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The new method described in this article allows the detection of low concentrations of radical species created

in water for high linear energy transfer (LET) pulse radiolysis. The time-resolved chemiluminescence was
used in a pulse radiolysis experiment at the Grand cateur d’lons Lourds (Caen, France) with@Ar8t
ion beam for the determination of radical yields. In water, for an LET of 280 eV/nm, the yield of OH is 2.2
x 1078 mol/J. A minimum value of the g and HQ/O,™ yields is obtained. These experimen@&balues

are compared to those obtained for the same LET. They are in good agreement with the values in the literature.
The sensitivity of the time-resolved chemiluminescence method allows the measurement of concentrations of

radicals species as low asx2 107 M.

Introduction linking the concentration of the stable product, the concentration
. ] of the scavenger, and the rate constant of the reaction between

The linear energy transfer (LEF —dE/dx) effect in water the radical and the scavenger. Another method for analyzing
radiolysis with high-energy particles has been phenomenologi- the ragdical production in irradiated water is light emission
cally understood for a long timeThe yields of radicals (H,  gpectroscopy, which is a very sensitive method for detecting
OH, and €, decrease with increasing LET, which is explained  gxcited states of molecules. This method has been used by
in terms of radical recombinations due to the high concentration | 5v/erne for the study of heavy-ion radiolysis of benzene, with
of radical species along the ionization traéRsThese radicat a single-photon-counting technigéfe.
radical reactions increase the yields of molecular specig®AH In this article, a new method for the detection of low

and_ H). An exc_eptlon_ to t.h's rule is the Y'eld of the superoxide concentrations of radical species in water is described. It is based

radical (HQ/O,"), which increases at high LET: on time-resolved light emission spectroscopy coupled to a
To simulate effects of high energy deposition in water, many scavenging method and chemiluminescence. Cyclic hydrazide

calculations were performed with codes based mainly on a mglecules such as luminol (Lfiare commonly involved in

Monte Carlo modef® To check and compare different models,  measurement of very low concentrations of hydrogen perdgide.

it is essential to have experimental values of radiolytic yields Their reaction with OH and © radicals leads to a radiative

at different values of LET. However, very few experimental excited state. This luminescence is used in our experiment in

data are available for high-LET irradiations. This is mainly dueé the quantitative analysis of low concentrations of radicals

to the very low optical absorbances (low concentrations and generated by irradiation with high-eneréfAri8*+ pulses.

low molecular absorption coefficients) attained in pulse radi-

olysis experiments with high-LET particles such as i&fhg:11 Principle

However time-resolved absorption spectroscopy remains the best

method for directly detecting radical species and measuring their In this section, the luminol method is described. All rate

concentrations, their rates of formation, and their rates of constant values are taken from ref 17, unless otherwise specified.

disappearance. Nevertheless, other methods are used to measuféde reactions of luminol molecules with water radiolysis

the radical yields, such as the scavenging method, in which aproducts are knowt In the absence of £the mechanism is:

radical reacts specifically with a solute (scavenger) to yield a

stable product that can be analyzed a long time after the iradiation - +

irradiatign.lz:lf‘A variation of this me)t/hod is to mgasure directly, H20 € - OH, R, HGJO, ', H:0, H,, H:O @)

by time-resolved absorption spectroscopy, the formation and, , ,— 67% . . 1 —118

decay of the produét The time dependence of the radical LH™ +OH==L" +H,0 k,=29x10°M's @)

