifference measurement
of molecular hydrogen yields and the direct measerd of HD yields [1]. However,
the former method has shown some limitations al figdrogen atom scavenging
capacities and when used in conjunction with raaiatof high LET. Therefore, the
direct measurement of HD vyields has been foundetthb most accurate method to

determine hydrogen atom yields under any conditions

7.1.2 H atom formation

The addition of two different electron scavengermhwlifferent affinity for
the hydrated electron and its precursor produaadasi curves of H atom yields as a
function of the electron precursor scavenging ciypaldowever, different curves of
H atom yields were obtained in terms of the hydtakectron scavenging capacity.
This suggests a stronger dependence of the H atonafion on the reactions of the
electron precursor to the hydrated electron rathean on the reactions of the

hydrated electron.
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7.1.3 H atom vyield dependence on the hydrogen atom aectreh scavenging
capacity and LET value.

The H atom yield was observed to increase as tdeoggn atom scavenging
capacity increases in gamma radiolysis and to dependent of the hydrogen atom
scavenger at high LET. On the other hand, it waseoked to decrease as the
concentration of the electron scavenger and the @fifie radiation source increases.
The former is due to an effective scavenging ofragetl electrons and its precursors
which are responsible for the formation of the loggm atom while the latter is
related to the mechanism of the early formatiorthef hydrogen atom due to the

electron precursor and its subsequent intra traa&tion to decrease its yield.

7.2 Further work

Much has been learned from the work described is tthesis, however, a
greater understanding of the chemistry studieddcbelgained by carrying out some
further calculations. Significant differences betweexperimental data and the
predictions of stochastic simulations have beemdoin the gamma'H and “He
radiolysis. Further investigations should be madarderstand the difference and to
improve our modeled results.

The model seems to follow the intra track chemisirthe gamma radiolysis
of water but differences appear due to the additibhydrogen atom scavengers.
These differences increase as the LET value ofdtimtion source increases since
the intra track chemistry is not accurately detesdi The hydrogen atom is
produced in excess in high LET stochastic calooesti This suggests that our model
does not reproduce the chemistry occurring afteadiation of water. Further
calculations must be undertaken to interpret, iigate and understand the observed
experimental data. In addition, experimental mdchydrogen and hydrogen atom
yields in the'“C radiolysis of aqueous formate and deuterated derwith added
nitrate might be done in order to investigate whet(H atom) decreases further
and to aid in the elucidation of the formation mesalsm.

In this project, H atom yields were determinedhe tadiolysis of aqueous
solutions of simple organic molecules. This studghthbe expanded by considering
more complicated organic compounds, including p@ssnsince it is feasible to

expect at least traces of water in their vicinity.
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ABSTRACT

Experimental measurements of molecular hydrogen including the use of isotopic techniques are
combined with track model calculations to determine H atom yields in the radiolysis of water. The
production of H atoms in the radiolysis of water is relatively small, but is important for fundamental
considerations. H atoms are formed by the decay of excited states of water at the sub-picosecond
timescale and by hydrated electron reactions during the diffusion-kinetic evolution of the ion track up
to microseconds. The competition between H atom loss by combination reactions and its formation by
reactions of the hydrated electron makes prediction of the H atom kinetics very difficult. H atom yields
determined by subtraction of total molecular hydrogen production in neat water from that observed in
the formate solutions is found to agree well with the more direct measurement of HD using deuterated
formate as a scavenger. H atom yields are found to decrease with the evolution of the radiation track and
decrease with increasing LET. Monte Carlo track model calculations are used to analyze the measured

experimental yields and to elucidate the underlying H atom kinetics in the radiolysis of water.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

The H atom is one of the minor radical species in the radiolysis
of water except in a very acidic media and its reducing reactions
are generally overshadowed by the more abundant hydrated
electron (Buxton, 1987). However, the development of fast time-
resolved radiolytic and photolytic techniques have led to a new
emphasis on the initial decomposition of water (Garrett et al.,
2005). Fragmentation of the water excited state is of special
interest and one of the major products of this process is the
H atom. H atom yields from initial water decomposition can be
estimated in the vapor (Armstrong, 1987; Johnson and Simic,
1967), but the corresponding value for radiolysis of the liquid
phase is not known accurately. A complete understanding of the
initial radiolytic decomposition of liquid water requires an
accurate and systematic investigation of the H atom yield.

The production of H atoms is difficult to measure. They behave
like hydrated electrons in some systems and like OH radicals in
others, which makes it difficult to find selective scavengers
(Buxton, 1987). Yields of H atoms are typically determined by
difference measurements of H, yields (Appleby, 1967; Appleby

* Corresponding author at: Radiation Laboratory, University of Notre Dame,
Notre Dame, IN 46556, USA.
E-mail address: laverne.1@nd.edu (]. LaVerne).

0969-806X/$ -see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.rad physchem.2008.05.050

and Schwarz, 1969; Chouraqui and Sutton, 1966; Draganic and
Draganic, 1972; Elliot et al.,, 1996; Mahlman, 1966; Scholes et al.,
1963; Scholes and Simic, 1964a,b). Radiolytically produced
H atoms are allowed to abstract H atoms from selected solutes
to give H,, which is easily measured. Subtraction of the H, yield in
water without the H atom scavenger is assumed to give a good
measure of the H atom yield. Typical solutes are acetone, formate,
and simple alcohols (methanol, ethanol, and propanol). The
technique is expected to give a reasonable value for H atom
yields if care is taken to keep the scavenging capacity of the two
systems for H, precursors comparable. Otherwise, each system is
sampling the radiation track at different times during its
evolution. Two of the previous studies overcame this problem
by using isotopically labeled solutes and measuring HD produc-
tion (Appleby and Schwarz, 1969; Scholes et al, 1963). HD is
expected to be formed quantitatively by a direct D atom
abstraction reaction from the solute. The interpretation is
straightforward, but a systematic investigation using this type of
system has never been performed.

In this work, the formation of H, from the radiolysis water with
and without added formate was examined in order to determine
H atom yields using both direct and indirect scavenging methods.
Formate solutions were varied from 1 mM to 1M to probe the
radiation track at various times in its evolution. HD was measured
in aqueous solutions of deuterated formate in order to determine
the directly scavenged H atom yield. The results obtained using
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the two techniques are compared with each other and with the
predictions from Monte Carlo diffusion-kinetic track model
calculations. Irradiations were performed with y-rays and with
5MeV 'H ions and 5 MeV “He ions.

2. Experimental section

The solutions were made with various concentrations of
sodium formate, NaHCO, (ACS reagent grade), or deuterated
sodium formate, NaDCO,, (98at%), with 1mM potassium
or sodium bromide (ACS reagent grade) and 1 or 24 mM sodium
nitrate (ACS reagent grade). All the chemicals were from Aldrich
and they were used without further purification. The bromide was
added to suppress OH radical back reactions with H, and has no
other effect on the system. Products from this reaction such as Br;
will be at sufficiently low concentrations that the hydrated
electron will be scavenged by the nitrate. Nanopure water
(resistivity 18.7 MQcm) from an in-house H,Only system (con-
sisting of a UV lamp and several microporous ultrafilters) was
used to prepare all solutions.

