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Radiolysis of Aqueous Solutions with Pulsed Helium lon Beams. 3. Yields of OH Radicals
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The production of methyl viologen radical cation (MY in the radiolysis of aqueous solutions of 0.5 mM
methyl viologen (MV#*) containing formate and tertiary butanol (t-BuOH) was studied using fast electron
(integral yields) and 21 MeVHe ion beam pulses (track segment yields). The formate concentration was
varied in the range of I3—2 M. It was confirmed that M¥" is formed within microseconds and that it is
stable in the measured time regions if the solution contains neither t-BuOH nor oxygen. Tertiary butanol
radical formed through the scavenging of OH radical or H atom by t-BuOH reacts witli,\¥id this rate
constant was determined as £82) x 10® M~1 s L. The effect of formate concentration on the yield of
methyl viologen radical cation was measured in deaerated,OrSdturated solutions. The radical yields in
deaerated solutions agreed well with those measured by continuous ion beam radiolysis, which confirmed
that this system can be used as a chemical dosimeter for ion beam pulse radiolysis. The yields of OH radicals
were derived from the yields @&&(MV**) in the presence and the absence of t-BuOH. In the radiolysis with
low linear energy transfer (LET) radiations, the calculated OH radical yields agree well with the values
determined by other OH radical scavengers, formate and formic acid, except at high scavenging capacity. In

“He ion beam radiolysis, the yields have a discrepancy in the measured scavenging capacity range. The sum

of the contributions of g and H atoms to form MY was also determined. This value was lower than the
yields estimated from other studies witHe ion beams. Yields are highly dependent on the nature of the
solutes and combination of solutes because of intratrack reactions of the products.

Introduction reactive secondary species must be used to measure the

The radiolysis of aqueous solutions withrays or fast scavenged. yield at high scavenging (':apacny.. )
electrons has been studied extensively under a variety of Methylviologen has been well studied and it is known to be
conditions!~3 In contrast with low linear energy transfer (LET) ~ reduced easily to form radical cation, M\*~° Since the radical
radiations, most data obtained using ion beam radiolysis wereis stable and has a large absorption in the visible regighit
in acid solutions because of use of the Fricke dosimeter for its is expected to be well suited to measure the yield of the primary
convenience and usefulness. However, information in neutral Scavenged radical. Methyl viologen is also reduced by formate
solutions is necessary to understand the biological effects ofradical anion, COO, so that aqueous solutions of methyl
radiation. Previous papers have reported an ion beam pulseviologen and formate can be used to estimate the sum of the
radiolysis system at HIMAC (Heavy lon Medical Accelerator Yields of q~, H atoms, and OH radicalé.In a previous study,
in Chiba) and the yields of scavenged hydrated electron andWwe used this system with continuous radiation and reported that
OH radical as a function of the scavenger concentrafi§failse the yields of MV are equal to the values predicted from the
radiolysis is widely used for low LET radiations and the use of other scavengersyaray radiolysis'® In proton and*He
technique enhances the number of available chemical systemsion beam radiolysis, howeveG(MV**) values were substan-
In ion beam radiolysis, however, it was found that the intratrack tially lower than expected. In that study, only the yields of
reactions of the secondary products are more important than inradicals which remained after a few minutes, irradiation could
low LET radiolysis and that a scavenger which produces less be measured, so it is interesting and necessary to investigate
the same system using an ion beam pulse technique. Here,
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7-3-1 Hongo, Bunkyo-ku, Tokyo 113, Japan. Tek81-3-5841-6979. kinetics reported in this system. Then the dependence of the
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been established for ion beam radiolysis, and because of the 05 , . , . - .
difference in geometry the dosimetry in pulse radiolysis is more
difficult than in continuous radiolysis. Aqueous solutions of
methyl viologen and formate would make a good chemical
dosimeter for ion beam pulse radiolysis, because of the stability
and the large absorption coefficient of MV The yields of
stable MV* are expected to enable a comparison of pulse and 5
steady state experimental systems. o

Experimental Section

The ion beam irradiations were performed using 24 MeV
He?" ions from HIMAC at the National Institute of Radiological
Sciences. The system has been described in a previousfpaper.
The energy of ions entering the solution is 21 MeV after the
energy loss at the window, and the area with 100 depth
was measured with narrowed laser light. After 108, the
energy of the!He ions is about 17 MeV. The differential LET
of 21 and 17 MeV*He ions are 32 and 37 eV nr respectively, . 1
and the average LET in the measured area is 35 eViniihe g
yields measured in this work are therefore track segment yields.
Normal low LET pulse radiolysis with electrons ogrray
radiolysis measures track-averaged or integrated yields. Previous
work!s with heavy particles used track-averaged LET and o
measured track-averaged yields. Pulses of 5 andsIuration o
were used, and the absorbed doses were 150 and 300 Gy/pulse,
respectively.