concentration can be recovered via a Laplace transformationLH_ n OHﬂ (LH)OH k= 1.4x 1P ML 118 3)
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In the presence of Hreactions 79 must be considered. .
Pulse radiolysis setup
€q TO0,—0, Kk=19x 10°Mtst @) I
¢ Photomultiplier
H+0,—HO, k,=1.2x 10°M's™ (8) Digtal P
B N ) scope e .
HO,< 0O, +H pK, = 4.8 9 . trigger Sample Fiber bundle
signal ¢ flow
The hydroxyl radical (OH) reacts with the deprotonated form \y
of Iumin_gl, LI(-jI_* ﬁpg)z 6.3) b_yh rfatc):tions 2 an5d 3. _The Pulse ion beam
superoxide radical reacts with L= by reaction 5 to give GeneratorT —————— ——
3-aminophthalate (3-AP) in its first singlet excited sttahich Alumina—"
returns to its fundamental state with emission of a phoiomaik l target } ooviens
= 420 nm,7 = 6 ng9). The chemiluminescence quantum yield To cyclotron Alumiam oY
of luminol is dependent on pH, and its maximum value is near synchronization foil
pH 122021

This chemiluminescence mechanism requires the participation

. R . h Polypropylen cell details
of two primary radicals of water radiolysis: OH an OA

l lon beam axis

consequence is that, if the concentration of one of these radicals

is lower than the other, this species limits the formation of 3-AP* rj—‘ f 1—— Optical axis
and then of the intensity of chemiluminescence by either reaction —A |

2 or reaction 5. Thus, the measurement of chemiluminescence Suprasi quartz

gives the concentration of the radical that has the lowest y par? 20 mm Sample flow

concentration. Below an LET value of 100 eV/nm, the hydroxyl
radical yield is higher than the superoxide radical yield. Over rigyre 1. Setup scheme of the time-resolved chemiluminescence
100 eV/nm, the hydroxyl radical yield is lower than superoxide experiment with ion beam.

radical yield* Then, this method allows for the measurement

of the superoxide yield at low LET and of the hydroxyl yield Oz with H and the small fraction of &g that is not scavenged
at high LET. by N>O (reaction 7). Thus, a calibration can be done, providing

The chemiluminescence needs to be calibrated by measuringhat the cell is irradiated uniformly.
the signal produced by a known concentration of radical. Then, Ho
it is necessary to know the quantity of light measured from a e, + NZO—2> OH+ N, + OH~
given concentration of superoxide radical in the solution. In 11
aerated solutions, at low LET (as in the case of an electron ki, = 8.7 x 10°M s (12)
beam), the superoxide radical is produced by the reaction of
O, with €74 (reaction 7) and H (reaction 8). Under these
conditions, the radical yields are known, and the concentration
of the superoxide radical can be calculated.

Note that the mechanism presented in this article is the main
mechanism for the luminol molecule. Actually, another pathway
leading to the excited state molecule (3-AP*) exists, but only  lon Beam. Pulsed irradiations were performed with an
in the presence of £and excess L (thus, excess of OH). In  4%Ar'8* jon beam of energy 95 MeV/nucleon (which gives 3.8
aerated solutions and under conditions leading to high OH GeV/ion) at the Grand Acdérateur National d’lons Lourds
yields, reaction 3 can indirectly produce luminescence. To avoid (GANIL) cyclotron. The setup is depicted in Figure 1. The
addition of OH radical onto the <€€C bond (reaction 3), it is irradiation cell is a cylindrical flow cell, made of polypropylene
possible to use carbonate ions £Q with a sufficient to avoid a luminescence background from quartz (material
concentration, to scavenge OH radicals (reaction 10); this forms commonly used in such experiments). The thickness of the
CO;™ radicals, which react with LH to give L~ (reaction polypropylene is 0.5 mm, allowing an almost-constant LET (280

To summarize this principle, one can measure the low radical
yields a short time after a pulsed irradiation with high-LET
particles by measuring chemiluminescence.