Radiolysis with y-rays was performed using a Shepherd 109
509Co source at the Radiation Laboratory of the University of Notre
Dame. The dose rate was about 83 Gy/min as determined using
the Fricke dosimeter (Pastina et al., 1999). The sample cell for the
y-irradiations was made from a 1 cm quartz cuvette with inlet and
outlet ports for purging the sample before and after irradiation.
Sample size was 4ml and total doses were varied from 240 to
3000 Gy depending on the solute concentration.

The heavy ion irradiations were performed using the FN
Tandem Van de Graaff facility of the University of Notre Dame
Nuclear Structure Laboratory. The window assembly and irradia-
tion procedure were the same as reported earlier (LaVerne and
Schuler, 1987a,b). Energy loss of the ions in passing through all
the windows was determined from a standard stopping power
compilation (Ziegler et al., 1985). The samples were irradiated
with completely stripped ions at a charge beam current of about
1.5 nA. Absolute dosimetry was obtained from the product of the
integrated beam current and the ion energy. The radiation
chemical yields represent all processes for the complete energy
attenuation of the ion, i.e. from the initial ion energy to zero, and
are therefore track averaged yields. Total doses were about
8x10®eV in 20ml of solution (64Gy). The samples were
irradiated in a Pyrex sample cell with a thin mica window
(~6mg/cm?) attached. The sample cell contained a magnetic
stirrer that was operated continuously during the radiolysis.

Hydrogen was determined using an in-line technique with a
gas chromatograph and a mass spectrometer. Ultra high-purity
argon was used as the carrier gas with a flow rate of about
50 ml/min. The argon passed through a constant flow regulator, an
injection septum, and a four-way valve and into a 3m 5 x
molecular sieve column of an SRI 8610C gas chromatograph with a
thermal conductivity detector. The samples were purged of air
with the argon prior to irradiation. Some of the effluent from the
thermal conductivity detector was sampled with a quadrupole
mass spectrometer (Balzers, QMA140 analyzer with axially
mounted secondary electron multiplier) through a capillary tube
(¢ =25um, L = 20cm). The hydrogen isotopes were monitored at
masses 2, 3 and 4. The sample was connected to the gas analysis
system using the four-way valve, purged of air, isolated, irradiated,
and then injected into the carrier gas stream. Calibration of the
detectors was performed by injecting pure H, or D, gases with a
gas-tight microliter syringe. Total molecular hydrogen was
determined from the chromatographic response, while isotopic
ratios were determined from the mass analysis. The error in gas
measurement is estimated to be about 5%. Radiation chemical

yields are given in the unit of G values (molecules/100 eV), which
is equivalent to 0.1 umol/J.

Monte Carlo track simulations were performed using the same
general techniques and parameters, as in the previous studies
(LaVerne et al, 2005; Pimblott and LaVerne, 2002). Each
calculation simulates a realistic track structure for the transfer
of energy from the ionizing radiation to the medium, determines
the physical consequences of each energy transfer event, ie.
ionization or electronic or vibrational excitation, and models the
kinetics of the competition between the relaxation of the spatially
nonhomogeneous distribution of radiation-induced reactants and
their reactions either within the track or with the scavengers. The
track structure methodology uses a collision-by-collision ap-
proach employing liquid-phase inelastic collision cross-sections,
experimental gas-phase vibrational and elastic collision cross-
sections, and incorporates charge cycling using experimentally
determined gas-phase cross-sections for protons and an effective
charge correction for helium ions. Each track structure simulation
determines the relative positions of all the energy loss events
along the heavy ion track and for all the secondary electrons
ejected. The physicochemical processes, i.e. water ionization and
excitation and subsequent fragmentation, are determined from
the energy loss in a collision event using experimentally based
probabilities for liquid and gaseous water, and the spatial
placement of the water fragmentation products is relative to the
parent energy-loss event. Diffusion-reaction kinetics of the
radiation-induced reactive species is modelled using the inde-
pendent reaction times (IRT) methodology, which is based upon
the independent pairs approximation that is implicit in the
Smoluchowski-Noyes treatment of diffusion-limited reaction
(Rice, 1985). The chemistry of ~10* different tracks is modelled
to obtain statistically meaningful kinetics. Typically, track seg-
ments of 10-100keV attenuation are considered. A series of
track segment yields are calculated at different primary ion
energies, and are then integrated to give track average yields for
the complete stopping of the 'H and “He ions (Pimblott and
Mozumder, 2004).

3. Results and discussion

Molecular hydrogen formation in neat water, H9, is mainly due
to the reactions of precursors to the hydrated electron (Pastina
et al., 1999). However, combination reactions of the hydrated
electron and H atoms within the radiation track also contribute to
H, formation

€aq” + €aq~ (+2H,0) — H, + 20H- (1)
‘H+ esq (+H20) — Hy + OH~ (2)
‘H+"H — H, 3)

H atoms can also participate in abstraction reactions with
solutes containing H (or D) atoms to give Hy (HD). The solute used
in the present experiments is the formate anion

*H+HCO,~ — H, + *COy~ (4a)
“H 4 DCOy~ — HD + *COy~ (4b)
with rate coefficients kga=21x108M 15! and

kap = 2.9x 10’M s~ !, respectively (Buxton et al, 1988). The
difference in the total yield of H, with formate and H3 determined
without formate gives an estimate of the H atom yield.

Few experiments are actually performed in neat water. OH
radicals produced by the decomposition of water would react
with the H, thereby lowering its yield. Bromide is added at a
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concentration of 1mM to inhibit this reaction. Furthermore,
hydrated electrons can be converted to H atoms by reaction with
hydronium.

e +H30" — H+H,0 (5)

Low concentrations of hydrated electron scavenger are added to
limit the occurrence of reaction (5). Typical solutes used for this
purpose are nitrous oxide or nitrate ion. The latter was used in
these studies,

es~ +NO3;~ — NO3%~ (6)

and reacts with a rate coefficient kg = 9.7 x 10° M~ 's~! (Buxton
et al,, 1988). The value for HS in this work has been determined in
solutions of 1 mM bromide and 1 mM nitrate.

The nonhomogeneous spatial distributions of water decom-
position species produced by the passage of y-rays are called spurs
and they relax by diffusion and by intraspur combination
reactions. H atom yields evolve with time as they react with their
siblings in the evolution of the spur. Spur kinetics can be
investigated by the use of selective scavengers for the H atom.
The scavenging capacity for H atoms is defined as the pseudo-
first-order rate coefficient given by the product of the formate
concentration and the scavenging rate coefficient, k4. Variation of
the formate concentration probes the spur chemistry at time
scales roughly equivalent to the inverse of the scavenging
capacities. Total H, formation yields are shown in Fig. 1 for the
y-radiolysis of 1 mM-1M formate and deuterated formate solu-
tions containing 1 or 24 mM nitrate. The results agree well with
other values in the literature using formate as a scavenger
(Draganic and Draganic, 1972; Mahlman, 1966; Scholes and Simic,
1964a,b). The total H, yields are observed to increase with
increasing formate concentration due to the scavenging of the H
atom in the track at progressively shorter times. The total H; yield
is observed to increase from 0.64 to 1.01molecule/100eV for
scavenging capacities of 2.1 x 10°-2.1 x 10% or lifetimes of about
5 us-5 ns, respectively.