The irradiations with electron beams were done at the LINAC
facility at the Nuclear Engineering Research Laboratory, the
University of Tokyo, using 10 ns pulses with an energy of 35 015 200 200 500 500 1000
MeV. Details of the system have been described elsewfere.

The sample supply system was similar to the one usétién
ion beam radiolysis, where the solution was stocked in the Figure 1. Formation and decay of MY observed in the electron beam
reservoir vessel with a gas bubbling system and flowed through Pulse radiolysis. The samples were the aqueous solutions of 0.5 mM
Pyrex glass tube into a quartz cell. For dosimetry, 0.01 M KSCN quthyl viologen containing either 10 mM formate or 50 mM tertiary

. . . utanol or both of them. (a, top) curve 1, deaerated solution containing
solutions saturated withAD were used witlGe value of 51000 o mate: 2, NO saturated and containing formate; 3, deaerated and
M~1cm™1 (100 eV) ! at 472 nm for (SCNy~.17 Absorbed dose containing formate and t-BuOH; 4, .8 saturated and containing
was typically 20 or 30 Gy/pulse. formate and t-BuOH; 5, deaerated and containing t-BuOH. (b, bottom)

Methyl viologen dichloride was obtained from Tokyo Kasei, curve 1, deaerated and containing formate; 2, deaerated and containing
and sodium formate, tertiary butanol, ethanol, and 2-propanol formate and t-BuOH; 3, pD saturated and containing formate and
were from Wako Co. Ltd. These chemicals were reagent gradet-BuOH; 4, deaeratgd and contalnlng t-BUOH. The dots are experimental

- - - results, and the solid lines are the simulated results Usirg8 x 10°
and used as received. All the solutions were made with water ;=1 1
which was prepared through ion-exchange resin and Millipore
equipment. Deaeration by nitrogen bubbling or saturation with as follows®¢:8:13.18.19
N>O was carried out before irradiation.
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&g TMVZ =MV k=5x10"Mtst (1)
Results and Discussion

Reaction Kinetics. The absorption spectrum of MV has OH+HCOO — COO0 +H,0
two peaks at 395 and 605 nm, and the rea}ction kinetigs of MV k, = 3.2 1°M1s? (2)
was investigated by observing the transient absorption at 605
nm. Several values between 6000 and 15 00G Mn ! were _ _ 1
reported as the absorption coefficient of this péaik:14 The H+HCOO —COO™ +H, k=21x1M"s 3
smaller one, approximately 6000 Wcm—1,8 was measured in )
the presence of oxygen, so part of the radicals would have _ 24 ot
reacted with oxygen. The others are around 13 000 &M, COO" +MV™ —MV™ +CG,
and in the present research, 13 100'\m~* was taken from k,=1x10°M™ s (4)
the latest report to calculate the yieldsFigure 1a shows the
time profiles observed in the radiolysis with electron pulses. In The expected rise times of reactions 1 and 4 are 40 and 200 ns,
the present research, the concentration of methyl viologen wasrespectively, which agree well with the two components of the
always 0.5 mM and those of formate and t-BuOH were varied. observed time profiles. When the formate concentration was
The formation of MV" has two components in deaerated changed, the fast component did not change and the height of
solutions containing formate, curve 1, and the rise time of the the slow one increased with increasing formate concentration.
fast component is less than 50 ns and that of slow one isIn N,O-saturated solutions, hydrated electrons would be con-
approximately 300 ns. The reactions to produce *MVh verted to OH radical$’2° The scavenging capacity fogf is
solutions of methyl viologen and formate have been reported different when NO is present, and this will affect the kinetics



Radiolysis of Aqueous Solutions
and yields, as discussed later.
€q TN,O—N,+0"

ks=9.1x 1M 'st (5)

O +HO0—O0OH+OH k,=1x10°M*s* (5a)

The observed time profile (Figure 1a, curve 2) shows that the 5
fast component decreased nearly to zero and that the totalo

production yield of MV/* is almost the same as in the deaerated
solutions. These results support the above kinetics.
Tertiary butanol reacts with H atom and OH radital.

