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The development of ultra-intense electron pulse for
applications needs to be accompanied by the implementation
of a practical dosimetry system. In this study four different
systems were investigated as dosimeters for low doses with a
very high-dose-rate source. First, the effects of ultra-short
pulses were investigated for the yields of the Fricke dosimeter
based on acidic solutions of ferrous sulfate; it was established
that the yields were not significantly affected by the high dose
rates, so the Fricke dosimeter system was used as a reference.
Then, aqueous solutions of three compounds as fluorescence
chemical dosimeters were utilized, each operated at a
different solution pH: terephthalic acid - basic, trimesic acid
- acidic, and coumarin-3-carboxylic acid (C3CA) - neutral.
Fluorescence chemical dosimeters offer an attractive alter-
native to chemical dosimeters based on optical absorption for
measuring biologically relevant low doses because of their
higher sensitivity. The effects of very intense dose rate (TGy/
s) from pulses of fast electrons generated by a picosecond
linear accelerator on the chemical yields of fluorescence
chemical dosimeters were investigated at low peak doses (<20
Gy) and compared with yields determined under low-dose-
rate irradiation from a 60 Co gamma-ray source (mGy/s).
For the terephthalate and the trimesic acid dosimeters
changes in the yields were not detected within the estimated
(~10%) precision of the experiments, but, due to the
complexity of the mechanism of the hydroxyl radical initiated
reactions in solutions of the relevant aromatic compounds,
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significant reductions of the chemical yield (-60%) were
observed when the C3CA dosimeter was irradiated with the
ultra-short pulses. © 2022 by Radiation Research Society

INTRODUCTION
Dose Rate Effects in Liquid Chemical Dosimeters

In the past 2-3 decades, implementation of new ultra-
short pulsed sources of radiation, X-ray free electron lasers
(1, 2), plasma X-ray sources (3) and accelerated charged
particles (4—6) was made possible thanks to the widespread
availability of ultra-fast laser beam technology. These new
sources are capable of producing pulses of ionizing
radiation as short as few femtoseconds and, in the case of
X-rays, even shorter (7, 8). Efforts are under way to apply
these new sources of radiation in radiobiological studies
and, eventually, in radiotherapy applications (9, 10).
Although the desirable doses for these applications are
relatively low (<<10*> Gy) the ultrashort character of the
pulses results in extremely high dose rates (>10'* Gy/s).
This poses a challenge to established dosimetric systems in
that they will need to be investigated and adjusted for the
ultrashort character of the administered pulses that are many
orders of magnitude shorter compared to classical irradia-
tion sources.

It is widely acknowledged that chemical dosimeter
systems experience significant changes of their chemical
radiolytic yield when the type of ionizing radiation is
changed (e.g., between fast electrons and soft X-ray
photons), primarily as a result of different linear energy
transfer (LET) (11, 12). However, what is substantially less
established is the range of dose rates where the radiolytic
yields of the chemical species important for the working of
the dosimeter can be assumed to be independent. If the
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already developed chemical dosimeter systems need to be
utilized with picosecond and sub-picosecond sources, then
the independence from changes of dose rate must be

verified.

Fricke Dosimeter

The Fricke dosimeter, based on aqueous solutions of ~10-
M Fe*" in sulfuric acid is one of a few systems that were
systematically investigated for the effect of very high dose
rates from pulsed sources (13—19). These investigations were
performed using pulses of fast electrons from linear
accelerators, where the length of the pulses was on the order
of 10° s and the pulse was capable of delivering a dose on
the order of 10-10° Gy to the liquid samples — this way the
achievable dose rates were multiple orders of magnitudes
higher than from the best available radionuclide sources. Up
to the dose rate of approximately 10°-10° Gy/s (0.62 X [10**—
10%] eV.L s, as recalculated to units utilized in the older
studies), the chemical yields were found to be independent of
dose rate, close to the value of 1.62 pmol/J (=15.6 ions/100
eV). At higher dose rates, the Fricke dosimeter started to
reveal decreasing chemical yields, dropping by about 40% at
dose rates around 10° Gy/s (=10%* eV.L"".s™"). Attempts were
made to alleviate this effect by modifying the dosimeter, by
increasing the oxygenation of the solutions, or by increasing
the total ferrous iron concentration, but were ultimately only
marginally successful (18). However, as has been reasoned
by Rotblat and Sutton (15), the main reason for such a large
drop in the yield of the Fricke dosimeter in these studies was
likely from the total value of the dose per pulse rather than
simply the dose rate. For the ~107° s linac pulses, Rotblat
and Sutton ascribe more significance to expression of dose
rate as ‘‘dose per pulse’’ rather than ‘‘dose per unit of time’’;
they also noted that it was essential to avoid peak dose in
excess of 400 Gy to avoid oxygen depletion, which
manifested by a sharp drop of chemical yield at approx-
imately 600-800 Gy. Experiments with progression of
cumulative doses up to 2,000 Gy delivered by 80-200 Gy
pulses have reproduced this effect regardless of the spacing
between the pulses in the range 0.0025 to 1 s. With pulses
>1 ps long, it is clear that in the studies where dose rates of
the order of 10° Gy/s were achieved (18), doses of the order
of 1,000 Gy/pulse had to be utilized, which caused oxygen
depletion (in solutions equilibrated with air) and — conse-
quently — to the reported substantial drop in dosimeter yield.

A less prominent effect, yet measurable, reduction of Fe*"
yields was observed already for smaller peak doses with
G(Fe’*). The yield dropped by approximately 5% at a ‘‘dose
rate” of already 10 Gy/pulse (~107 Gy/s), the change
becoming less significant when initial concentrations of
dissolved oxygen and of ferrous sulphate were increased
(15). These investigations have, hence, revealed the limits
of practical usage of the dosimeter for highly intense pulses

of ionizing radiation.

Downloaded From: https://bioone.org/journals/Radiation-Research on 26 Sep 2024
Terms of Use: https://bioone.org/terms-of-use

PRECEK ET AL.

The topic has not been researched exhaustively, recent
investigations of O’Leary et al. (20) with approximately
tenfold higher LET radiation in the form of monochromatic
20 keV synchrotron X rays indicate that a slight decrease in
the yields of the Fricke dosimeter can manifest already
when the dose rate is increased in the range from 10-10°
Gy/s (a drop of 10% was detected when average doses
below 500 Gy were administered; for doses above 500 Gy,
the effect of oxygen depletion - a fast drop of the yield - was
observed as well). In addition, a recent investigation using
ultra-soft X rays in the energy range of the so-called water
window (284-543 eV) generated by laser driven plasma,
where the dose rate in the pulsed regime reached an order of
10° Gy/s, has reported a substantial decrease in the yield of
ferric ions (21). Nonetheless, since water-window X rays
have a very high LET, it is less straightforward to compare
these results with the low-LET systems mentioned above
and utilized in this study.

The standard Fricke dosimeter system relies on measuring
the change of transmittance of the liquid solution at a
wavelength of 304 nm caused by the radiolytic oxidation of
Fe?' to Fe*'. At this wavelength, a dose of 1 Gy of low-LET
radiation (primarily high energy electrons and photons)
causes an increase in absorbance of solution measured in a
standard 1-cm pathlength cuvette by 0.0036 (at 25°C) (22).
Such a small increase in absorbance translates to a 0.83%
decrease in transmittance, which is too little to perform
reliable quantitation in most circumstances. For this reason,
the recommended range for measuring doses is between 20—
400 Gy; however, with some modifications of the nominally
1 mM Fe*" solution can allow its deployment for higher
doses (up to 2,000 Gy) (23, 24). Some modifications to the
Fricke dosimeter, e.g., the addition of a significant
concentration of cupric ions (up to 10" M Cu*") that
significantly depress the chemical yield of Fe’' after
irradiation, could potentially extend the practical working
range even further; however, the dose rate sensitivity has
not been established.