Experimental Method

11)2824 + 31 eV/nm) into the total thickness of the sample (3 mm).
The LET is calculated from the TRIM compilatich.
CO32_ +OH—CO,” + OH" The section geometry of the ion beam is defined by a

. 1 118 horizontal slit in front of the cell. The beam intensity is measured
Kg=3.9x 1°M s (10) with a secondary electron detector located in the beam. It
- - - - consists of a thin titanium foil placed between two thin
CO; +LH L +HCG, aluminum foils. A potential of 48 V applied to these aluminum
ko= 7.7 x 1M tst (11) foils creates an electric field that generates an easily measured
current. This intensity is calibrated before the actual irradiations
In the case of high-LET irradiation and, then, under conditions with a Faraday cup. The same device has been used in previous
leading to low OH yields, the luminescence initiated by reaction experiment$.The dose delivered to the sample is then calculated
3 can be neglected, and carbonate solutions become useless.by the energy loss of the ion in the water and the intensity of
When the solution containing luminol and ¢ is saturated the beam.
by N>O/O, mixtures, most of the gq are scavenged by i The ion beam has intrinsically one pulse of 1 ns duration
(reaction 12) to give additional OH radicals. In this c&{©H) every 100 ns. However, a pulse generator is used to modulate
> G(0O;7), and the intensity of chemiluminescence is propor- this high frequency, and it generates a burst of pulses having a
tional to the concentration of O produced by the reaction of  duration of between s and 2 ms at a frequency of 20 Hz.
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Optical System and Data Acquisition.Chemiluminescence T T T v
is collected by a bundle of optical fibers (Figure 1). The light 0 R TR N ptena R T WL
is led to a photomultiplier (R928S, Hamamatsu). The signal is 5
digitized by a numerical scope (TDS 680B Tektronix). To 4
improve the signal-to-noise ratio and to maintain the time
resolution at the microsecond time scale, an impedance of 100
kQ or 10 kQ is connected in parallel with the input of the 1€M
impedance of the scope. Fifty triggered signals were ac-
cumulated to improve the signal-to-noise ratio. During the
acquisition, the solution is changed by a flow system (1 mL/s). -

Because of the solid angle for the light collection and for the
light detection, the distances from the fiber to the cell and from i \ i ,
the fiber to the photomultiplier must remain exactly the same 0 1 2
for all experiments, especially when the calibration and the real
experiments are achieved with different accelerators (see
calibration section). Figure 2. Intensity of light as a function of time in a solution of luminol

Aqueous Solutions. The solutions were prepared using at pH 12 irradiated with electron beam:, total light emitted; - - -,
ultrapure water (Millipore Alpha Q, 18.2 & cm, 10 ppb of  Cerenkov light.
total organic carbon). The pH was adjusted to pH 12 with
sodium hydroxide (Aldrich, 99.99%). The sodium salt of
3-aminophthalhyrazide (luminol, Sigma) was used for prepara-
tion of a 103 M luminol solution. For the calibration, 4COs
(Merck, pro analysis) was added.

Solutions were deaerated by bubbling with high purity argon
(99.999%). Other gases were dissolved in some solutios3: N
(99.998%) or mixture of MO/O, (20% and 10%).

Calibration. Calibration was performed with a Febetron 707
accelerator delivering 2 MeV electrons in a single pulse of 10
ns duration. In the presence of known concentrations of oxygen,
the reaction of oxygen with hydrated electrons and H atoms

Intensity (V)

Time (ms)

generates a known quantity of HO,~ species. Dosimetry was
performed with a solution of KSCN saturated withbQ\ by
measuring the absorption of (SGN) a He-Ne laser (543.5
nm) measures optical absorption along the optical axis of the

integral of chemiluminescence (mV.s)

1 l L

0.0

2.5
[O,1uM

5.0

cell (see the details of the cell in Figure 1). The dose in grays
is calculated by usingessss = 3900 Mt cm™ 26 and a function of the concentration of the chemiluminescent 3-AP molecules
G[(SCN)] = 6.39 x 1077 mol/J?” For the calibration, only  formed.