OH + C(CH;);0H — *CH,C(CH;),OH + H,0

ke=6.0x 1M 'st (6)
H + C(CH,);OH — "CH,C(CH,),OH + H,
k,=1.7x 10°M 's* 7

The radical, produced in reactions 6 and 7, does not lead to

the formation of MV*. This nonreactivity was confirmed by
the time profile observed in the solutions of methyl viologen

J. Phys. Chem. A, Vol. 103, No. 24, 1999771

0.08 T T T T T T

0.06 |- N : ) y

-0.02 . I I ! R L

200 300 400 500

Time / us

Figure 2. Transient absorption signals of MVobserved in théHe

ion beam pulse radiolysis. The samples were aqueous solutions of 0.5
mM methyl viologen and 10 mM formate either free of t-BuOH or
containing 50 mM t-BuOH: curve 1, deaerated solution containing
formate; 2, deaerated and containing formate and t-BuOH;.8 N
saturated and containing formate and t-BuOH. The dots are experimental
results, and the solid lines are the simulated ones.

simulation using various values for the rate constgntt was
found that the results are not sensitivektobecause t-BuOH

and t-BuOH, curve 5 in Figure 1a, which has the fast component has lower concentration than MVand is consumed faster.
with the same height as curves 1 and 3 and does not have the/ariation ofks in the same order causes merely small change
slow component. When both formate and t-BuOH are present Of ko (within error). Primary yields of g, H atom and OH

in the solution, they compete to scavenge OH radicals. Curvesradical predominantly determine the peak yields of ¥VThe

3 and 4 in Figure 1a were obtained in the solutions of 10 mM
formate and 50 mM t-BuOH saturated with nitrogen an®N
respectively. The scavenging capacities for OH radical of

formate and t-BuOH are approximately the same, and half of

OH radicals react with t-BuOH and do not lead to the formation
of MV**. The scavenging of H atom by t-BuOH is slow and
most of H atoms should react with formate. The reaction
between g and t-BuOH is also slowk(< 4 x 10° M~1s71)1°
and would not have any effect on the observed kinetics.

It is reported that MV* is rather stable in the absence of
oxygen and reacts with #, on the time scale of several
hours!?13 As shown in Figure 1b, the observed decay in

values chosen in this paper can reproduce the experimental
results well and change of the primary yields does not give a
good determination ofg or fit to the data.

In “He ion beam pulse radiolysis, transient absorptions were
measured using the 515 nm line of the argon ion laser as the
analyzing light. The absorption coefficient of MVat 515 nm
is 4100 M~ cm1.24 Figure 2 shows the time profiles observed
in three kinds of 0.5 mM methyl viologen solutions: deaerated
solution containing 10 mM formate(curve 1), deaerated solution
containing both 10 mM formate and 50 mM t-BuOH (curve 2),
and NO-saturated solutions containing both 10 mM formate
and 50 mM t-BuOH (curve 3). Because pulse durations were 5

solutions free of t-BUOH is small and is probably due to a trace #S, the formation of the radical could not be investigated. In

of oxygen remaining (on the order of micromoles). In solutions
containing t-BuOH, MV* decays in several hundreds of
microseconds by the reaction with tertiary butanol radicals.
Transient yields of MV* were simulated to estimate the rate
constant of the reactions between MVand tertiary butanol
radical. The primary yields of.g", H atom, and OH radical
used in the simulation were 3.0, 0.6, and 3.2, respectilely,

the solution free of t-BuOH(curve 1), the decrease of the
absorbance was negligible and no apparent decay was observed
at other formate concentrations. This result suggests that the
yield of MV** can be measured by both pulsed and continuous
ion beam experiments. In the solutions containing t-BuOH, the
absorbance decreased and approached a plateau within a few
hundred microseconds. Figure 2 contains the results of the

which were chosen considering the scavenging capacity for eachsimulation for each solution, which are mentioned below.

radical. The formation of M¥" and tertiary butanol radicals
was simulated using the reactions, and it was assumed that

