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Abstract

In order to clarify the characteristics of the intra-track reactions induced by

irradiation with high LET radiation, a pulse radiolysis study using 6MeV *H+ (8.5 eV/nm) and

24MeV 4He2+ (35 eV/nm) beams has been carried out in the aqueous solutions of methyl

viologen containing formate. The yields of the methyl viologen radical cation as a function of

formate concentration in the radiolysis with electron, proton and helium ion beams were

determined. The yields are strongly dependent on the LET value of radiation; the higher LET,

the smaller radical yield. By the combination of the yields in the presence of tert-butanol, G-

values of OH and eaq" + H have been evaluated separately as a function of OH scavenging

capacity. It was revearled that a larger fraction of the intra-track reaction takes place in high

LET radiolysis. In addition, an aqueous solution of 0.5 mM methyl viologen containing 10

mM formate is a promising and useful dosimeter in ion beam radiolysis for steady state and

pulse irradiation.

Introduction

The radiation chemistry of aqueous solutions has been studied for more than five

decades and there is a considerable amount of knowledge in low LET radiolysis. On the

contrary, our understanding of the reactions induced by high LET radiation is far from

complete. An ion beam pulse radiolysis system has been constructed at HIMAC Facility,

National Institute of Radiological Sciences [1] and experiments on the measurement of

(SCN)2'~ and SO4
#" formation yields in the 4He2+ ion pulse radiolysis have been carried out in

SCN" and S2O8
2' solutions, respectively, as a function of the scavenging power for respective

OH and eaq" [2, 3]. In the present paper, a pulse radiolysis technique using pulsed proton and

helium beams has been employed to examine the characteristics of the reactions induced by

high LET radiation in aqueous solution. First, the characteristics of the system are briefly
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summarized and the results obtained in methyl viologen solution containing formate are then

presented and discussed. A promising and useful dosimeter in ion beam radiolysis for steady

state and pulse irradiation is proposed [4].

Experimental

The ion beam pulse radiolysis system has been constructed at the HIMAC (Heavy

Ion Medical Accelerator in Chiba) Facility [1] in the National Institute of Radiological

Sciences. The facility is composed of several ion beams, an RFQ injector, a linear accelerator

of the Alvarez type, and a pair of synchrotrons. It can provide ion beams from helium to

argon with energies of 100 to 800 MeV/nucleon. The facility is normally employed for

medical treatment at the daytime and open to basic research at nights and weekends. The

system was placed after the linear accelerator section, where pulsed ion beams of

6MeV/nucleon with longer than 1 u,s duration is available. In the present experiment, proton

and helium beams with pulse duration of 5 or 10 [is were normally taken. The details of the

system have been reported elsewhere [2]. The average energy and LET values are 20.7MeV

and 35eV/nm for 4He2+ and 5.2MeV and 8.5 eV/nm for *H+ beam, respectively. For

comparison, electron pulse radiolysis has been carried out at Nuclear Engineering Research

Laboratory, the University of Tokyo [5]. The sample solutions were prepared by dissolving

the reagent grade of the compounds into Millipore water.

Results and Discussion

Chemical dosimetry has been well established in pulsed electron radiolysis. On the

contrary, a standard chemical dosimeter in ion beam pulse radiolysis is not available.

Therefore, a suitable solution for both pulse and steady state ion beam irradiation would be

and the results should be compared in order to verify the procedure and the reliability for

evaluation of the dose. The steady state ion beam irradiation has been carried out at the 9-

MV FN Tandem Van de Graaff of the Notre Dame Nuclear Structure Laboratory, University

of Notre Dame [6].

In the methyl viologen (0.5mM) solution containing formate, the following reactions

take place, which were confirmed by an independent electron pulse radiolysis study. Here, it

is noted that the MV'+ is very reactive to O2 and all traces of oxygen were removed for the

experiment

eaq + MV2+ -* MV'+ k = 5 x 1010 MV1 (5)
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OH + HCOO -* COO* + H2O

H + HCOO -* COO* + H2

COO + MV2+ — MV+ + CO2

G(MV+) = G(e aq)+ G(H) + G(OH)

k = 3.2 x 109 M V

k = 2.1 x 108 M V

k = 1 x 1010 MV1

(6)

(7)

(8)

(9)

Scavenging capacity for OH / s"

Figure 1 The yield of MV'+ as a function of scavenging
power for OH in low LET ( • ; y-rays [7], • ; electron
pulse) radiolysis, and proton (• ) and He2+ (A) pulse
radiolysis. The values determined in steady state
irradiation with protons (O) and He2+ ions (A) [6].

The yields of MV'+ as a function of formate

concentration in 0.5 mM methyl viologen are shown in

Figure 1. From the good agreement between steady

state and pulsed proton and He2+ ion irradiation, the

evaluation of the dose in pulse radiolysis is sufficiently reliable. In addition, it can be

proposed that a solution of 0.5mM methyl viologen and 10 mM formate is a useful and

promising dosimeter in ion beam radiolysis for both steady state and pulse irradiation [4].

The value of G(OH) was obtained by the addition of tot-butanol (t-BuOH) and

keeping the total scavenging capacity constant. In the presence of t-BuOH, H and OH radicals

are competitively scavenged between formate and t-BuOH.

OH + C(CH3)3OH -* •CH2C(CH3)2OH + H2O k = 6.0xl08 M"V (10)

H + C(CH3)3OH -> •CH2C(CH3)2OH + H2 k = 1.7xlO5 M'V1 (11)

Figure 2 G-values of OH (—) and ea q + H (•••) as a
function of scavenging power for OH in electron, proton
and He2+ pulse radiolysis.

The yield of OH can be obtained from the two methyl

viologen / formate solutions. In this work, the ratio of t-

BuOH to formate concentration was kept constant and

equal to five, so that half of OH radicals should react

with formate. H atoms react selectively with formate. It

was confirmed in electron pulse radiolysis that the

radical, •CH2C(CH3)2OH, from t-BuOH does not produce MV'+ giving the following

relationship.

G(MV+),Bu0H = G(eaq)+ G(H) + G(OH)/2 (12)
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G(OH) = 2[G(MV+) - G(MV+),BUOH] (13)

G(eaq)+ G(H) = 2 G(MV+),Bu0H - G(MV+) (14)

The results are shown in Figure 2. Similarly, G(e"aq) +G(H) was also derived and the results

for electron pulse radiolysis is consistent with the established values. The higher LET ions

give smaller yields of G(OH), while sum of G(eaq) and G(H) is almost constant in each

solution. The e"aq and H atom are scavenged at relatively long times in the present system and

well after the scavenging of the OH radical so their scavenging has no effect on the observed

OH yields.

Conclusion

A pulse radiolysis study on methyl viologen (MV2+) aqueous solution has been carried out

with pulsed JH+ and 4He2+ ion of 5 or 10 \is duration. The G-values of OH and eaq"+H were

evaluated as a function of scavenging capacity for OH. The radical yields decrease with an

increase in LET. It was clearly observed that a larger fraction of intra-track reactions takes

place in higher LET radiolysis.

The comparative experiments between steady state confirmed the reliability of the dose

evaluation in the present experiment. The aqueous solution of 0.5 mM MV2+ containing 10

mM formate is a promising dosimeter for both pulse and steady state irradiation.
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