Modifications of the Fricke dosimeter towards the
opposite range of doses, e.g., for measuring small doses,
exist as well. These mostly involve the use of metal ion
indicator compounds that — when combined with Fe’* ions
— develop very deep absorption bands. The best established
system is the FBX dosimeter (25), based on additions of
xylenol orange as indicator and benzoic acid as radical yield
amplifier to the ferrous sulfate — sulfuric acid system. The
advantage of the system is an approximately 30X higher
sensitivity to radiation dose. Disadvantages are that the
response is non-linear with dose and fairly strict control on
the time of measurement after irradiation is required for best
accuracy (26), also the effects for high dose rates above 10
Gy/s have not yet been established (27, 28), while at very
low dose rates (<0.01 Gy/h) the dosimeter has significant
changes in chemical yields (29).
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Fluorescence Dosimeters

Chemical dosimetry based on radiation-induced fluores-
cence in liquid samples has been recently attracting the
interest of the radiation research community (30-33). It
presents an alternative to absorption based liquid chemical
dosimeters because it allows us to reliably extend liquid
chemical dosimetry to the area of low doses, below 10~ Gy,
while also widening the range of accurately measurable
doses.

Compared to well-founded chemical dosimetry based on
optical absorption [e.g., the ferrous sulphate Fricke or the
ceric-cerous sulfate dosimeters (26)], fluorescence dosime-
try has the advantage of offering higher sensitivity to lower
dose, because the detection of the fluorescence emission
signal can be in favorable conditions performed as free of
background baseline signal and therefore, amplified by
either increasing the power of the excitation light or by
integration of a very weak signal, which is a method that
does not help in absorption spectrophotometry (34), where
baseline reproducibility, flatness and stability complicates
the measurement of small absorbance signals (35). Another
advantage is that fluorescence detection, as well as other
emission based methods, can be performed in an off-axis
geometry (usually in a 90° angle to the excitation light) (35),
which makes it possible to be combined with other
inspection methods simultaneously. In addition, the re-
quired combination of both excitation and emission
wavelengths offers somewhat enhanced detection specific-
ity. These benefits are of course countered by several
disadvantages — the primary being the need to perform
proper calibration of the emission detection system using
reference standards; secondarily, one has to cope with the
inner filter effect in excitation, secondary absorption of the
emission, photobleaching and Raman scattering of the
solvent (36).

Research into fluorescence chemical dosimeters started at
the end of the 1950s, initially with the approach of
radiolytic destruction of fluorescent quinine (37), observed
as an exponential decrease. Although this method side-steps
the need for a reference fluorescent compound during
analysis, the concentrations of the fluorescent molecules are
relatively small (10® to 10~ mol/L), so the presence of
impurities can interfere with dosimetry due to parasitic
scavenging of the radicals that cause the destruction of the
fluorescent compound. Hence, methods that continued in
their development were based on more concentrated
solutions (>10" mol/L) of (usually) non-fluorescent
compounds that upon irradiation produced a fluorescent
product (26). The best studied systems of fluorescence
chemical dosimeters are aqueous solutions of aromatic
compounds, e.g., benzoic acid (38, 39), that upon irradiation
create species with fluorescent activity by reacting with "OH
generated by water radiolysis. These systems are also used
as probes for hydroxyl radicals in applications outside of
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radiation dosimetry, e.g. study of cellular metabolism (40)
and ultrasound dosimetry (41-44).

A much less investigated group of compounds for liquid
fluorescence chemical dosimetry is based on interaction
with the reducing radiolytic species, primarily the solvated
electron. So far, only compounds of resazurin have been
investigated with this intention (45, 46).

For the present study, three dosimeter systems were
chosen — aqueous solutions of terephthalic acid, trimesic
acid and coumarin-3-carboxylic acid. The advantage of
these systems is that they were all relatively well studied in
the past. The main distinction between them is that their
recommended compositions cover three different areas of
solution pH (respectively, basic, acidic, and neutral).

Terephthalate Dosimeter

Alkalic solution of terephthalic acid (benzene-1, 4-
dicarboxylic acid) is one of the first systems which has
been studied with the intention of use for fluorescence
dosimetry applications (47). A number of studies have been
carried out to determine its performance as dosimeter for
ionizing radiation (48-50). The best studied composition of
the terephthalate (TA) dosimeter is usually prepared as an
aerated aqueous solution of 1 X 10~ M terephthalic acid in 4
X 10" M NaOH (48). The sensitive molecule is present in
the form of the terephthalate anion, since in the basic
solutions the terephthalic acid molecule is completely
deprotonated (pKa, = 3.54, pKa, = 4.34) (51). Lowering
the pH is not advisable, because the limit of solubility of the
protonated terephthalic acid in water is very low (0.0017 g/
100 g H,O at 25°C) (52). Unfortunately, due to the high pH,
the liquid will slowly capture carbon dioxide from the air,
which can introduce an error by reducing the fluorescence
yield (49).

The system was chosen over the earlier calcium benzoate
solution, because of its enhanced sensitivity that is in part
caused by structural reasons: there is only one possible
chemical isomer (2-hydroxy-terephthalate anion, HTA) as
the product of a single hydroxyl radical substitution on the
highly symmetric terephthalate anion. Although the radia-
tion-chemical yield for the hydroxy-terephthalate anion
(HTA) product is about G =~ 100 nmol/J (about 16X less
than for the Fricke dosimeter) high sensitivity is achieved
because of its brilliant fluorescence, peaking at 420 nm
when excited by 315 nm light (49). This allows the
dosimeter system to be reasonably precisely capable of
recording doses down to 5 X 107 Gy (49).

For low-LET radiation (60 Co gamma rays), the
dosimeter displayed very good linearity between 0.03-8
Gy, with a mean error about 6% when measuring in the
low dose range of 0.03—1 Gy (48). Although it is possible to
detect doses even below 0.01 Gy, the precision greatly
decreases. The dosimeter has good postirradiation stability;
no changes in fluorescence were observed over the period of
multiple days or even weeks postirradiation, in contrast
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with, e.g., the calcium benzoate fluorescence dosimeter (47,
48). Most important for the subject of the present study is
that changing the dose rate 0.005—10 Gy/min resulted in no
effects on the chemical yields of HTA (47).

Trimesic Acid Dosimeter

The studies of Matthews et al. (53, 54) show that the most
sensitive fluorescence dosimeter, trimesic acid (TMA,
benzene-1, 3, S-tricarboxylic acid, CcHi(COOH);) was
identified as a promising hydroxyl radical probe since it is
also highly symmetric, like terephthalic acid, so it was
thought to have only one product of hydrogen atom
substitution by the hydroxyl radical. A very good linear
fluorescence yield was found when irradiated by low-LET
radiation (60 Co gamma rays) between 0.01- 10 Gy, while
unirradiated fresh solutions have practically zero fluores-
cence. As opposed to the terephthalate dosimeter, the
trimesic acid dosimeter was found to exhibit the highest
radiation fluorescence yields in an acidic environment,
having a sharp peak around solution pH = 2. Most of the
studies were then performed at a recommended formulation
of aerated solution of 10° M TMA in 0.01 M H,SO, that
exhibited good stability for at least 2 days postirradiation,
less concentrated solutions of TMA suffered from postirra-
diation instability (53).