In this chemical system, the role of formate is to convert H
atoms and OH radicals into the species which reducéMw

the two reactions 8 and 9 are the predominant cause of theorder to make a further check of the methyl viologen systems,

decay??
2°CH,C(CH,),OH— products  ky=7.0x 10°M™* s(‘l)
8
MV" + *CH,C(CH,),OH— products  k,  (9)

Calculations were carried out by a numerical differentiation
method using FACSIMILE cod® The time profiles predicted
by these simulations are also shown in Figure 1b. They well
reproduce the yields of MY for all the data. The rate constant
of the reaction 9 is estimated &= (8 £ 2) x 1® M~1s1

to give the best fitting curves. We have carried out further

ethanol and 2-propanol were used instead of formate because
CH3C*HOH and (CH).C*OH radicals are expected to reduce
MV 2+, Deaerated solutions of 0.5 mM MV containing either

15 mM ethanol or 20 mM 2-propanol were irradiated. The
reduction of MV by each alcohol radical was confirmed using
both electron andHe ion beams; however, the yields of MV
were lower than in formate solutions. The lower yields can be
explained if it is assumed that approximately 15% of the
products formed through the reaction of the alcohols and OH
radicals are not the radicals described above and will not lead
to the formation of MV'*.24 These results agree with the study
of Mulazzani et al. in which agueous solutions of methyl
viologen and 2-propanol were irradiated with electron pul8es.
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in the figure!® This yield for*He ion beams is the track segment
yield calculated from the data of the particle energy at 15 and
20 MeV. Virtually the same yield is obtained when a polynomial

. fit to a plot of GE vs E is differentiated, wher& is the initial
particle energy. The results agree well with the present measure-
ments both for low LET andHe ion beams. Buxton and Wood

4 measureds(MV **) by electron beam pulse radiolysis using 0.2
mM MV 2* solutions'* The results are in good agreement with
the others, though they suggest a small dependence on the MV

i concentration.

Accurate dosimetry is a major problem in ion beam pulse
radiolysis. In this research, dose was calculated from the beam
- TR | S charge of each pulse measured by the oscilloscope and the
10° 10° 10" spatial distribution of the beam intensity measured by the

Scavenging capacity for OH /s absorption change of CTA (cellulose triacetate) ffmThe
dosimetry would be more accurate in continuous irradiation,
6 e because the charge of the particles can be collected and

[ ] consideration of spatial distribution is not necessary. The yields
-/-{E/k_' ] agree well between pulse and continuous radiolysis, which
suggests that the method to evaluate the dose in this research is
4}  Electron ‘/,,f—i—,—t\, 1 sufficiently correct. As shown in Figure 1, MV is formed
___________________ within several microseconds and is stable for long times if no
B T oxygen is present. The absorption coefficient is large, and the
effect of oxygen is not important on the time scales of pulsed
ol :?:: 4 irradiation. Thus this system could be a promising chemical
) dosimeter in ion beam pulse radiolysis. TGevalue of MV**
He P - ] at 10 mM formate was determined as 2£50.2 for “He ion
. beams of LET 35 eV nm.

0 l T R T In electron beam radiolysi§(MV ) was slightly higher in

10° 10° 10 10° 10° 10" N.O-saturated solution than in deaerated solution, while they

Total scavenging capacity for OH / s™ were almost the same fhie ion beam radiolysis. Higher yields

Figure 3. Yield of MV*" in the radiolysis of 0.5 mM methyl viologen {?V N2(§)1;S?tu’ilatgd solutlogs Wler_e also I:eplgrtjed b%; B:JXton af‘d
and formate solutions as a function of scavenging capacity for OH 00d: n_ 2 'Satura_lte s_o utions, the y rated electron is
radical. Solid symbols are the results of the present wal:deaerated ~ converted into OH radical with the scavenging capakfiy2O]
solutions with electrons %) NO-saturated solutions with electrons, = 2.5x 108 s L1while it is scavenged by M% with KMV 2]
(®) deaerated solutions wittHe, (a) N-O saturated solutions with = 2.5 x 10" s™! in deaerated solutions. The higher scavenging
“He. Typical error range is shown for each series of data. (a, top) capacities will increas&(MV**), though quantitative analysis