Variation of the nitrate concentration has a relatively large
effect on hydrogen production. An increase in the scavenging of
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Fig. 1. Production of H, in the y-radiolysis of aqueous formate solutions as a
function of the formate scavenging capacity for H atoms: (@) HCO3, 1 mM NO3,
this work; () HCOz, 24 mM NOg3, this work; () DCOz,1 mM NOg3, this work; (<)
HCO3, 0.25mM NO3 (Draganic and Draganic, 1972); (A) HCOz, 24mM N0
(Mahlman, 1966); (V) HCOz, 16mM N0 (Scholes and Simic, 1964a,b). The
dashed line is the Hj yield determined in water with 1TmM NOj3 and no formate.
Solid lines are the results of the Monte Carlo calculations for formate with 1 or
24mM NO;5.

hydrated electrons by reaction (6) leads to a decrease in H atom
production by reaction (5) and it interferes with HS production in
reactions 1 and 2. Scavenging of H atoms by nitrate is relatively
slow with a rate coefficient of 1.4 x 10°M~'s~! (Buxton et al.,
1988). This reaction does not compete with reaction (4a) in 1 mM
HCO5 solutions. However, the scavenging of H atoms by DCO; in
reaction (4b) has a rate coefficient of only 2.9 x 10’ M~'s~! and
nitrate can effectively compete with the DCO; for H atoms at low
DCO; concentrations (Buxton et al, 1988). The result is a
significant drop in total H; yields at low DCO> concentration.

Some of the errors associated with the subtraction of H; yields
from two different scavenger systems can be avoided by specific
scavenging of the H atom. The most common method of H atom
scavenging is by D atom abstraction reactions with suitable
solutes. The HD product can readily be observed with suitable
techniques and differentiated from the yield of H, formed by
intra-track reaction. Deuterated formate was chosen in this study,
because the rate coefficient is sufficiently fast that intraspur
reactions can be probed efficiently and there is only one
abstraction site. The results of the isotopic studies with y-rays
are shown in Fig. 2. The total H, yield corresponds to the
Hp+HD+D; formed as detected by chromatography. H atom yields
can be obtained by the subtraction method, i.e. total H,—HS$, or by
the measured HD yields. D, should be formed only by the direct
decomposition of DCO3. Agreement between the two techniques
is seen to be very good. Measured HD yields decrease from 0.44 to
0.12 molecule/100 eV on the timescale of 34 ns—-34 us representing
the evolution of the spur. Ho can be produced by direct water
radiolysis only and its yield is seen to be invariant with formate
concentration and virtually equivalent to the previously deter-
mined Hj value.

The results of the Monte Carlo calculations are slightly higher
than the experimental values for total molecular hydrogen
production with added formate. H, yields in deuterated formate
solutions are equivalent to the molecular hydrogen yield in water
without formate, H3, and are predicted reasonably well by the
calculations. An overestimation of the H atom yields shows up in
the comparison of the HD yields and in the total H, yields. This
diffusion-kinetic track model gives a good estimate of the
hydrated electron yields (LaVerne et al.,, 2005), but those values
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Fig. 2. Production of H, in the y-radiolysis of aqueous deuterated formate
solutions with 1TmM NO3 as a function of the DCO3 scavenging capacity for H
atoms: (M) total molecular hydrogen (Ho+HD+D>); (@) Hy: () HD; (A) Dy; (¢)
total molecular hydrogen minus the H3 yield (dashed line) determined in water
with 1 mM NO3 and no formate. Solid lines are the results of the Monte Carlo
calculations for total molecular hydrogen (H,+HD+D,), H> and HD.
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are much larger than the H atom yields and small discrepancies
are not as noticeable. A slight overestimation of the water excited
state yield or the initial spatial distribution of the H atoms could
be responsible for the discrepancies. However, the overall
agreement of the Monte Carlo calculations with the experiments
is good.

The data of Fig. 1 show a rapid increase in H, yields at the
highest formate concentrations. Some of these experiments were
performed with up to 5M formate, which corresponds to about
10% by molarity or 90% of the electron density of the solution.
Considerable direct absorption of energy by the formate occurs at
these high concentrations leading to its decomposition with the
resultant formation of additional H,. The observed formation of
D, at the highest formate concentration is an indication of the
direct decomposition of formate.

Increasing the linear energy transfer (LET = —dE/dx or the
stopping power) of the incident radiation leads to an increase in
the local intra-track concentration of reactive species. High
concentrations of initial ionization events or of excited states of
water may alter the relative significance of the initial water
decomposition pathways. Monte Carlo track calculations on the
yields of hydrated electrons with high LET ions seem to suggest
that these effects can be significant (LaVerne et al,, 2005). An
increase in LET will also lead to the well-known increase in intra-
track radical reactions (LaVerne, 2004). Experiments were
performed with 5MeV 'H and 5 MeV “He ions with track average
LETs of 21 and 156 eV/nm, respectively. These LET values are
considerably larger than that of 0.2 eV/nm for y-rays. The increase
in total Hy can be seen in Fig. 3 for each of the types of radiation in
the radiolysis of DCO5 solutions. There is an increase in H, yields
with increasing LET, which can be attributed mainly to an increase
in intra-track reactions.

The results of the radiolysis of DCO3 solutions with 'H and
with “He ions are shown in Figs. 4 and 5, respectively. There is a
good match between H atom yields obtained by the subtraction
method, ie. total H, —H3, and the measured HD yields. The H
atom yields decrease with increasing LET and for 5MeV “He ions
range from 0.23 to 0.05 molecule/100eV at 34 ns-34us, respec-
tively. H, produced by ultrafast processes in water is independent
of formate concentration and virtually equivalent to the H values
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\I—(j ~rays
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DCO, Scavenging Capacity (s™)

Fig. 3. Total molecular hydrogen production in the radiolysis of aqueous
deuterated formate solutions with 1mM NO3 as a function of the DCO3
scavenging capacity for H atoms: (M) 5MeV “He ions; (@) 5MeV 'H ions; (¢)
y-rays.

5MeV "H

total H,

G(H,) (molecules/100 eV)

0 10* 108 108 107 108
DCOj Scavenging Capacity (s™)

Fig. 4. Production of H, in the 5 MeV 'H radiolysis of aqueous deuterated formate
solutions with TmM NO3 as a function of the DCO5 scavenging capacity for H
atoms: (M) total molecular hydrogen (Ho+HD+D5); (@) Hx; (#) HD; (A) D2; (0)
total molecular hydrogen minus the Hj yield (dashed line) determined in water
with TmM NO3 and no formate. Solid lines are the results of the Monte Carlo
calculations for total molecular hydrogen (Hx+HD+D;), H2 and HD.
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Fig. 5. Production of H, in the 5 MeV “He radiolysis of aqueous deuterated formate
solutions with TmM NO3 as a function of the DCO3 scavenging capacity for H
atoms: (M) total molecular hydrogen (Hy+HD+D3); (@) Hz; (#) HD; (A) D2; (¢)
total molecular hydrogen minus the H3 yield (dashed line) determined in water
with TmM NO3 and no formate. Solid lines are the results of the Monte Carlo
calculations for total molecular hydrogen (Hz+HD+D;), Hz and HD.

for both ions. Formation of D, from direct DCO; radiolysis can be
observed at the highest concentrations.