Although solutions of trimesic acid appear to provide, so
far, the most sensitive fluorescence dosimeter, the species
responsible for the fluorescence is not hydroxy-trimesic acid
(HTMA) and has not been identified yet (54). This
unfortunately means that absolute chemical yields of the
dosimeter cannot be assigned and the product of irradiation
cannot be compared against an equal reference. Fortunately,
the excitation and emission maxima are 350 and 450 nm,
respectively, nearly overlapping with the fluorescence
maxima of acidified quinine sulfate (54), an available and
popular fluorescence reference standard (55). When this
combination of excitation and emission wavelengths was
utilized, a dose of 10 Gy delivered by 60 Co gamma rays
was approximately equivalent to the fluorescence of 0.8 uM
quinine in 0.05 M sulfuric acid (allowing formulation of a
provisional radiation-fluorescence yield G ~ 0.08 pmol
quinine/J), while unirradiated trimesic acid has practically
zero fluorescence. The study of the effect of dose rate
performed in the range of 0.03—10 Gy/min revealed a slight
increase of fluorescence yield, amounting to about 4% per
order of magnitude.

Coumarin-3-Carboxylic Acid Dosimeter

Coumarin (CyHgO,, 2-H-chromen-2-one, 1-benzopyran-2-
one) and its derivatives have been investigated extensively
as ‘OH-sensitive fluorescence probes for the hydroxyl
radical (56, 57), where the fluorescent species produced by
hydroxylation is the 7-hydroxycoumarin (umbelliferone),
among other derivatives hydroxylated to other positions. A
derivative of coumarin, coumarin-3-carboxylic acid (C3CA,

Downloaded From: https://bioone.org/journals/Radiation-Research on 26 Sep 2024
Terms of Use: https://bioone.org/terms-of-use

C,0HsO,) was selected as a better alternative to unsub-
stituted coumarin mainly due to the twofold enhanced
fluorescence sensitivity of 7-hydroxy-coumarin-3-carboxyl-
ic acid (7-OH-C3CA) and the possibility of synthesis of
other hydroxyl radical probes based on the specific
properties of the carboxylic group (58, 59). Additionally,
due to the carboxylic group, C3CA has better solubility in
aqueous solutions (60) compared to unsubstituted coumarin
(61). The utilization of C3CA for radiation chemical
dosimetry has been the topic of a number of recent studies
(32, 33, 60, 62—65). An advantage of this system, not shared
by the trimesic acid system, is that the fluorescent product
of irradiation is well known and commercially available
and, hence, can be used for calibrations.

The 7-OH-C3CA molecule is fluorescent with an
emission maximum at 450 nm and two excitation maxima
at 350 and 395 nm, with the latter being more practical,
because the C3CA ‘““mother” molecule has an absorbance
band that interferes with the 350 nm excitation maximum
while also displaying a weak fluorescence emission (62),
whereas when excited at 395 nm the C3CA molecule is
practically non-fluorescent. Unfortunately, compared to the
terephthalate and trimesic acid dosimeters the radiation-
induced fluorescence yield of the C3CA dosimeter is about
an order of magnitude weaker, primarily because of the
relatively weak chemical yield of 7-OH-C3CA of only G ~
0.013 pmol/J. This is primarily because only about 5% of
the hydroxyl radicals end up substituting a hydrogen atom
on the C3CA molecule on the C7 carbon position (66) and
all the other hydroxyl derivatives (C4, C5, C6 and C8) that
are created during radiolysis (67) are non-fluorescent (62).

Since the main application of dosimeter was intended for
neutral biological solutions, in past studies the C3CA
solutions were all buffered to achieve neutral pH between
6-8 (58, 68). As the value of pK, for C3CA is 3.7 (69), it is
assumed that in these conditions the molecule is fully
deprotonated. Best results were achieved with inorganic
phosphate buffer saline (PBS) at pH = 7.4, since using
partially organic buffers has led to significantly reduced
chemical yields (58). In the more recent studies of the
C3CA dosimeter system (60, 62, 70, 71) in conditions that
are more relevant to the present study, where time resolved
measurements were performed via pulse radiolysis as well,
the buffer utilized was an equimolar phosphate buffer (1:1
NaH,PO,/K,HPO,) with pH = 6.8. The reasons for choosing
this buffer composition was that the mono- and dihydrogen-
phosphate anions have very low reaction rates with the
hydroxyl radicals (70).

The C3CA dosimeter, even when at a concentration as
low as 10 M C3CA, displays a constant yield for low LET
photon radiation for doses up to 40 Gy, but above this dose
the chemical yields start to decrease (68). The same kind of
behavior was observed with 60 Co gamma rays on
unsubstituted coumarin solutions, yet when the concentra-
tion of coumarin was increased to 10~ mol/L the dosimeter
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was capable of keeping linearity up to a dose of 420 Gy
(57).

Specific research so as to the dose rate effect of low-LET
radiation on the C3CA dosimeter has been shown by
Collins et al. (68) with a pulsed 6 MV bremsstrahlung-linac
source in the relatively small range of 0.8—4 Gy/min of
average dose rate. The pulses were 4 ps long and had a
maximum peak dose rate of 70 Gy/s [note: the value that the
authors of (68) erroneously wrote is ““70 Gy/min”’, given
that the period between the pulses is several milliseconds
long (72)]. Over the dose rate range for doses of a few tens
of Gy the yield of the dosimeter decreased by up to 18% for
unpurified reagent-grade C3CA compound, but only by
about 2-4% when working with a C3CA purified by several
recrystallization cycles (68). In the earlier studies performed
by Ashawa et al. (57) on the non-carboxylated coumarin
dosimeter, where the dose rate from a 60 Co gamma source
was varied between 0.2 and 69 Gy/min, a threshold dose
rate of 1 Gy/min (=0.017 Gy/s) was identified for solutions
of 10* M coumarin, above which the yield started
decreasing sharply by about 30% per order of dose rate
magnitude.

Most recently, observations of the effects of dose rate on
the yield of the C3CA dosimeter were published by
Kusumoto et al. (73). High-energy-proton (27.5 MeV)
irradiation was utilized in the dose rate range of 0.05-160
Gy/s and doses between 30 and 80 Gy were deposited. A
substantial drop of the yield was observed, by over 60% in
the dose rate range of 0.05-10 Gy/s. The authors have
attributed this decrease to the effect of radiolytic oxygen
depletion despite the relatively low doses utilized — see
Discussion below for detailed analysis of this issue.

EXPERIMENTAL METHODS
Chemicals and Preparation of Solutions

The main compounds for the fluorescence dosimeter
chemicals were purchased in solid crystalline form from the
Sigma Aldrich company within 2 years prior to performing
the experiments: quinine, trimesic acid (benzene-1, 3, 5-
tricarboxylic acid), terephthalic acid (benzene-1, 4-dicar-
boxylic acid), coumarin-3-carboxylic acid (1-benzopyran-2-
one-3-carboxylic acid) and 7-hydroxycoumarin-3-carboxyl-
ic acid (7-hydroxy-1-benzopyran-2-one-3-carboxylic acid).
The ferrous sulfate compound used for the Fricke dosimeter
was (NH,),FeSO,.6H,O and the compounds used for
buffering the pH of the solutions, i.e., NaH,PO,.2H,0,
Na,HPO,.2H,0, H,SO,, and NaOH were of ACS reagent
grade or analytical grade (p.a.) from various suppliers.
Water generated by an ELGA Classic class I ultrapure water
filtration system (18.2 MQ.cm) was used as the solvent.

The solutions were prepared by dissolving the solid
crystals in water using magnetic stir-plates to prepare a
stock and then diluting the aqueous stock into the final
solution with the addition of the pH buffering agent (TA —
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sodium hydroxide, TMA — sulfuric acid, C3CA — phosphate
buffer). For the trimesic acid (TMA) dosimeter, concentra-
tion of 107 M of TMA was selected instead of 10 M to
avoid possible dose depletion effects, as indicated by
Matthews et al. (54). Similar reasoning was used for the 1073
M concentration of the C3CA dosimeter. For the tere-
phthalate dosimeter the concentration of terephthalic acid
was selected as 10~ M, primarily to be comparable to the
previously realized work, as studies have shown that the
dosimeter can sustain good response linearity up to 30 Gy
(49).