low doses have been used (between 1 and 100 Gy) in order to

avoid biradical reactions occurring with high-dose-rate irradia- order to take into account all of the reactions producing
tions. The concentration of emitting species 3-AP is proportional luminescence during the diffusion period after the pulse
to the concentration of £© produced by radiolysis of aqueous irradiation. For several doses, corresponding to several concen-
solution containing luminol (0.001 M), G& (0.01 M), and trations of Q, the integral of the chemiluminescence signal is
saturated with MO/O, mixtures. The mixtures used were 10% plotted in Figure 3. The regression curve is then obtained as
O, and 20% Q. At pH 12, there is a competition for H atoms
between reactions 8 and 13. In the case,gf,ehe competition
is between @and NO (reactions 7 and 12).

Figure 3. Calibration curve of the intensity of chemiluminescence as

lcl (Vs ™) =406 (VM s x [0, (M) (15)

where Icl is the integral of the chemiluminescence signal.

H+OH —e, kp,=22x10M's?* (13)

The concentration of © is expressed in eq 14 as a function Results
of the dose in grays and of the fraction of Wifwo, = 88 £
2%;A20%Q =03+ l%) and Qg (BlO%Q =12+ 0.05%;Bzo%q

= 2.6 + 0.15%) that reacts with £

Signals.Figure 4 presents the emission of light as a function
of time when a solution containing 1®M luminol at pH 12 is
irradiated by arf°Ar8* jon beam. This curve is the result of
50 averaged signals at a repetition rate of 20 Hz. The origin of
time corresponds to the entrance of the ion pulse into the cell.
The emission of light begins during the pulse and reaches its
whereGy = 5.7 x 10 8andGe,, = 3.1 x 10 " are the primary maximum at 1Qus (which is the duration of the pulse used in
yields of, respectively, H andig expressed in moles per joule. the experiment). The lifetime of fluorescence is 6 ns. This can-

In the case of calibration with an electron beam, the Cerenkov not explain that the duration of the light intensity decay is 300
light is very intense and depends on the dose delivered by theus. A simulated curve, obtained by a radiolysis software
pulse. The signal of Cerenkov light is included in the light CHEMSIMULZ?, is plotted in Figure 4. Rather good agreement
detected and superposed on the luminescence signal (Figure 2)s obtained between the experimental and simulated curves,
The Cerenkov signal corresponds to 33% of the total signal. considering that simulated curve is obtained without adjusting
The Cerenkov light is subtracted from the total signal. The the rate constants taken from the literattfrdhe input file
luminescence signal is then integrated as a function of time in contains the reactions involving the species of water radiolysis

[O, ] = DosepG, + BGeaq,] (14)
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Figure 4. Emission of light as a function of time in a solution of
luminol at pH 12 deaerated, irradiated with heavy-ion bedm:
experimental curve;-, simulated curve.

with their rate constants, the reactions involving luminol, and
the radiative rate constant of 3-AP*. This confirms that the decay
of the light intensity was due to the rate constant of the reaction
of L™ with O,~ (reaction 5).

The integral of the signal was proportional to the concentra-
tion of emitting species, 3-AP*, and to the concentration of
limiting radical, OH or Q. For every acquisition, the integral
of the signal was plotted against the dose delivered. Three

differents solutions were irradiated: aerated, deaerated, and

saturated with NO. The results obtained were similar for the

aerated and deaerated solutions. From solutions saturated with

N0, the intensity of chemiluminescence was larger.
Yield Determination. With eq 15, the integral of chemilu-
minescence was transformed into the concentration of emitting

species. These concentrations are plotted versus the dose for

the different experiments in Figure 5. The slope of the linear
regression gives the yield of emitting species formed, in moles
per joule.

The results are

(3-AP*) = 1.6 x 10 ° mol/J

Gae rates

Gdeaerategs'AP*) =1.4x 10 ®mol/J

GNZO saturatel3-AP¥) = 2.7 x 10 ®mol/J

The G value in deaerated solutions is close to G&alue in
aerated solutions. In MD-saturated solution, th& value is
increased by almost a factor of 2.