4. Conclusions

Experimental measurements of molecular hydrogen including
the use of isotopic techniques are combined with track model
calculations to determine H atom yields in the radiolysis of water.
The production of H atoms in the radiolysis of water is relatively
small, but is important from a fundamental viewpoint. H atoms
are formed by the decay of excited states of water at the
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sub-picosecond time scale and by hydrated electron reactions
with hydronium ions during the diffusion-kinetic evolution of the
ion track up to microseconds. H atom yields have been
determined from the production of HD in the radiolysis of DCO3
solutions. The results agree well with the H atom yields obtained
by the subtraction method, i.e. total H, yield in neat water, H3,
subtracted from that observed in formate solutions. Intra-track
reactions cause H atom yields to decrease in time with the
evolution of the radiation track and are responsible for lower H
atom yield with increasing LET.
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The H atom is one of the most important species generated in the radiolysis of water.
It is produced by the fragmentation of the water excited state & through intra-track
chemistry.

INTRODUCTION:

Measurement of hydrogen atom yields is difficult. We have
adopted two slightly different methods using GC and MS.
In the first method, H atoms produced by water radiolysis
abstract hydrogen atoms from selected solutes to generate
Hy: #H+HCO, ——H, +CO,”
Then the H atom yield is calculated from the difference
between the total H, yield when solute is present and the yield
when it is not, named as Go(H,).

G(eH) =G(H, ) = G(Total H,)—G°(H,)
In the second method, HD is formed quantitatively by direct
abstraction of D atoms from deuterated solutes.

*H+DCO, —>HD++CO,"

The yield of H atoms is obtained either by the directly
measured HD yields or by the first method:
G(HD) = G(Total H,)-G*(H, )
Additional H atoms are generated by the intra track reaction:
H,, +e, —>H

The yield of this reaction can be reduced by the addition of
selected electron scavengers:

S+e, =S

Ste, S
Heavy ions have higher LET values than gamma rays, which
means that, an increase in the intra track reactions should be
observed and, therefore, an increase on the molecular
hydrogen yields.

electron precursor scavenging capacity (s )

@H atom yields are acurrently determine through the

direct and indirect methods

RESULTS:
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INTRODUCTION:
The H atom is one of the most important Measurement of hydrogen atom yields is difficult  and the yield of H atoms is obtained either by the
species generated in the radiolysis of We have adopted two slightly different methods ~ directly measured HD yields or by the first method:
water. It is prodqced by the fragment_athon using GC and MS._ G(HD) = GiTotal H ,)- G'(H,)
of the water excited state & through intra- In the first method, H atoms produced by water
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The H atom is one of the most important
species generated in the radiolysis of water.
Itis produced by the fragmentation of the
water excited state & through intra-track
chemistry.
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Introduction:

Measurement of hydrogen atom yields is difficult
We have adopted two slightly different methods
using GC and MS.
In the first method, H atoms produced by water
radiolysis abstract hydrogen atoms from selected
solutes to generate H,.
eH+HCO, —>H, +eCO,

Then the H atom yield is calculated from the
difference between the total H, yield when solute
is present and the yield when it is not, named as
Go(H,).

G(eH) = G(H, )=G(Total H, )~ G°(H. )
In the second method, HD is formed quantitatively

by direct abstraction of D atoms from deuterated

solutes. )
#H+DCO, —>HD +eC0O,

and the yield of H atoms is obtained either by
the directly measured HD yields or by the first
method:
G(ED) = G(Total H, )- G°(H, )
Additional H atoms are generated by the intra
track reaction:
+e, —eH

The yield of this reaction can be reduced by the
addition of selected electron scavengers:

Ste, S

S+e,, S
“He ions have higher LET values than gamma
rays, which means that, an increase in the intra
track reactions should be observed and,
therefore, an increase on the molecular
hydrogen yields.

Experimental setup:
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A gas chromatograph and a mass spectrometer are connected inline with the sample cell a
placed in the gamma source and on the heavy ions accelerator.
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Modelling radiation processes:

Monte Carlo simulation of track structure

lonization, excitation... (cross sections)

Monte Carlo simulation of the chemical
evolution of the track

Bulk chemistry modeled deterministically

Effect
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In the first method, H atoms produced after radiolysis of water
abstract atomic hydrogen from selected solutes to generate H,.
H atom yields are then calculated from the difference between
the H, yields when solute is added and when it is not

H, generation after water irradiation:

Introduction: Addition of selected solutes:

H atom is one of the most
important species generated
after radiolysis of water due to
the fragmentation of the water
excited state

eH+RH ——>»H,+sR  RH =HCO,,CH,OH

Total H, measured = H + H, (e H}

HO +te »H,0 > H,+0
e +#,0- k.0 -H+0
H,0+e — |,0° > H +0H(+H,0)— H,+0H+0H

eH+e, —H,
> H]

eHieH 5 H,
Experimental setup:

In the second method, HD is formed
quantitatively by direct abstraction of D atoms
from deuterated solutes.

¢Hd+RD —>HD+#R

Radiation

beine] RD=DCO., CD,0H

Modelling radiation processes:
Radiation
v Monte Carlo simulation of track structure
Material
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Gas
chromatograph
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A gas chromatograph and a mass spectrometer are

connected inline with the sample cell placed in the
gamma source.

(cross sections)

Monte Carlo simulation of the chemical
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Figure 6. Production of H, in the gamma radiolysis of 10 mM aquecus
deuterated formate solutions and different added cancentrations of
nitrate as & function of the nitrate scavenging sapacity for H atoms:
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concentration of NO, and no deuterated formats addition. Coloured ines
are the results of the Monte Carlo calculations
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11 Introduction
Three or more measurements were made for eachimegoeal point. The

associated errors to the experimental values amdleanthan the symbol used to
represent each point. The error associated withsttegter of the experimental
measurements is expected to be significantly latigen errors introduced by other
parameters such as change in humidity (as measnotemere made in different
seasons and laboratories) or change of nylon agmsed to connect the sample cell
with the GC and MS (which may cause better isolgti&very measurement with

their respective averages and standard deviatiengrasented in this appendix.
1.2 Gamma radiolysis

1.2.1 Variation of sodium formate

[HCO,] imM | 10mM | 100mM | 300mM [ 1M
[NaNO3] G(Total Hy) (molecules / 100 eV)
0.8579 | 0.9493|  1.0226 1.1049)  1.2101
0.7864 | 0.9338| 1.0134 1.0813|  1.1921
1 mM 0.8123 | 0.9326|  1.0051 1.0848|  1.1924
0.7230 | 0.9219
0.6842
Average 0.7728 | 0.9344]  1.0137 1.0904  1.1982
Std.Dev. (¥) 0.0695 | 0.0113  0.0088 0.0121 0.0103
0.6812 | 0.5838| 0.7934 0.9600|  0.8992
24 mM 0.6412 | 0.8163|  0.7696 0.9458  0.8806
0.6409 | 0.8278| 0.9013 0.9591|  0.8815
Average 0.6544 | 0.7426]  0.8214 0.955  0.8871
Std.Dev. (%) 0.0232 | 0.1377]  0.0702 0.007¢ 0.01p5
[HCO,] 1mM | 10mM | 100mM | 300mM [ 1M
[NazSeQy] G(Total H,) (molecules / 100 eV)
0.8651 | 0.9012|  0.9483 0.9495|  1.0938
1mM 0.8661 | 0.8946|  0.9373 0.9532]  1.1218
0.8660 | 0.8937|  0.9429 0.9980|  1.1257
Average 0.8657 | 0.8965  0.9428 0.9669  1.1188
Std.Dev. (¥) 0.0006 | 0.0041]  0.0055 0.027( 0.0174
0.6623 | 0.7144| 0.7737 0.8562|  0.9806
100 mM 0.6619 | 0.7180|  0.7766 0.8414/  0.9728
0.6357 | 0.7106| 0.7754 0.8170,  0.9827
Average 0.6533 | 0.7143]  0.7752 0.8382  0.9787
Std.Dev. (%) 0.0153 | 0.0037]  0.0015 0.0198 0.0052
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1.2.2 Variation of nitrate