Fricke Dosimetry

Standard Fricke dosimetry was utilized to determine the
dose rate of the custom irradiation positions in the 60 Co
panoramic irradiator and in the dose-charge correlation
experiments at the ELYSE electron beamline. A solution of
1 mM (NH,),FeSO,.6H,0, 1 mM NaCl and 0.4 M H,SO,
was utilized. The radiation-induced change of absorbance
AA in a l-cm pathlength cuvette for the absorption
maximum of Fe?" at 304 nm was measured and the dose
was calculated as D = AA X 287 Gy, based on temperature
and density corrections recommended in ref. (22) (both
irradiation and analysis temperature was near 21°C). A
Varian Cary 5000 instrument was used for the spectropho-
tometric measurements of Fricke dosimeter samples that
were irradiated in glass vials and then transferred into
PMMA cuvettes for the absorption measurements.

60 Co Gamma-Ray Irradiator

The IL60PL 60 Co gamma ray operated by the Institute of
Chemical Physics (ICP) of Université Paris-Saclay in Orsay,
France, was utilized for reference irradiations of the
chemical dosimeters. The source uses a panoramic config-
uration with two aluminum tables with marked positions on
a 50 mm grid and the irradiation room is big enough that by
selection of distance dose rates from ~0.5 Gy/h up to a ~7
kGy/h were achievable. The majority of the samples utilized
for the studies of the fluorescence dosimeters were
irradiated at a special position from the source, at a low
dose rate of 6.85 Gy/h (1.90 mGy/s to achieve high
precision of the target doses for the sensitive fluorescence
dosimeters that were to cover a range of doses below 3 Gy.
The dose rate was determined by Fricke dosimetry in the
same type of vials and geometry as the fluorescent
dosimeters (see below).

The ELYSE Accelerator

The ICP also operates a radiofrequency linear accelerator
(LINAC) called ELYSE with a UV laser-triggered photo-
cathode capable of producing electron pulses with picosec-
ond pulse length. The electron energies can be varied
between 4-9 MeV and the charge of the electron pulse can
be varied between 0.1-6 nC. For the experiments, the
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selected electron energy was 4.5 MeV and the electron
pulse charges were varied between 0.2 and 3 nC. The pulse
length (which was qualitatively an important parameter for
the goal of this work) can be as short as 4 picoseconds, and
is synchronized with probing light pulses from a femtosec-
ond laser (74, 75). The charge of the electron pulse is
measured by an in-vacuum Faraday cup that serves a second
purpose as a beam blocker.

The ELYSE accelerator is usually utilized for investiga-
tions of rapid processes via pulse radiolysis, so certain
improvised modifications of the irradiation area had to be
done to facilitate the characterization of chemical yields of
liquid chemical dosimeters. In total, about 10-15 workdays
of ELYSE beamtime were utilized for the experiments
described in this study.

Irradiation Setup at ELYSE

The irradiation setup is shown in Fig. 1. The liquid
samples of the solutions of chemical dosimeters were
irradiated in quartz cuvettes with walls 1.25 mm thick, a 5
mm liquid optical path, and a 10 mm wide liquid
compartment to have a well-defined geometry of the liquid
pathlength of the penetrating fast electrons. The cuvettes
were filled by 1.50 cm® of solution, so the approximate
height of the liquid solution in the cuvette was about 30
mm, the top of the solution was formed into a meniscus due
to surface tension. The liquid was transferred from a stock
bottle to the cuvettes approximately 30—60 min prior to
irradiation. After irradiation, the liquid was transferred to
plastic cuvettes for storage and fluorescence measurement
(see below).

Imaging of the electron beam by Cherenkov light (75), as
well as Monte Carlo simulations by the EGS code (75, 76)
indicated that in such geometry only very few electrons
should scatter out of the lateral sides of the cuvette, so it was
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assumed that nearly every 4.5 MeV electron that entered
through the front cuvette window should also have left via
the back of the cuvette.

The accelerator had to be powered down to allow
presence of personnel in the experimental hall, so multiple
samples were mounted on a remotely controlled translation
stage to allow for irradiating multiple samples in a fast
sequence. The electron beam profile (quality of the electron
beam focus) was adjusted through monitoring by a CCD
camera (Sony XC-ES50, equipped with a Fujinon
HF25HA-1B 1:1.4/25 mm objective) that was looking at
fluorescence induced by the electron beam in a 0.2 mm
thick Ce:YAG radiofluorescent screen that was also
mounted on the same remote-controlled translation stage
as the liquid samples intended for irradiations.

Changing the amount of charge in the electric pulse
involved resetting the femtosecond laser pulse energy and
some of the parameters of the LINAC - this usually required
the realignment and re-focusing of the electron beam to
achieve optimum focus and ensure that most of the pulse
charge was injected into the irradiated quartz cuvette.
However, at any single charge setting a whole row of
samples were used; therefore, the focusing conditions were
the same for the same set of samples (dose).

The procedure for irradiating the sample for each
particular value of the electron pulse charge (dose) was as
follows: First, the Ce:YAG screen was moved into position
and the accelerator was operated at a higher repetition rate
(usually 5 Hz). During this period, the beam focus was
adjusted to maximize the number of electrons from each
pulse to hit the center of a 10 X 10 mm digital targeting
rectangle on the Ce:YAG screen that was pre-aligned with
the position of the liquid inside the quartz cuvettes. Due to
the high frequency, many thousands of pulses passed
through the Ce:YAG screen during the beam alignment
procedure; hence, radiation shielding in the form of a lead
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TABLE 1
Composition of Solutions Prepared for the Experiments and Chosen Spectrofluorimetric Parameters
Excitation Selected
range Selected excitation emission emission
Solution/dosimeter Composition of aqueous solutions (>50% maximum) wavelength(s) range wavelength
Terephthalate dosimeter 0.1 mM TA, 0.4 mM NaOH 293-328 nm 315 nm 400-480 nm 425 nm
Trimesic acid dosimeter 1 mM TMA, 0.01 M H,SO, 320-370 nm 345 nm 425-500 nm 450 nm
Quinine reference 0.25-1 pM quinine, 0.01 M H,SO, 300-370 nm 315 nm (TA), 420-500 nm 450 nm
345 nm (TMA)

C3CA dosimeter 1 mM C3CA, 0.01 M PB 355-420 nm 395 nm 430-475 nm 442 nm
7-OH-C3CA reference 0.25-1 uM 7-OH-C3CA, 0.01 M PB 355-420 nm 395 nm 430-475 nm 442 nm

Fricke dosimeter 1 mM (NH,),FeSO,, 1 mM NaCl,

0.4 M H,SO,

- absorbance, 304 nm - -

Abbreviations: C3CA = coumarin-3-carboxylic acid; 7-OH-C3CA = 7-hydroxy-coumarin-3-carboxylic acid; TA = terephthalic acid; TMA =
trimesic acid; PB = phosphate buffer (1:1 molar mixture Na,HPO, + NaH,PO, at pH = 6.8).

brick, several lead plates and of an aluminum block was
added to protect the sensitive fluorescence dosimeter
samples from scattered radiation that would cause them to
receive dose before their proper irradiation (see Fig. 1).
After the alignment was completed, the accelerator
frequency was reduced to 0.2 Hz, this allowed for enough
time between the pulses to slide a beam blocker inside the
vacuum tube in and out of the beam between each pulse,
and, hence, make it possible to expose each cuvette with a
fluorescence dosimeter (TA, TMA, C3CA) to exactly one
electron pulse. The samples of Fricke dosimeter were
irradiated by 10 pulses to offset the issue of the low
sensitivity (see further discussion below).