Solutions do not contain t-BuOH. Open symbols are the data of the ; sees ; _
references: ) y-rays and ©)*He in deaerated solutions, ref 15])( :ngéfrlscz:él_lgsbecause of the cooperative effects of the scav

in deaerated and) in N O-saturated solutions with electron pulses, ) ] ) ] .
ref 14. The yields predicted from the results of the ferrous sulfate  Figure 3a contains the total yields of radicals estimated from

solution and HCOOH are shown a8)(for y-rays and @) for “He ion other solutions. The sum @(e.q) + G(H) was derived from
beams. (b, bottom) Solu_tions g:ontain both formate and t-BuOH with g¢idic ferrous sulfate solutioh®® and G(OH) from formic
t_he latter at a concentration 5 times as Iarge as that of form_ate. Brokenacid_g,o,gl Details were described in the previous pafeAs
lines are the sums of thee and H atom yields calculated using eq Il . L i
with the data of deaerated solutions féfe ion and electron beams. ~ SNOWN in this figure, these values agree well WaMV ") at
low LET while the former are substantially higher than the latter

Yields of Methyl Viologen Radical Cation. Figure 3a shows  for “He ion beams. The difference was also found previously
G(MV*") in solutions of 0.5 mM MV containing various with continuous ion beams and it was considered that the yield
concentrations of formate as a function of the Sca\/enging of MV *+ mlght decrease after irradiation. In the pl’esent reseal’ch,
capacity for OH radical. The units & is the number of radicals ~ the yields were measured by pulse radiolysis and no decay of
produced per 100 eV energy absorbed. Note that the low LET MVt was observed. These results suggest that the reaction of
yields are track-averaged yields, while the high LET data are MV*" is not the reason for the lower yield than determined from
track segment (2117 MeV) yields. Scavenging capacity is ferrous sulfate and formic acid solutions.
defined as the product of the rate constant and the scavenger The yields of MV** in the aqueous solutions of 0.5 mM
concentration. Formate mainly affects the scavenging capacity MV 2" containing both formate and t-BuOH are shown in Figure
for OH radical, because the scavenging of the H atom is slower 3b. The plotted values were determined from the peak absor-
by an order of magnitude and the yield of H atom would be bance in each time profile, because M\decayed by further
much smaller than that of OH radical. The MVyields reaction with the tertiary butanol radical. In all the solutions
increased with increasing the scavenging capacity in all four the concentration of t-BuOH was kept 5 times larger than that
sets of data. The average lifetime of the scavenged radical isof formate in order that the scavenging capacities for OH
equal to the reciprocal of the scavenging capacity. Thus the radicals are the same. The horizontal axis is the total scavenging
lower yields at the lower scavenging capacity represent the decaycapacity for OH radical, the sum of the contributions of formate
of OH radical by the reactions with water decomposition and t-BuOH. The yields were smaller in@-saturated solutions
products in the track. The data of the previous study ugirays than in deaerated ones. This lower yield occurs becay4sése
and continuous ion beams in deaerated solutions are also showronverted to OH radical by XD and, consequently, half of them

-1

Low LET
&

G-value / molec. 100eV

o

G-value / molec. 100eV
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5 T ¥ e Transient yields of MV* in the radiolysis witifHe ion beams
were simulated using the primary radical yields determined
above. The method of the simulation is the same as with low
LET radiolysis except that the primary yields ofjge H atom,

and OH radical are 0.8, 0.35, and 1.3, respectively. These values
1 were assumed to be constant for all the three kinds of solutions
shown in Figure 2, though there should be the small variation
of the yields 0.1) due to the difference of the scavenging
capacity. The rate constant of the reaction 9 was 808 M1

s71. As is shown in Figure 2, the simulation well reproduced

1 the experimental results.

The sums of g and H atom yields determined from acidic
sl T T S ETN EE ferrous sulfate solution are 3.7 and 1.9 for low LET dirtk
* " ion beams, respectivel?® The yield agrees well with the yield
Scavenging capacity for OH /s™ determined in the present research at low LET; however, the

Figure 4. Yields of scavenged OH radicals as a function of scavenging for.mer is much hlgher than the Iatte_r fétrie ion bea}ms. Two
capacity. The solid and broken bold lines are the calculated yields from POINts should be considered when directly comparing these two
the data of the present research féte ion and electron beams, Systems. In the ferrous sulfate solutions the sumygf and H
respectively. Symbols are taken from the references: HCQQwith atom yields are defined as half of the difference of the ferric
y-ray, ref 30, and_Y)4With *He ion beams, ref 31; SCN(#) with ion yields under aerated and deaerated conditions. The scaveng-
(reé?%tgon, and@) with “He ion pulses, ref 4; HCOO(a) with y-rays, ing capacity for H is about & 10° and 7x 10* s™%in aerated