[HCO>] 10 mM | 1M
[NaNO3] G(Total H2) (molecules / 100 eV)
0.8640 1.2034
1mM 0.8633 1.2145
0.8571 1.2007
Average 0.8615 1.2062
Std.Dev. (%) 0.0038 0.0073
0.7933 1.1415
10 mM 0.7793 1.1529
0.7680 1.1467
Average 0.7802 1.1470
Std.Dev. (1) 0.0127 0.0057
0.6676 1.0127
100 mM 0.6594 1.0206
0.6363 1.0147
Average 0.6544 1.0160
Std.Dev. (1) 0.0163 0.0041
0.4326 0.8530
300 mM 0.4297 0.8512
0.4143 0.8476
Average 0.4255 0.8506
Std.Dev. (z) 0.0098 0.0028
0.1959 0.6402
1M 0.2355 0.5976
0.2032 0.6140
Average 0.2115 0.6173
Std.Dev. (z) 0.0211 0.0215
0.4078
3M 0.4303
0.3966
Average 0.4116
Std.Dev. (1) 0.0171
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[DCO,] 10 mM
[NaNOg] G(Total H) G(Hy) G(HD) G(Dy)
molecules/100eV molecules/100eV molecules/100e\ molecules/100eV
0.8592 0.3918 0.4670 0.0005
1 mM 0.7547 0.4122 0.3425 0.0000
0.7349 0.4134 0.3196 0.0018
Average 0.7829 0.4058 0.3764 0.0008
Std.Dev. 0.0668 0.0122 0.0793 0.0010
0.7628 0.3354 0.4250 0.0023
10 mM 0.7067 0.3767 0.3300 0.0000
0.6246 0.3763 0.2474 0.0010
Average 0.6981 0.3628 0.3341 0.0011
Std.Dev. 0.0695 0.0237 0.0889 0.0012
0.5056 0.2439 0.2611 0.0006
100 mM 0.4577 0.2544 0.2033 0.0000
0.4312 0.2605 0.1700 0.0007
Average 0.4648 0.2529 0.2115 0.0004
Std.Dev. 0.0377 0.0084 0.0461 0.0004
0.3449 0.2040 0.1394 0.0015
300 mM 0.3023 0.1893 0.1117 0.0013
0.2762 0.1919 0.0836 0.0007
Average 0.3078 0.1951 0.1116 0.0011
Std.Dev. 0.0347 0.0079 0.0279 0.0004
0.1446 0.1034 0.0411 0.0001
1M 0.1418 0.1057 0.0360 0.0001
0.1433 0.1129 0.0304 0.0000
Average 0.1432 0.1074 0.0358 0.0000
Std.Dev. 0.0014 0.0049 0.0053 0.0000
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[DCO,] 1M
[NaNOg] G(Total H) G(Hy) G(HD) G(Dy)
molecules/100eV molecules/100eV molecules/100e\ molecules/100eV
0.9209 0.2880 0.5389 0.0940
1 mM 0.9118 0.2804 0.5385 0.0928
0.8933 0.2819 0.5197 0.0916
Average 0.9086 0.2835 0.5324 0.0928
Std.Dev. 0.0141 0.0040 0.0110 0.0012
0.8347 0.2305 0.5148 0.0894
10 mM 0.8426 0.2402 0.5138 0.0887
0.8495 0.2367 0.5222 0.0906
Average 0.8423 0.2358 0.5169 0.0896
Std.Dev. 0.0074 0.0049 0.0046 0.0010
0.7187 0.1637 0.4708 0.0842
100 mM 0.7295 0.1605 0.4783 0.0906
0.7186 0.1622 0.4683 0.0881
Average 0.7223 0.1622 0.4725 0.0876
Std.Dev. 0.0063 0.0016 0.0052 0.0032
0.6120 0.1172 0.4089 0.0859
300 mM 0.6076 0.1204 0.4022 0.0850
0.5966 0.1139 0.3959 0.0868
Average 0.6054 0.1172 0.4023 0.0859
Std.Dev. 0.0080 0.0032 0.0065 0.0009
0.4266 0.0625 0.2858 0.0782
1M 0.4064 0.0623 0.2667 0.0774
0.4039 0.0597 0.2661 0.0781
Average 0.4123 0.0615 0.2729 0.0779
Std.Dev. 0.0124 0.0016 0.0112 0.0004

182



Appendix B

1.2.3 Variation of selenate

[HCO,] 10 mM | 1M
[NaxSeQy] G(Total H2) (molecules / 100 eV)
0.8335 1.2369
1mM 0.8360 1.2042
0.8062 1.1979
Average 0.8252 1.2130
Std.Dev. 0.0165 0.0209
0.7704 1.1083
10 mM 0.8138 1.1034
0.7811
Average 0.7884 1.1416
Std.Dev. 0.0226 0.0034
0.7503 0.9113
100 mM 0.7207 0.8970
0.6833 0.9139
Average 0.7181 0.9074
Std.Dev. 0.0336 0.0091
0.5692 0.6682
300 mM 0.5551 0.7483
0.5566 0.6748
Average 0.5603 0.6971
Std.Dev. 0.0078 0.0445
0.2736 0.4669
1M 0.3215 0.4590
0.2801 0.4434
Average 0.2917 0.4564
Std.Dev. 0.0260 0.0119
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[DCO,] 10 mM
INa;SeQ)] G(Total H) G(Hy) G(HD) G(Dy)
molecules/100eV molecules/100e\M molecules/100eVf molecules/100eV,
0.8632 0.4322 0.4301 0.0010
1 mM 0.8492 0.4633 0.3852 0.0007
0.8375 0.4611 0.3753 0.0011
Average 0.8500 0.4522 0.3968 0.0010
Std.Dev. 0.0129 0.0174 0.0292 0.0002
0.7975 0.3697 0.4276 0.0002
10 mM 0.8168 0.3854 0.4300 0.0014
0.8128 0.3904 0.4214 0.0010
Average 0.8090 0.3818 0.4264 0.0009
Std.Dev. 0.0102 0.0108 0.0044 0.0006
0.6495 0.2776 0.3694 0.0025
100 mM 0.6417 0.2720 0.3679 0.0018
0.6495 0.2810 0.3675 0.0009
Average 0.6469 0.2769 0.3683 0.0017
Std.Dev. 0.0045 0.0045 0.0010 0.0008
0.4549 0.1764 0.2778 0.0007
300 mM 0.4654 0.1857 0.2791 0.0007
0.4585 0.1842 0.2735 0.0009
Average 0.4596 0.1821 0.2768 0.0007
Std.Dev. 0.0053 0.0050 0.0029 0.0001
0.2268 0.0806 0.1462 0.0000
1M 0.2292 0.0951 0.1335 0.0005
0.2323 0.0996 0.1324 0.0003
Average 0.2294 0.0918 0.1374 0.0003
Std.Dev. 0.0028 0.0099 0.0077 0.0003
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1.3 H radiolysis