Fluorescence Measurements

The fluorescence of the liquid samples was measured off-
line no sooner than 1 h and no later than 8 h postirradiation
by either the 60 Co gamma irradiator or the ELYSE electron
accelerator.

The dosimeters were irradiated in rectangular quartz 5-
mm path-length optical cuvettes on the electron beamline
and in round 5 mL screwcap borosilicate glass vials in the
60 Co panoramic irradiator. After expsoure, the liquid
samples were transferred to standard 1-cm fluorometric
optical cuvettes made from polymethylmethacrylate
(PMMA; Kartell, Italy), that had no appreciable UV-Vis
absorption above 280 nm where excitation and emission
wavelengths were utilized for the spectrofluorometric
measurements. During trial irradiations in these PMMA
cuvettes the fluorescence induced by 60 Co irradiation of
the dosimeters revealed no difference between irradiation in
glass vials and plastic cuvettes aside from occasional (<3%)
incidence of large outlier results.

The spectra were measured in a Fluorolog-3 (Jobin-Yvon)
spectrofluorometer in a temperature stabilized cuvette
holder (25°C) using a photomultiplier detector (Hamamatsu
R2658P) temperature stabilized in a cooled enclosure
(Amherst Scientific, Inc.). The selected excitation and
emission wavelengths utilized for each dosimeter system
are indicated in Table 1. Detailed explanation for these
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measurement settings is contained in the Supplementary
Information (https://doi.org/10.1667/RADE-20-00292.1.
S1), along with examples of excitation and emission spectra
and a description of how the fluorescent signals were
normalized using solutions of reference standards.

RESULTS

Determination of Doses Delivered by Pulses from the
ELYSE Accelerator

To determine the absorbed energy in the sample we have
exploited the capabilities of the Geant4 Monte Carlo
simulation toolkit software (77). The geometry of the
irradiation setup was replicated in silico with material
definitions taken from the NIST database via the G4Nist-
Manager class. Energy cut-off was set to 50 eV. Figure 2
shows 300 simulated electron tracks; electrons are arriving
from the left through 18-pm aluminum foil and 14 mm of
air, and then penetrating 1.25 mm of a quartz (SiO,) cuvette
wall to reach the 5-mm thick aqueous sample (Fricke
dosimeter). In Fig. 3 the distribution of absorbed energy in
consecutive 50-pum thick layers is shown as a result of
simulation of propagation of 10° electrons in the liquid
sample; notable are two build-up regions near the quartz
cuvette walls. The deposited energy linearly increases
towards the back of the cuvette; the difference between
the energies absorbed at the back and at the front of the
cuvette sample compartment is about 14%.

From the dependence of the absorbed energy in the liquid
sample as a function of the charge of the primary electrons
in the pulse a value of 1.16 X 10~ J/nC was obtained. This
value was further used for the conversion of the Faraday cup
readings in nanocoulombs to absorbed dose in the liquid
sample in Gy, assuming the mass of the Fricke dosimeter to
be 1.536 g.

The pulse charges were varied from zero up to a
maximum of 3.0 nC, which would then translate to a
maximum dose of 2.26 Gy, averaged over the liquid volume
of the cuvette. However, most of the dose was delivered
within a diameter of 6 mm, so only a small part of the
solution was subjected to the focus of the electron beam
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FIG. 2. Simulation of 300 tracks of 4.5-MeV electrons propagating in air from the left into a cuvette with
1.25-mm thick quartz walls filled with a 5-mm thick layer of Fricke dosimeter; gray tracks: electrons, black
tracks: photons.

(focus area of ~30 mm?* vs. ~300 mm? of the sample),
hence, the estimate of the peak dose at which the majority of
the radiation energy was translated to the sample is about
~20 Gy. Given the 4-6 ps length of the electron pulse, at
such peak doses the dose rate reaches the order of teragrays/
s (TGy/s = 10" Gy/s).

Unfortunately, it was discovered through initial liquid
dosimetric experiments that at higher pulse charges (>1.5
nC) the doses were not proportional to the delivered charge.
This was most likely caused by Coulomb repulsion, which
was making it harder to focus all the charge into the desired
location of the sample cuvette.

To characterize the effect, images of the intensity of
fluorescence induced by the beam on the Ce:YAG screen
were recorded; with room lights switched off (see Fig. 4).
The images were captured by the monochrome CCD camera
operating at a shutter speed of 1/100 s when the accelerator
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was operated at the elevated frequency of 5-10 Hz. Care
was taken to ensure equal capture conditions for each
charge setting. A fixed neutral optical density filter was
placed in front of the CCD camera (see Fig. 1) with its
optical density value (OD = 0.5) selected to enable
maximum sensitivity at the lowest charge settings while
preventing oversaturation of the signal at the highest charge
setting. Subsequently, the images of an area that matched
the liquid sample in the cuvette were processed and
analyzed by ImageJ (78) and in a spreadsheet program to
compare the fluorescence intensities induced by each shot.
Correlation of radio-fluorescence intensities confirmed the
issue of non-linearity of the dose delivered into the target
area (Fig. 5).

The Faraday cup was located about 500 mm ahead of the
sample, although the cup did measure the total pulse charge
emitted by the accelerating cavity, the poorer focusing
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FIG. 3. Distribution of the absorbed energy from initially 4.5-MeV
electrons in 50 pm liquid dosimeter layers stacked along the beam
propagation. Notable are the two build-up regions near the cuvette
walls. Simulation of 10° electrons. Beam is arriving from the left.

capability at higher pulse charge settings resulted in a minor
part of the charge being diverted to trajectories that collided
with the walls of the exit tube of the accelerator. This is
partly evidenced by the weak, yet visible, circular shape of
the radio-luminescence that approximates the projection of
the 16-mm wide-exit window of the accelerator system on
the Ce:YAG screen (Fig. 6). Importantly, integrating the
luminescence across the whole 16 mm diameter corre-
sponding to the projection of the exit port of the accelerator
(Fig. 6) did not change the outcome of the analysis, this
supports the assumption that at high charges some of the
electrons were deflected onto trajectories that collided with
the beam transport tube.

The intensity of the radiation-induced luminescence in the
Ce:YAG screen was assumed to be linearly proportional to

3.0nC 1.7nC 1.1nC
0.7 nC 0.2nC 0.0nC

FIG. 4. CCD images (negatives) of the Ce:YAG screen
luminescence visualizing the profiles of the electron pulses in the
position of the 1-cm wide cuvette entry window with inscribed
corresponding values of pulse charges measured by the Faraday cup
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FIG. 5. Example of the plot of intensity of prompt radio-
fluorescence of the Ce:YAG screen induced in the focus of the
electron beam as recorded by the CCD camera correlated against the
pulse charge measured by the Faraday cup. A linear trendline is
plotted through the first five datapoints to indicate the significant
nonlinear effect at the highest charge setting.

the number of incident electrons (pulse charge) in the beam,
regardless of the utilized charge intensity. The maximum
charge utilized in the pulses was 3 nC and it was focused at
best into an area of roughly 5 X 5 mm =0.25 cm?, leading to

FIG. 6. Image of the beam exit port and the radio-fluorescence
produced by the interaction of the electron beam with a 0.2 mm thick
Ce:YAG imaging screen (room lights lit).
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FIG. 7. Example of the correlation of the absorbance of Fricke
dosimeter solutions (I cm cuvettes) induced by 10 identical electron
pulses vs. the signal of the intensity of the prompt radio-fluorescence

by the Ce:YAG screen as recorded by the CCD camera

a maximum charge area density of 12 nC/cm? and to an
expected energy density of 2.7 X 10" eV/cm?, given the
stopping power of the Ce:YAG crystal for fast electrons of
6.7 MeV/cm (79), i.e., at least 2 orders below the intensities
that were reported to start providing nonlinear/saturation
results from the Ce:YAG radio-luminescent screen [30 nC/

cm? (80); 2 X 10* eV/em? = 32 J/em? (81)].