Aerated and Deaerated SolutionsWith high-LET irradia-
tion, as in this experiment, O is a primary radical of water
radiolysis. In deaerated solutions, the yield of @& expressed
by the primary radical yield (eq 16). When the solution is
aerated, thegg~ and H primary yields are added to the primary
yield of the radical (eq 17), because Qs formed by reactions
7 and 8.

Gdeaerate(pzi) = GOZ* (16)

GaeratehO2 ) = GOZ, + Geaq, + Gy (17)

However, in our experiments, th@ values of the emitting

Wasselin-Trupin et al.
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Figure 5. Concentration of emitting species versus the dose for an

irradiation by heavy-ion beam of a solution containing381 luminol

at pH 12: (a) aerated solution, (b) deaerated solution, £0)-daturated

solution.
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In the mecanism of chemiluminescence of luminol under
irradiation, two equations are important.

67%

LH™ + OH==L" +H,0 )

®)

The hydroxyl radical and the superoxide radical are involved
in reactions 2 and 5. If the concentration of one of these radicals
is lower than that of the other, this radical limits the chemilu-
minescence. The concentration of emitting species is equal to
the concentration of this limiting species. In our case, the
limiting species cannot be the superoxide radical because the
experimental G values obtained in aerated and deaerated
solutions are equal. The limiting species should be the radical
OH, and the luminescence intensity is proportional to its
concentration. According to reactions 2 and 3, the radical yield
measured corresponds to 67%, which is equal to the ratio of

L™ +0, —3-AP*+N,

species are found to be similar in aerated and deaerated samplesate constantk, andks of the OH radical producedy(OH) =

It can therefore be deduced that the concentration of emitting
species is not proportional to the superoxide radical concentra-
tion because this would imply th&,,- + Gy is close to zero.

2.2 x 1078 mol/J.
N2O-Saturated Solutions.In solutions saturated with JO,
O, is removed, and the yield of O is expressed only by its



Measurement of OH/@ Radical Species in Water J. Phys. Chem. A, Vol. 104, No. 38, 2008713

primary yield g(O27). According to reaction 5G(0,7) is at high concentration of luminol used (19 M), OH reacts
least equal td5(3-AP), and then equal t0 o saturatel3-AP). essentially with luminol. Then, superoxide radical is protected
Actually, the yield determination reveals th@k,o saturatef3- from the attack of OH.

AP) is greater tharGgeaeratel3-AP), which confirms that the

limiting species in aerated and deaerated solutions is got O o + 0, - 0,+0H  k,=1x10°M's? (17)

but OH. From this experiment, it can be concluded t{&x ")

> 2.7 x 1078 mol/J.

In reaction 12, g, is transformed into OH, which can react
with luminol to give the diazasemiquinone and enhance the
chemiluminescence yield obtained in previous experiments,
where OH was the radical limiting the reaction 2. The yield of
luminescencésn20(3-AP) in the NO-saturated solutions cor-
responds to the minimum value of 67% of the OH radical
produced: G(OH) = g(OH) + g(eaq) = 4 x 108 mol/J. The
difference between the yields of OH obtained in deaerated and
N.O-saturated water giveg(esg) = 2.5 x 1078 mol/J.

In time-resolved absorption spectroscopy, water without OH
scavenger was used, so superoxide radical is not protected from
the attack of OH (reaction 17). An estimation using a homo-
geneous kinetics simulation by CHEMSIMUL shows that, after
a pulse of 2 ms, the superoxide yield at 2 ms represents only
40% of the primary superoxide yield. This estimation under-
estimates the disappearance of Gt short times when the
radical distribution is not homogeneous. During the pulse, part
of the superoxide radical population has disappeared by reaction
with OH (reaction 17). This can explain the difference between
our result and the values obtained by absorption spectroséopy.