1.3.1 No addition of hydrogen atom scavenger

[NaNO3] | G°(H>)
0.7724
1 mM 0.7673
0.7686
Average 0.7694
Std.Dev. | 0.0026
0.6050
10 mM 0.6294
0.6232
Average 0.6192
Std.Dev. | 0.0127
0.5432
30 mM 0.5635
0.5806
Average 0.5624
Std.Dev. | 0.0187
0.4652
100 mM | 0.4836
0.4571
Average 0.4686
Std.Dev. | 0.0135
0.3200
300 mM | 0.3232
0.3158
Average 0.3197
Std.Dev. | 0.0037
0.1423
1M 0.1476
0.1480
Average 0.1460
Std.Dev. | 0.0032
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1.3.2 Variation of nitrate

[HCO;] 10 mM
[NaNO3] G(Total H2) (molecules / 100 eV)

1.2111

1mM 1.1899

1.1994

Average 1.2001

Std.Dev. (%) 0.0106

1.0415

10 mM 1.0438

1.0474

Average 1.0442

Std.Dev. (2) 0.0030

0.8119

100 mM 0.8171

0.8025

Average 0.8105

Std.Dev. (2) 0.0074

0.5470

300 mM 0.5435

0.5413

Average 0.5439

Std.Dev. (%) 0.0029

0.2604

1M 0.2563

0.2540

Average 0.2569

Std.Dev. (%) 0.0033
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[DCO,] 1M
[NaNOg] G(Total H) G(Hy) G(HD) G(Dy)
molecules/100eV molecules/100eV molecules/100e\ molecules/100eV
1.1445 0.6164 0.4628 0.0654
1 mM 1.1165 0.5998 0.4490 0.0677
1.1411 0.6055 0.4675 0.0681
Average 1.1340 0.6072 0.4597 0.0671
Std.Dev. 0.0153 0.0084 0.0096 0.0015
1.0287 0.5033 0.4548 0.0706
10 mM 1.0605 0.5304 0.4754 0.0546
1.0273 0.5088 0.4501 0.0684
Average 1.0389 0.5142 0.4601 0.0646
Std.Dev. 0.0188 0.0143 0.0135 0.0087
0.8522 0.3587 0.4242 0.0693
100 mM 0.8603 0.3611 0.4272 0.0720
0.8498 0.3514 0.4269 0.0715
Average 0.8541 0.3571 0.4261 0.0709
Std.Dev. 0.0055 0.0051 0.0017 0.0014
0.7008 0.2629 0.3666 0.0714
300 mM 0.6966 0.2607 0.3644 0.0716
0.6951 0.2581 0.3650 0.0720
Average 0.6975 0.2605 0.3653 0.0716
Std.Dev. 0.0029 0.0024 0.0012 0.0003
0.4561 0.1383 0.2507 0.0671
1M 0.4489 0.1346 0.2469 0.0674
0.4443 0.1315 0.2457 0.0672
Average 0.4498 0.1348 0.2478 0.0672
Std.Dev. 0.0059 0.0034 0.0026 0.0001
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1.3.3 Variation of selenate

[HCO,] 10 mM
[Na,SeQj] G(Total H2) (molecules / 100 eV)

1.1726

1 mM 1.1661

1.1513

Average 1.1633

Std.Dev. 0.0109

1.0516

10 mM 1.0733

1.0454

Average 1.0568

Std.Dev. 0.0147

0.7972

100 mM 0.7990

0.8036

Average 0.7999

Std.Dev. 0.0033

0.5982

300 mM 0.5923

0.5928

Average 0.5944

Std.Dev. 0.0033

0.3198

1M 0.3140

0.3309

Average 0.3216

Std.Dev. 0.0086
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1.4 “He radiolysis

1.4.1 No addition of hydrogen atom scavenger

[NaNO3] | G°(H>)
1.3108

1 mM 1.2642
1.2080
Average 1.2610
Std.Dev. | 0.0515
1.1506

10 mM 1.1690
1.1531
Average 1.1576
Std.Dev. | 0.0100
1.0732

30 mM 1.0660
1.0821
Average 1.0737
Std.Dev. | 0.0081
1.0126

100 mM | 1.0093
1.0146
Average 1.0122
Std.Dev. | 0.0027
0.9214

300 mM | 0.9302
0.9371
Average 0.9296
Std.Dev. | 0.0079
0.7103

1M 0.7115
0.7201
Average 0.7140
Std.Dev. | 0.0053
0.2039

3M 0.1922
0.1957
Average 0.1973
Std.Dev. | 0.0060
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1.4.2 Variation of nitrate

[HCO,] 10 mM | 1M

[NaNO3] G(Total H2) (molecules / 100 eV)

1.4195 1.3874

1 mM 1.3542 1.3502

1.3853 1.3716

Average 1.3863 1.3698

Std.Dev. (1) 0.0326 0.0187

1.2554 1.3098

10 mM 1.2513 1.3205

1.2513 1.3262

Average 1.2527 1.3188

Std.Dev. () 0.0023 0.0083

1.2748

30 mM 1.2928

1.2888

Average 1.2855

Std.Dev. (1) 0.0094

1.1012 1.2044

100 mM 1.0998 1.1618

1.1002 1.2197

Average 1.1004 1.1953

Std.Dev. (1) 0.0007 0.0300

0.8764 1.0265

300 mM 0.8447 1.0117

0.8410 1.0283

Average 0.8540 1.0222

Std.Dev. (1) 0.0194 0.0091

0.5070 0.6457

1M 0.5534 0.6419

0.6490

Average 0.5302 0.6455

Std.Dev. (¥) 0.0328 0.0036
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[DCO,] 10 mM
[NaNOg] G(Total H) G(Hy) G(HD) G(Dy)
molecules/100eV molecules/100eV molecules/100e\ molecules/100eV
1.4563 1.3190 0.1344 0.0028
1 mM 1.4472 1.3029 0.1443 0.0000
1.3917 1.2551 0.1366 0.0000
Average 1.4317 1.2923 0.1384 0.0009
Std.Dev. 0.0350 0.0332 0.0052 0.0016
1.3606 1.2302 0.1304 0.0000
10 mM 1.3558 1.2170 0.1388 0.0000
1.3540 1.2279 0.1261 0.0000
Average 1.3568 1.2250 0.1317 0.0000
Std.Dev. 0.0034 0.0070 0.0065 0.0000
1.1557 1.0786 0.0718 0.0052
100 mM 1.0691 0.9997 0.0694 0.0000
1.0757 1.0097 0.0660 0.0000
Average 1.1001 1.0294 0.0690 0.0017
Std.Dev. 0.0482 0.0430 0.0029 0.0030
0.7941 0.7133 0.0228 0.0580
300 mM 0.7566 0.7223 0.0310 0.0032
0.7692 0.7389 0.0303 0.0000
Average 0.7733 0.7248 0.0280 0.0204
Std.Dev. 0.0191 0.0130 0.0046 0.0326
0.4218 0.4089 0.0117 0.0012
1M 0.4220 0.4112 0.0108 0.0000
0.3858 0.3772 0.0086 0.0000
Average 0.4099 0.3991 0.0104 0.0004
Std.Dev. 0.0208 0.0190 0.0016 0.0007
0.2062 0.2028 0.0027 0.0006
3M 0.1981 0.1962 0.0017 0.0002
0.2017 0.2001 0.0014 0.0002
Average 0.2020 0.1997 0.0019 0.0003
Std.Dev. 0.0041 0.0033 0.0007 0.0003
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[DCO7] 1M
[NaNOg] G(Total H) G(Hy) G(HD) G(Dy)
molecules/100eV molecules/100eV molecules/100e\ molecules/100eV
1.3595 1.0456 0.2905 0.0235
1 mM 1.4014 1.0787 0.2958 0.0269
1.3999 1.0648 0.3083 0.0267
Average 1.3869 1.0630 0.2982 0.0257
Std.Dev. 0.0238 0.0166 0.0092 0.0019
1.2995 0.9858 0.2851 0.0286
10 mM 1.2933 0.9704 0.2929 0.0301
1.3201 0.9878 0.3039 0.0283
Average 1.3043 0.9813 0.2940 0.0290
Std.Dev. 0.0140 0.0095 0.0095 0.0009
1.0701 0.7707 0.2782 0.0212
100 mM 1.1244 0.8196 0.2784 0.0264
1.1057 0.8038 0.2767 0.0252
Average 1.1001 0.7981 0.2778 0.0242
Std.Dev. 0.0276 0.0250 0.0009 0.0027
0.9180 0.6493 0.2424 0.0263
300 mM 0.8928 0.6257 0.2393 0.0278
0.9041 0.6354 0.2430 0.0257
Average 0.9050 0.6368 0.2416 0.0266
Std.Dev. 0.0126 0.0119 0.0020 0.0011
0.5409 0.3648 0.1523 0.0238
1M 0.5672 0.3825 0.1586 0.0261
0.5574 0.3760 0.1583 0.0231
Average 0.5552 0.3744 0.1564 0.0243
Std.Dev. 0.0133 0.0090 0.0036 0.0016
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1.4.3 Variation of selenate