Due to the issue of low reliability of calculation of the
dose by measuring pulse charges by the Faraday cup, it was
decided to irradiate samples of Fricke dosimeter solutions
along with the three fluorescence dosimeters. Unfortunately,
the Fricke dosimeter sensitivity is too low to accurately
determine doses below 1 Gy, so it was decided to irradiate
each Fricke dosimeter sample with exactly 10 pulses. It was
assumed that the measurements using repeated irradiation
would produce acceptable results, because of the long
period between each pulse (5 s), which should have been
sufficient for the majority of chemical reactions to be
complete, and because the doses from each pulse were still
too low to cause measurable interactions with the radiolytic

products from previous pulses.

When plotted against the CCD signal intensity (Fig. 7),
instead of against the Faraday cup charge measurements, the
absorbance of the Fricke dosimeter solutions, measured in
1-cm pathlength cuvettes, followed a near-perfect linear
dependence, free from the nonlinearity at the high charge

level that could be observed in Fig. 5.
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FIG. 8. Correlation of dose estimates calculated from the charge
accumulated from 10 electron pulses as measured by the Faraday cup
with the dose as measured by the Fricke dosimeter (baseline corrected)

The absorbances measured in the Fricke dosimeter
solutions (in absorbance units = AU) were converted into
dose using coefficient 287 Gy.cm/AU (22), and the doses
were then plotted in Fig. 8 against the dose estimates
calculated from the charge measured by the Faraday cup
using the coefficient 1.16 X 107 J/nC calculated by Geant4
simulations (see above).

As can be seen in Fig. 8, in the region of linear
proportionality, the doses determined by the method of
Fricke dosimetry are close to unit proportionality with the
doses estimated from pulse charge measurements using the
Monte Carlo calculations. Consequently, it seems reason-
able to assume that the Fricke dosimeter does not
experience a reduced chemical yield under the parameters
of the experiment (peak doses below 20 Gy, pulse length
over ~ 5 X 107"% s). However, this is in contrast with the
expectations one would base on the results of previous
studies (18) that indicate that at the dose rates above
10° Gy/s the yields of the Fricke dosimeter should drop by
almost twofold; this disparity will be discussed below.

It is important to note that the dose estimates based on
pulse charge measurements represent the higher bound of
the dose delivered to the samples and, in the linear portion
of the plotted date in Fig. 8, the Fricke dosimeter results are
in good agreement with this higher bound. In combination
with the proportionality of the Fricke data to the CCD signal
intensity (Fig. 7), the doses determined by Fricke dosimetry
are assumed to be the best estimates of the absorbed dose in
the specific liquid sample geometry utilized in this study.
Hence, the yields of the fluorescence dosimeters in this
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FIG. 9. Comparison of the fluorescence of liquid samples of the
terephthalate dosimeter (0.1 mM terephthalic acid in 0.4 mM NaOH)
caused by irradiation with picosecond electrons from ELYSE and with
60 Co gamma-ray source; the dose was determined by Fricke
dosimetry (see text); the liquid fluorescence measurement was
normalized against the fluorescence of solutions of 1 pM quinine in
0.4 M H,SO, (for more details see Supplementary Information; https://
doi.org/10.1667/RADE-20-00292.1.51).

study were then calculated relative to the doses determined
by Fricke dosimetry.

Dose Rate Effects on the Chemical Yields of the
Fluorescence Dosimeters

As a result of previous considerations, it seems most
reasonable to evaluate the yields of the fluorescence
dosimeters irradiated by ELYSE from plots correlating
their fluorescence against the doses determined by the
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FIG. 10. Comparison of the fluorescence of liquid samples of the
trimesic acid dosimeter (1 mM trimesic acid in 0.01 M H,SO,) caused
by irradiation with picosecond electrons from ELYSE and with 60 Co
gamma-ray source; the dose was determined by Fricke dosimetry (see
text); the liquid fluorescence measurement was normalized using
solutions of 1 uM quinine in 0.4 M H,SO, (for more details see
Supplementary Information; https://doi.org/10.1667/RADE-20-00292.
1.51).

Fricke dosimeter, instead of against the doses calculated
from the pulse charges measured by the Faraday cup. These
plots are then compared to equivalent plots determined by
standard 60 Co gamma-ray irradiation.

The results of the experiments are summarized in Table 2.
The fluorescence yields at different dose rates for equivalent
doses appear identical for the fluorescent dosimeters based
on aqueous solutions of terephthalic acid and trimesic acid
(see Figs. 9 and 10), while they differ substantially for the
solutions of coumarin-3-carboxylic acid (Fig. 11), where the
fluorescence yield drops by about 60% for the ultrafast
pulsed irradiation.

TABLE 2
Comparison of the Effect of Elevated Dose Rate from the Pulsed Source (ELYSE) and a
Continuous 60 Cobalt Gamma-Ray Source on the Fluorescence Yields of Three Different
Dosimeters

Radiolytic yields of fluorescence dosimeters

(fluorescence relative to 1 uM standard/Gy**)

Dosimeter system 60 Co (mGy/s)

Relative yield

ELYSE (TGy/s) change mGy/s — TGy/s

Terephthalate 0.102 = 0.008%*
Trimesic acid 0.126 = 0.003*
C3CA 0.0168 = 0.0003*

0.104 = 0.007* H2=x1D%
0.125 = 0.005* H0x5%
0.0065 = 0.0002%* (61 £4H%

* Standard error of regression slope.

** Dose determined by Fricke dosimetry (see text).
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FIG. 11. Comparison of the fluorescence of liquid samples of the
coumarin-3-carboxylic acid dosimeter (C3CA in 10 mM phosphate
buffer at pH = 6.8) dosimeter caused by irradiation with picosecond
electron pulses from ELYSE and with 60 Co gamma-ray source; the
dose was determined by Fricke dosimetry (see text); the liquid
fluorescence measurement was normalized against the fluorescence of
solutions of 1 uM 7-OH-C3CA in 10 mM PB of pH = 6.8 (for more
details see Supplementary Information; https://doi.org/10.1667/
RADE-20-00292.1.S1).

DISCUSSION

The acquired experimental results of the study revealed
two interesting facts about the effect of low-dose pulses
administered under very high dose rate: 1. the yield of the
Fricke dosimeter appears to be unreduced, 2. out of the three
fluorescence dosimeters only the C3CA system shows a
significant drop in its yield.

Unchanged High Dose Rate Yields of the Fricke Dosimeter

Even though previous studies (16-18) of the Fricke
dosimeter system indicate that chemical yields should
significantly decrease at dose rates much higher than 10°
Gy/s, the present results indicate that for pulsed radiation no
such phenomenon can be observed for dose rates even a
million-fold higher when small doses per pulse (i.e., less
than 10 Gy/pulse) are administered over the duration of
multiple seconds and the total average dose does not exceed
20 Gy. As mentioned previously, this is in line with the
findings of Rotblat and Sutton (15) that the greatly
decreased yields at high dose rates were likely a result of
high peak doses (>400 Gy) in the radiation pulses due to a
change of chemistry caused by depletion of oxygen. The
expected reason is that the conversion of the reducing
species (e,,, H') into hydroperoxyl radicals HO," that act as
oxidizers toward Fe*" is suppressed under anoxic conditions
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— this then results in a drop of Fe’' yields (15, 20).
However, as has been mentioned in the introduction above,
a minor decrease of yield was observed for dose rates and
total doses that could not be explained by the effect of
oxygen depletion (15, 17, 20). This decrease is thought (15,
20) to be likely caused by radical-radical reactions. In fact,
with high dose per pulse the overlapping between spurs
occur at shorter time than 200 ns, therefore, the radical-
radical reactions occurs before reactions between the
radicals and solutes in homogenous step (82). This was
already observed directly by pulse radiolysis and analyzed
for the system of Fricke dosimeter by computer modeling
(82, 83) that confirmed Fe’* yield decrease as a result of
elevating the pulse dose rather than by shortening the pulse.
Since the rate of radical-radical reactions is proportional to
the square of concentration, they should become more
significant when the dose rate is increased by raising the
amount of dose per pulse rather than by making the pulses
shorter, at least when the pulse length is shorter than the
characteristic lifetime for such reactions.