' and deaerated solutions, respectively. The difference of the

are scavenged by t-BuOH. Although the MWields increased scavenging capacity can give the higher yield, as is mentioned
with increasing the scavenging capacity, the slopes were smallef the previous pape. Another reason is that ferrous sulfate
than in Figure 3a. The increase in total scavenging capacity @S used under acid conditions (0.4 M3®;). The proton acts
would lead to scavenging more OH radicals by formate and &S @n & scavenger in the acid solutions and converts it to H
give a higher yield of MV*. However, this effect could be atom. This will I_ead_to the higher yle_ld than in n_eutral solutions
reduced through scavenging of OH radicals by t-BuOH. as NO saturation increases the ylelld. The difference of the
Yields of Primary Radicals. In solutions free of tertiary yields between acid and neutral solutions is well-known for low

butanol, the yield of MV can be given stoichiometrically as LET; the yields are 3.7 and 3.3 in acid and neutral solutions,

G(OH) / molec. 100eV"

follows from the reactions 4. respectivelyt3 Track_—avera_ggql yieIds_ for ion beams ha_ve been
reported as a function of initial particle LET: 1.2 (acid) and
. — 32 B .
G(MV +)free: G(eaq ) + G(H) + G(OH) (1) 0.9 (neutral) at 35 eV/nrh32The difference between the yields

in ferrous sulfate and methyl viologen solutions seems to be
When t-BUOH is added into the solution, it competes with higher than estimated from the reports of track averaged yields,
formate to scavenge OH radical. In the present research the ratio>® there should be more than one reason.
of t-BUOH and formate concentration was kept constant so that The most likely cause for the lower yields withle ions in
half of OH radicals should react with formate. The reactions of the present work is due to the presence of back reactions in
t-BuOH with e~ and H atom are slow, and these radicals would this system. A previous examination at high scavenging capaci-
be Scavenged by MR and formate, respective]y' The scaveng- ties USing low LET radiation found a Significantly lower y|e|d
ing capacity for OH radical is a factor of 2 higher than in the ©0f MV** than expected from other experimefit€alculations
absence of t-BUOH. This leads to a small increas(dV*+) suggested that the reaction of the COQwith itself was
but this should be accounted for by using the total scavenging Significant when it was present at high concentratiridigh
capacity in Figure 3b. Therefor&(MV**) in deaerated solutions ~ concentrations of COO are expected at high scavenging
of t-BUOH can be given as follows: capacities with low LET and at almost any scavenging capacity
at high LET. According to eq Il this effect may actually give
G(MV.+)t—BuOH = G(e, ) + G(H) + G(OH)2  (Il) greater yields of g~ + H atom than expected. However, even
at low LET and long times reactions 8 and 9 are very noticeable
The sum of hydrated electron and H atom yields can be in the systems containing t-BuOH as seen from Figures 1 and
calculated from egs | and II. 2. A significant contribution of reaction 9 in the dense track at
high LET will lead to a decrease in the expectggl e- H atom
Glewg ) + GH) = 26(MV ") _gyon = GMV ™)y (i) Vields according to eq Il
The yields of OH radicals determined by various scavengers
The values were 3.4 and 1.0 for low LET aftde ion beams, are compared with the results of the methyl viologen system in
respectively, though they have a little dependence on the Figure 43031 The data of two other scavengers, formic &tid
scavenging capacity for OH as shown in Figure 3b. and thiocyanatéwere reported irfHe ion beam radiolysis. The
The yield of OH can also be derived from the eqs | and II. rate constants for the scavenging of OH radicals by HCOOH
and SCN are 1.3x 1 and 1.1x 101°M~1s71, respectively®
G(OH) = 2[(;(|\/|V°+)free — G(MVH_)thuOH] (V) Data using formate as the scavenger are available for low LET
radiolysis3® Formate was also used for heavy particle radio-
The yields of OH radicals calculated from the data of Figure 3 lysis*® however, only the track-averaged yields were reported
are shown in Figure 4. The data of®ksaturated solutions were ~ and are not compared with track segment yields shown in Figure
not used because it is difficult to evaluate the effect of converting 4-
€y into OH radical. In low LET radiolysis, the four sets of data agree well,
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