[HCO,] 10 mM | 1M

[NazSeQy] G(Total H2) (molecules / 100 eV)

1.3504 1.3997

1 mM 1.3677 1.4076

1.3553 1.3768

Average 1.3578 1.3947

Std.Dev. () 0.0089 0.0160

1.3202 1.3882

10 mM 1.3283 1.3868

1.3240 1.3893

Average 1.3242 1.3881

Std.Dev. () 0.0040 0.0013

1.3413

30 mM 1.3643

1.3539

Average 1.3531

Std.Dev. (1) 0.0115

1.2534 1.2715

100 mM 1.2496 1.2692

1.2348 1.2673

Average 1.2459 1.2693

Std.Dev. (1) 0.0098 0.0021

0.9508 1.0658

300 mM 0.9534 1.0925

1.0790

Average 0.9521 1.0791

Std.Dev. () 0.0018 0.0133

0.5085 0.6660

1M 0.5054 0.6493

0.4985 0.6309

Average 0.5041 0.6487

Std.Dev. () 0.0051 0.0175
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[DCO,] 10 mM
[Na;SeQ] G(Total H) G(Hy) G(HD) G(Dy)
molecules/100eV molecules/100eV molecules/100e\f molecules/100eV/
1.3687 1.2706 0.0921 0.0060
1mM 1.3607 1.2784 0.0823 0.0000
1.3316 1.2466 0.0850 0.0000
Average 1.3536 1.2652 0.0864 0.0020
Std.Dev. 0.0195 0.0166 0.0051 0.0035
1.2861 1.1973 0.0884 0.0004
10 mM 1.2704 1.1845 0.0851 0.0009
1.2856 1.1988 0.0868 0.0000
Average 1.2807 1.1935 0.0868 0.0004
Std.Dev. 0.0089 0.0079 0.0017 0.0004
1.0614 0.9986 0.0627 0.0001
100 mM 1.0004 0.9388 0.0616 0.0000
1.0570 0.9945 0.0625 0.0000
Average 1.0396 0.9773 0.0623 0.0000
Std.Dev. 0.0340 0.0334 0.0006 0.0000
0.7415 0.7044 0.0363 0.0007
300 mM 0.7646 0.7289 0.0357 0.0000
0.7713 0.7356 0.0357 0.0000
Average 0.7591 0.7230 0.0359 0.0002
Std.Dev. 0.0156 0.0164 0.0003 0.0004
0.4340 0.4203 0.0137 0.0000
1M 0.4325 0.4168 0.0157 0.0000
0.4212 0.4070 0.0142 0.0000
Average 0.4292 0.4147 0.0146 0.0000
Std.Dev. 0.0070 0.0069 0.0010 0.0000
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Ravenglass layout
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1.2 TS _MHP.com(Used to submit job to computer cluster)
#!/bin/csh

env TOP "/home/ravenglass/mbdxfmh2/" Setting environmental
etenv HOME "/home/ravenglass/mbdxfmh2/" ;
E1 $SHOMFE"Water/" variables

etenv FRNT "1mM_NaNO3_H202_" » Job name

# Directory
cd $HOME

v

Move to users home directory

# Present directory
pwd

# Compile programs
# cd $SHOME"Programs”

ifort -O1 -0 ranchange.exe
$TOP"/MyPrograms/Ranchange/ranchange.f"

ifort -O1 -CB -DH=C -DA=D -DD -linclude -0 Tracksim _coord.exe
/home/ravenglass/mbdsssp5/MyPrograms/Hydrotrack/Sou rce/*.F

ifort -O1 -CB -linclude -0 PhysicoChem.exe
/home/ravenglass/mbdsssp5/MyPrograms/PhysicoChem/So urce/*.f
ifort -O1 -CB -linclude -o PhysicoChem_full.exe
/home/ravenglass/mbdsssp5/MyPrograms/PhysicoChem/So urce/*.f
ifort -O1 -CB -pc32 -linclude -0 Kinetics_new.exe
/home/ravenglass/mbdsssp5/MyPrograms/Kinetics3/Sour ce_new/*.f

ifort -O1 -CB -linclude -o TrackReduce.exe
$TOP"/MyPrograms/TrackReduce/Source/trk_conv5."

# Directory \
cd $HOME"RundirH20" Compile programs

pwd

# Fragmentation datafile
rm ssrp_trk.frg
cp $HOMEL1"em.frg" ssrp_trk.frg

Move to operational directory

# Simulation methods
rm simuln_methods.dat
cp SHOMEL1"simuln_methods_rt.dat" simuln_methods.dat

# Chemistry datafile
rm ssrp_trk.dat

cp $HOMEL"Chemistry/MHP_NO3-_may09.dat" ssrp_trk.da

# Submit file

» Command file

rm run.com .
cp $HOME1"run_ravenglass.com” run.com

_ Loop begins
seti=-1

Copying info from default
directory to operational

Number of nodes directory

while ($i<99)
@i=%$i+1
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echo $i

if ($i <10) then

# Job name
setenv JOB_NAME $FRNT"0"$i

else

# Job name
setenv JOB_NAME $FRNTS$i

endif

# Remove old dump file

v

rm $JOB_NAME".dump"

rack datafile
rm $JOB_NAME"_track.dat"

cp $HOME1"lon/track.dat" $JOB_NAME"_track.dat"

ew random Number
rm $JOB_NAME".dat"