In the performed experiments in this study the highest
peak dose was of the order of 10" Gy, so assuming an
average energy deposited in a spur to be 60 eV (84) the
concentration of spurs would be about 10'® dm=>=10° pm™>,
giving an estimate of mean spur distance of x ~ 100 nm.
For the primary reactive species with their diffusion
coefficients D in the range of (3—7) X 10° nm?/s (85) the
overlap with species produced from a neighboring spur
should not take place until about a mean diffusion time ¢ =
X*/6D =~ 107 s. As aresult, increasing the dose rate value by
making the pulses shorter than about ~107 s at a constant
dose of ~10' Gy should not affect the chemical yields. This
could explain that the relatively low doses (<10 Gy) that
were delivered by the ELYSE accelerator have not resulted
in recognizable decrease of the radiation chemical yield of
Fe*" in the Fricke dosimeter solutions despite the formally
very high dose rates at which they were administered.

A deeper look into the important reactions involved in the
radiation-chemical mechanism of the Fricke dosimeter
indicates that the dose-sensitive radical-radical reaction that
is responsible for the decreasing yields of the Fricke
dosimeter (at doses that are well below the oxygen depletion
effect) is most likely the reaction of HO, with "OH during
the first 10 pus of the reaction.

Modeling based on rate constants from Bielski et al. (86)
and Ershov et al. (87) indicates that the following two
reactions are competing for the OH" radical:

OH® + Fe’"™ — OH™ + Fe*"; k; = 3.2 X 105M's71(86),
(R1)

OH® + HO,®* — H,0 + Oy ky = 7.1 X 10°M~'s7!(87).
(R2)

In the strongly acidic solution, all solvated electrons are
rapidly scavenged by hydrogen ions ([H"] =~ 0.4 M) and
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FIG. 12. Reaction scheme responsible for radiolytic production of OH-substituted products in the schemes of
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(42) for the terephthalate system (TER) and from Yamashita et al. (60) for the addition reaction in the C3CA

system.

form hydrogen atoms [t ~ 107 s for k = 2.3X10" M's™
(87)]. The hydroperoxyl radical HO," is then formed by the
reaction of hydrogen atoms with the dissolved oxygen
molecules [[O,] = 3 X 10* M (88)]:

H® + 0, — HOy*; k3 = 2.0 X 10'°°M's7(87).  (R3)

Originally, Rotblat and Sutton (15) have speculated [in the
absence of rate constant data for reaction (R3)] that the
reaction responsible for the decrease of the yield in these
conditions was the recombination of H® with the OH’
radical:

H® + OH® — H,0;ky = 7.0 X 10°M's™1(87),

However, with present day’s knowledge (87), it can be
easily shown that in the presence of dissolved oxygen,
reaction (R3) would consume all H much sooner (H
lifetime estimate, 1, 3 = 1077 s) than reaction R4 could take
place [Ty 4= Ton 4 =~ 10™* s, assuming [OH"], ,, =~ [H'], ., =~
3 X 10° M for the 10 Gy dose (87)]. In addition, since £; is
almost 100-fold greater than k,, reaction (R3) is mostly
completed before the OH’ start to be scavenged by the Fe**
ions (Top, 1 = 3 X 10° s, for 1 mM Fe*"), in spite of the
unfavorable ratio of Fe?* and O, concentrations [Fe*]:[O,]
> 3.

The concentration of the newly formed HO," is partially
consumed in reaction R2 by the available OH" radicals
(Ton. 2 = Thoa. » =~ 107 s for 10 Gy, Ty, » = 107 s for 100
Gy), even if the OH" concentration is ultimately suppressed
by reaction RI1. The relatively minor contribution of
reaction R2 on the OH’ radicals is magnified in signifi-
cance, because the combined loss of 1 pair of HO,” and OH"
results in a net decrease of the yield by 4 Fe*" ions in the
multi-step mechanism of the Fricke dosimeter (15).

(R4)
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Reduced High Dose Rate Yields of the C3CA Dosimeter

Out of the three fluorescence dosimeters, only one
displays a significant dose rate effect — the C3CA dosimeter.
This is partially surprising, since the C3CA dosimeter
shares at least with the terephthalate dosimeter the same
principal reaction mechanism that produces the fluorescent
compounds: substitution of a hydrogen atom attached to the
main aromatic ring by a hydroxyl group (unfortunately, in
the case of the trimesic acid dosimeter the reaction product
and the underlying chemical mechanism are unknown).
Nonetheless, as mentioned above, the recent study by
Kusumoto et al. (73) does reveal that for low-LET radiation
the dosimeter exhibits dropping yields already when raising
the dose rate above 0.05 Gy/s, which is an effect that has not
been observed for neither the terephthalate nor the trimesic
acid dosimeter. Kusumoto et al. (73) interpret their results
through the mechanism of oxygen depletion; however, this
appears to be unlikely given the doses administered in their
study were in the range 30-80 Gy, well below the ~500 Gy
dose at which oxygen depletion effects usually manifest in
aerated aqueous solutions (15, 20, 89). The authors
considered as unlikely the hypothesis that the yield drops
were caused by radical-radical interactions, but in their
analysis, they focused on proving that these would need to
take place in the early stages (<107 s) of the radiation
chemical process as a result of track overlaps. However, the
mechanism of the C3CA dosimeter involves the presence of
radicals that have significant lifetimes (>10- s), which
explains the reduced yields based on radical-radical
reactions in the later stages.

Figure 12 shows the scheme of the proposed reaction
mechanism responsible for the radiolytic production of OH-
substituted products in the schemes of the terephthalate and
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the C3CA dosimeter. The scheme is based on the
investigation of the terephthalate system by Fang et al.
(42), later proposed by Louit et al. to be applicable in both
unsubstituted (67) and substituted (60, 62, 73) coumarin
systems.

In the aerated form, the main channel of the reaction
mechanism that leads to the formation of fluorescent
hydroxy-substituted species for both the terephthalate and
the C3CA dosimeters is assumed to consist of three main
steps, involving the reaction of intermediate states with
molecular oxygen, dissolved in the aqueous solutions (42,
60, 62, 67, 90). The value of the rate constant of the initial
“‘scavenging’’ reaction step of the aromatic compounds
towards the hydroxyl radical has been found to be
approximately 5 X 10° M s' (91) and is expected to
produce a reactive adduct (hydroxy-dienyl radical, symbol-
ized in the following text as HO-R"), shown as the first
product in Fig. 12).

The OH™ addition to the aromatic compounds is
complete by 107 s (lifetime estimates are T,u, csca =~ Kaaa,
csca [C3CAT™" =~ 150 ns and Tou, rer = Keaa, rex ' *[TER]™
~ 3 ps, assuming [C3CA] =10 M and [TER] = 10~ M).
In the presence of O,, the next step in the reaction scheme
(Fig. 12) is a somewhat slower peroxylation reaction of the
adduct with dissolved molecular oxygen, leading to
formation of a hydroxy-dien-peroxyl radical (HO-RO,")
and then, in the third step, to elimination of a hydroperoxyl
radical, HO,", with the stable product being the hydrox-
ylated aromatic molecule.