Hydrated Electron. In this experiment, a minimum value

Sensitivity. Using absorption spectroscopy, the detection limit of the hydrated electron primary yield can be obtained by
for O, which hase of 2000 Mcm™® at 260 nn%? is comparison of the solution saturated withQN whereG(OH)
approximately 5x 1076 M. By time-resolved chemilumines- = g(OH) + g(eaq"). The scavenging capacity of.8 is then
cence, 4x 1078 M of superoxide radical was easily measured. 2.2 x 10® s! because of reaction 12 giving OH radicals that
The very good signal-to-noise ratio could allow measurements participate in the luminol scavenging mechanism. As explained
of lower concentrations of superoxide radical. The sensitivity in the previous Superoxide Radical section, the totality gf O
of the chemiluminescence is greater than that of previous is not scavenged. Thus, it is not possible to give the exact yield
absorption spectroscopy. of O,~, and as a consequengge,q ) cannot be deduced. Only

Hydroxyl Radical. The primary yield of hydroxyl determined & minimum value can be calculateg{eag ) > 2.5 x 108 mol/
in our experiments (2.% 108 mol/J) is close to the results of J. At an LET value (250 eV/nm) similar to that of our
other recent experiments under high-LET conditions of irradia- €xperiment, Baldacchino et &foundg(esq ) =5 x 10~ mol/J
tion. This latter value corresponds to the yield of OH scavenged at a scavenging capacity of 3.2 10° s~ The difference
by 103 M luminol according to reaction 2. The scavenging between these two results is due to the much higher scavenging
capacity, which isky[X], where X in our case is luminol and  capacity in NO solution, which corresponds to the yield gfe
kx is ko, is equal to 2.9x 10° M~1 s1, Earlier experiments at 3 ns. Our result is in agreement with the expected decrease
were performed at almost the same scavenging capacity. Formidn g(€aq) when LET increases.
acid was used by Burns et &lLa Verne'? and Baldacchino et )
al? to measure the hydroxyl primary yield. La Verne found a Conclusion
yield around 3x 10°° mol/J, for a scavenging capacity of 1.3 The time-resolved chemiluminescence method can provide
x 10° st at an LET of 230 eV/nm. Similar results were  measurements of lower concentrations of radicals in water than
obtained by Baldacchino et ag(OH) = (2 4 0.2) x 10~° mol/ can time-resolved absorption spectroscopy. This method is
J, for a scavenging capacity of 3:210° st at an LET of 250 recommended for irradiation with high-LET particles, if they
eV/nm. Because of a higher LET (280 eV/nm) than in these haye enough energy to ensure a constant LET in the irradiation
latter experiments, olg(OH) value (2.2x 108 mol/J) remains g
in good agreement with the latter literature values. Our result  concentrations of OH/© radicals down to 4 10-8 M have
is also in good agreement with the results obtained by Burns etyeen measured. The radiolytic yieldgQH) = 2.2 x 10-8 mol/
al3 [g(OH) = 4.2 x 108 mol/J at LET of 140 eV/nmg(OH) J,9(027) = 2.7 x 1078 mol/J, andg(eaq’) = 2.5 x 1078 mol/

= 1.9 10" ® mol/J at LET of 650 eV/nm] for a scavenging ) for an LET of 280 eV/nm have been determined and
capacity of 3.2x 10" s™*. These values are higher than our compared to the literature values.

value, but this discrepancy can be explained by the scavenging

capacity being higher too. Thus, in their case, OH is scavenged  Acknowledgment. The authors thank the personnel of CIRIL

earlier by formate and has less time to react with the other (Centre Interdisciplinaire de Recherche lons Lasers) and GANIL

radicals and molecular products of water radiolysis. (Grand Acéérateur Nationale d’lons Lourds) for technical
Superoxide Radical.A minimum value of the superoxide  assistance.

radical primary yield has been measurg@®,) = 2.7 x 1078
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