$TOP'Programs/ranchange.exe'
p rnseeds.dat $JOB_NAME".dat"

ubmit file

v

rm $JOB_NAME
cp run.com $JOB_NAME

# Submit job

v

v

gsub $JOB_NAME
# /$JOB_NAME

end

Loop ends
exit

Different jobname for each
node

Clean up information dump
files

Radiation energy
and type

Generate new random
number seeds for each node

Creates individual command
script for each node

Submit job to node
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1.3  run_ravenglass.confUsed to run simulations on cluster node)

#!/bin/csh -f

Setting environmental
variables

setenv TOP ‘home/ravenglass/mbdxfmh2/'
setenv HOME 'Yhome/ravenglass/mbdxfmh2/'
setenv HOME1 $HOME'Water/'
setenv HOME2 $HOME'RundirH20/"
B _NAME $PBS_JOBNAME

t NREAL 100 . .
setenv ~ —— , Number of tracks simulated on this n
cd /data2/mbdxfmh2/ —— > Move to scratch memory space of thuste

mkdir $JOB_NAME'_dir' — > Create operational directory in scratch memorye
cd $JOB_NAME'_dir' —— > Move to director

# Present directory
pwd » Echos to log file directory nar

# Setup

# Random number seeds
cp $HOME2$JOB_NAME'.dat' rnseeds.dat
rm -f rnseeds.old

cp rnseeds.dat rnseeds.old

# Restart info
rm -f ssrp_trk.rst
cp $HOME'restart.rst' ssrp_trk.rst

# Simulation methods
rm simuln_methods.dat
cp $HOMEZ'simuln_methods_rt.dat' simuln_methods.dat

# Track file location

rm track.inp .
cp $HOME1'track.inp' track.inp Input variables to run
program

# Cross-section files
rm xsectns_H20liq.dat

cp $HOME1'xsectns_H20lig.dat' xsectns_H20lig.dat

# Medium data
rm medium_param.dat
cp $HOME1'medium_298.dat' medium_param.dat

# Track datafile » Type of radiation
rm track.dat

# cp $SHOME1'track.dat' track.dat

cp $HOME2$PBS_JOBNAME' track.dat' track.dat

rm trk_conv.inp
cp $HOMEL'trk_conv.inp' trk_conv.inp
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| SR Fates of ionization and
# Fragmentation distribution » ates orionization an
rm -f ssrp_trk.frg excitation events

cp $HOMEZ2'ssrp_trk.frg' ssrp_trk.frg

v

# Chemistry datafile
#in TS file

rm -f ssrp_trk.dat
cp $HOMEZ2'ssrp_trk.dat' ssrp_trk.dat Input variables to run program

Input data (chemistry)

# Kinetics run file
rm ssrp_trk.inp
cp $HOMEL'ssrp_trk.inp' ssrp_trk.inp

v

Verification file

# Time files
rm reorg*.inp
cp $HOME1'reorgl.inp' reorgl.inp
cp $HOME1'reorg2.inp' reorg2.inp
cp $HOME1'reorg3.inp' reorg3.inp
cp $HOMEL'reorg4.inp' reorg4.inp
cp $HOME1'reorg5.inp' reorg5.inp
cp $HOME1'reorg6.inp' reorg6.inp
cp $HOMEL'reorg?.inp' reorg?.inp
cp $HOME1'reorg8.inp' reorg8.inp
cp $HOMEL'reorg9.inp' reorg9.inp
# cp $HOME1'reorg10.inp' reorg10.inp
# cp $HOME1'reorgll.inp' reorgll.inp
# cp $SHOME1'reorgl12.inp' reorgl12.inp
# cp $HOME1'reorgl3.inp' reorgl13.inp
# cp $SHOME1'reorgl4.inp' reorgl4.inp

Times at which arrays describing
chemical species are reorganized

echo " Finished setup "

pwd :
Loop begins

seti=0

while ( $i < SNREAL )

@i=%i+1

Track structure (energy,
ionization and excitation)

Type of ionization and
$TOP'Programs/Kinetics_new.exe' < ssrp_trk.inp excitation

$TOP'Programs/TrackReduce.exe' < reorgl.inp \ .
\ Chemistry

$TOP'Programs/Tracksim_coord.exe' < track.inp
$TOP'Programs/PhysicoChem.exe' < trk_conv.inp

$TOP'Programs/Kinetics_new.exe' < ssrp_trk.inp

$TOP'Programs/TrackReduce.exe' < reorg2.inp Clean up

$TOP'Programs/Kinetics_new.exe' < ssrp_trk.inp
$TOP'Programs/TrackReduce.exe' < reorg3.inp

$TOP'Programs/Kinetics_new.exe' < ssrp_trk.inp
$TOP'Programs/TrackReduce.exe' < reorg4.inp

$TOP'Programs/Kinetics_new.exe' < ssrp_trk.inp
$TOP'Programs/TrackReduce.exe' < reorg5.inp

$TOP'Programs/Kinetics_new.exe' < ssrp_trk.inp
$TOP'Programs/TrackReduce.exe' < reorg6.inp
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$TOP'Programs/Kinetics_new.exe' < ssrp_trk.inp
$TOP'Programs/TrackReduce.exe' < reorg7.inp

$TOP'Programs/Kinetics_new.exe' < ssrp_trk.inp
$TOP'Programs/TrackReduce.exe' < reorg8.inp

STOP'Programs/Kinetics_new.exe' < ssrp_trk.inp
STOP'Programs/TrackReduce.exe' < reorg9.inp

# $TOP'Programs/Kinetics_new.exe' < ssrp_trk.inp
# $TOP'Programs/TrackReduce.exe' < reorg10.inp

# $TOP'Programs/Kinetics_new.exe' < ssrp_trk.inp
# $TOP'Programs/TrackReduce.exe' < reorgl1.inp

# $TOP'Programs/Kinetics_new.exe' < ssrp_trk.inp
# $TOP'Programs/TrackReduce.exe' < reorg12.inp

# $TOP'Programs/Kinetics_new.exe' < ssrp_trk.inp
# $TOP'Programs/TrackReduce.exe' < reorg13.inp

# $TOP'Programs/Kinetics_new.exe' < ssrp_trk.inp
# $TOP'Programs/TrackReduce.exe' < reorg14.inp

$TOP'Programs/Kinetics_new.exe' < ssrp_trk.inp

rm ssrp_trk.oldd
cp ssrp_trk.dump ssrp_trk.oldd
rm sumtrack.oldd

cp sumtrack.dump sumtrack.oldd

Cleaning old data dump
files and rewriting with
new information

end
Loop ends

# Rename output files
cat track.dat > test.res
cat sumtrack.res >> test.res
cat ssrp_trk.dat >> test.res
cat ssrp_trk.res >> test.res
rm $HOME2$JOB_NAME' Results.res'
mv test.res SHOME2$JOB_NAME'_Results.res'
mv ssrp_trk.kin0 $HOME2$JOB_NAME'_Kinetics0.res'
mv ssrp_trk.kinl $SHOME2$JOB_NAME'_Kinetics1.res'
mv ssrp_trk.kin2 $HOME2$JOB_NAME'_Kinetics2.res'
mv facin.dat $HOME2$JOB_NAME'_Yields.dat'

Output results

rm $HOME2$JOB_NAME'.dump'

cp ssrp_trk.dump $HOME2$JOB_NAME'.dump' — Store information (produce much

more than output in results files
rm* » Remove all information on the scratch memory space

cd /data2/mbdxfmh2/ — > Move to top irectory in scratch memory sps

rmdir $JOB_NAME'_dir Remove operational directory from scratch

memory space
exit
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