So far, the most thorough investigation of the reaction
mechanism of the C3CA dosimeter system has been
performed by Yamashita et al. (60): the chemistry of the
dosimeter was evaluated against the influence of oxygen
concentration, depletion of oxygen, C3CA concentration
and other factors. Additionally, pulse radiolysis experiments
have been performed in order to determine the rate constant
for the initiating hydroxyl radical scavenging reaction by
the C3CA anion [determined in (60) to be 6.8 X 10° M~' s7'].
In the experiments where oxygen was absent in the
solutions, formation of the hydroxylated C3CA molecule
proceeded by disproportionation only, since the peroxyla-
tion step was not possible, which was in agreement with an
up to 50% drop of the fluorescence yield. The authors have
analyzed their results using a numeric model where they
assumed that in the absence of O, the reaction proceeded via
the disproportionation reaction when two intermediate
hydroxy-dienyl radicals meet and disproportionate to form
one unhydroxylated and one hydroxylated C3CA molecule.

In their model, Yamashita et al. (60) assumed that both
the peroxylation reaction of the hydroxy-dienyl radical with
the oxygen molecule and the bimolecular disproportionation
reaction have the same rate constant k.o, = kyy, = 10° M
s and that the HO, elimination reaction follows
immediately after the peroxylation step so that the
oxygenated pathway is essentially complete within 107 s,
while in the absence of O, the disproportionation pathway
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would take up to ~10" s (depending on the dose in the
radiation pulse) (60). However, these assumptions do not
mirror the experimental observations of the terephthalate
system where the peroxylation (O, addition) rate constant
value was measured as kg, 7z = 1.6 X 10" M s7' (42).
Consequently, the peroxylation step would apparently take
much longer to complete [T:0, 7z = kvon, 12 +[Oo] = 2
X 10 s, assuming that [O,] =~ 3 X 10 M (88)]. In addition,
notably, the peroxylation step of the cyclohexadienyl
radicals was observed to be highly reversible (92) and the
reverse reaction (O, elimination) in the terephthalate system
has been measured to be nearly tenfold faster than the HO,
elimination (k.o 72z : Keim. 12r = 8.7) (42). Therefore,
peroxylation does not go to completion, instead, a transient
equilibrium is achieved where the concentrations of the
reactants are governed by an apparent stability constant K =
kioxlk.oo =~ [HO-RO,’]/[HO-R'][O,]. For the aerated
terephthalate system the value of the constant is Kz =
4.7 X 10* M and the ratio [HO-RO, ]:[HO-R"] is equal to
1.4; this means that in the stationary state the populations of
peroxylated and unperoxylated OH-adducts are nearly
equal. The lifetime of the peroxyl radical under the
monomolecular HO,™ elimination reaction would be T,
rer = Keimrer 0 = 2.6 X 107 s, approximately 10X longer
than how long it approximately takes for the initial
peroxylation to achieve completion.

In this model, the dosimeter yield is being governed by
the competition between the rates of disproportionation and
of HO," elimination. The disproportionation reaction has the
effect of reduction of the total yield of fluorescent products
originating from the generated OH". Since it is a
bimolecular reaction, its rate is proportional to [HO-R"]%.
At low dose rates the [HO-R"]> would be very small and the
elimination branch is much faster, for terephthalate this has
been shown to be true for doses below approximately 1 Gy/
pulse (42) and is in line with the results presented here.
However, at high dose rates the initial bimolecular
disproportionation rate will approach the monomolecular
rate of elimination (k,,, [HO-R')> ~ k., [HO-RO,’]),
resulting in significant reduction of the yield of the
fluorescence dosimeter.

The reversible reaction kinetics of O, addition on cyclo-
hexadienyl radicals produced by aromatic substitution has
been studied in depth by Clemens von Sonntag and
collaborators (92-94). The values of k., k., and k,,,, were
found to vary significantly depending on the aromatic ring
substituents, with electron-withdrawing substituents consid-
erably slowing down both the rate of O, addition as well as
the rate of elimination (92, 94). For instance, in the
nitrobenzene system and benzonitrile systems the peroxyla-
tion rates were observed to be so low [values of &k, ,, were 2 X
10° and 5 X 10° M's™, respectively (92)] that they did not
even permit to determine k.o, and k., using pulse radiolysis
methods, the half-life of the bimolecular disproportionation
was several times shorter than the rate of O, addition in even
the lowest pulsed doses utilized (92) (which also indicates
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that the value of k,,. was likely higher than in the
terephthalate system, above 10° M™ s™). For the C3CA
molecule only the rate constant for OH" addition is known in
the mechanism in Fig. 12, but the presence of the electron-
withdrawing carbonyl and carboxyl groups on the pyranone
ring of the C3CA molecule permits one to propose that both
k.o, and k., could be even lower than they are in the case of
the terephthalate system, which would then render the yield
of the system much more sensitive to the increase of the dose
rate. Such shifts in the values of the relevant rate constants
could result in the disproportionation pathway becoming
dominant already at relatively low dose rates and, hence,
explain the ~60% yield drops of the C3CA dosimeter that
takes place over an increase of dose rate from 0.1 to 10 Gy/s
measured by Kusumoto et al. (73) and a very similar yield
reduction registered for the smallest doses used in this study.
The reason why the reductions in the C3CA yield surpass
50% is probably caused by the fact that a minor proportion of
the bimolecular radical combination/disproportionation reac-
tions do not follow exactly the simplified scheme in Fig. 12,
so on average less than one HO-C3CA molecule is produced
per two HO-C3CA® radicals consumed. To verify these
hypotheses a more detailed pulse radiolysis study would need
to be performed, likely supported by a study of the impact of
dose rate on the chemical yields of other products of C3CA

radiolysis and appropriate numerical modeling.

CONCLUSION

The ferrous sulfate (Fricke) dosimeter and three fluores-
cence liquid chemical dosimeters based on the solutions of
terephthalic acid, trimesic acid and coumarin-3-carboxylic
acid were utilized in order to investigate the effect of very
high dose rates (10''-10"* Gy/s) with low dose per pulse
from picosecond pulses of low-LET radiation (4.5 MeV
electrons) on their radiation chemical yield, compared to the
yields characterized for low dose rates (10~ Gy/s) by a 60
Co gamma-ray source. In earlier works on this topic
investigating the Fricke dosimeter (18) and the coumarin
dosimeters (57, 68) reductions in the yields were observed
already at much smaller dose rates (<10° Gy/s). The results
of the present work are that a significant and substantial
60% decrease of radiation-chemical yield was observed
only for the fluorescence dosimeter based on solutions of
coumarin-3-carboxylic acid. Meanwhile, changes in the
yields for the Fricke, the terephthalate, and the trimesic acid
dosimeters were not detected above the estimated (~10 %)

overall measurement error of the experiments.

Due to the low-LET character of the radiation a
hypothesis can be formulated that below a certain pulse
length (<107 s) the yield is not determined by the dose rate,
but by the total dose delivered to the liquid system over the
duration of the radiation pulse. A threshold dose, specific to
each dosimetric system, may then exist, above which
changes in the chemical yields would manifest, regardless
of the pulse length. In particular, when the pulsed beam is
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used, the radical-radical reactions in homogenous step
become important and the yield can be affected. In that case,
the scavenging time is decisive. The hypothesis should be
tested by follow-up experiments that would map more
densely the range of dose at high dose rate and by studies of
the topic based on kinetic modeling and simulations that
would help to formulate the problem in a more quantitative
manner.

SUPPLEMENTARY INFORMATION

This article is accompanied by a supplementary document
that contains extended description of the spectrofluorimetric
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