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Appleby, A., Christman,' E.A. and Jayko,M 

Radiation Chemistry of High Energy Carbon, Neon and Argon Ions: 

Hydrated Electron Yields. Radiat. Res. 

Abstract 

Neutral aqueous solutions of sodium nitrate/ethanol have been 

irradiated with high energy heavy ions from the Berkeley Bevalac. 

Yields of nit~ite have been used to" estimate G-values for the 

hydrated electron as a function of the residual range of these 

ions. Values of G(e;q) have been estimated as a function of ion 

energy by adjusting the measured values for the effects of heavy 

"ion fragmentation. 
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Introduction 

We have previously reported radiation chemical product ~ields 

as a function' of residual range in several systems irradiated 

with high energy heavy ions; Fe3+ yields in aerated and deaerated 

acid ferrous solutions (1,2) and H202 yields in aerated neutral 

bromide and formate solutions (3). These products result from 

the ionization of water molecules by the energetic heavy ions 

directly, and by the energetic secondary electrons liberated by 

them. From these data it was possible to deduce G-value~ for the 

total reducing radicals produced at low pH, and of the hydroxyl 

radical yield in neutral solutions. These yields were compared 

with the primary product yields predicted from considerations of 

the expected patte~n of energy deposition of these ions in water 

(4). The data were in all cases qualitatively consistent with 

these expectations. For example, the deduced OH radical yield 

decreased with increasing penetration depth (i.e. decreasing 

primary ion energy) and with increasing primary ion atomic 

number. In most cases, good quantitative agreement was also 

obtained, provided that fragmentation of the primary ion during 

its passage through the solution was taken into account. In 

continuation of this study we now report results from neutral 

solutions of sodium nitrate, from which we are able to determine 

the yields of the hydrated electron e;q' as a function of the 

same variables. 

Since 1963, free radical yields have been measurable by means 

of short pulses of radiation, enabling the time development of 

these yields to be studied. At the Bevalac, pulses are too long 

(0 •. 5 sec) to permit .this approach. Instead, product yields have 
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been measured at long times-after irradiation, when chemical 

equilibrium has been established. The radicals scavenged by a 

given concentration c of solute correspond approximately to the 

radical yield in pure water at a time of l/kc, where k is the 

second-order rate constant for reaction of radical and solute. 

Experimental 

Irradiation, dosimetry and data analysis procedures have been 

described previously (2). Briefly, flat cylindrical quartz 

irradiation vessels containing solution to be irradiated were 

lined up ort the axis of the heavy ion beam. Dosimetry was by a 

calibrated ion chamber positioned in front of the vessels 

Entrance doses were in the range 18.6 to 82.0, 18rO to 140.4 and 

28.2 to 184.2 Gy for c6+, NelO+ and Ar18+ ions respectively. The 

Bevalac provides 0.5 sec. pulses 15 times per minute. Entrance 

dose rates during the pulse were in the ranges 68 to 352, 80 to 

800, and 19 to 205 Gy per minute, respectively, for carbon, neon 

and argon ions. G-values (molecules transformed per 100 eV) were 

obtained for each irradiated system from linear yield/dose plots 

of 4 to 10 points as a function of Q, the distance from the Bragg 

peak, for each ion using a general linear regression model in 

which Q appears as.a classification variable. Only data from 

vessels upstream of the Bragg peak have been utilized in the 

present analysis. Solutions were prepared using analytical grade 

chemicals, and water was triply distilled. Nitrate solutions were 

deoxygenated by bubbling with nitrogen. Nitrite was determined 

colorimetrically (5) as soon as possible· after irradiation, 
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typically within 2-3 hr. 

Results 

Figure 1 shows nitrite yields expressed as G-values, the 

number of molecules measured at some distance from the ion Bragg 

peak per 100 eV absorbed at that depth, for solutions containing 

2.5 x 10-3M NaNo3 and 2.5 x 10-2M ethanol irradiated with carbon, 

neon or argon ions. The boxes cover 11 standard deviation of at 

least 24 data points. yields were linear with dose at any given 

distance from the Bragg peak. 

The radiation chemistry of solutions containing nitrate and an 

alcohol has been thoroughly studied with gamma rays (6,7,8). In 

the case of ethanol, the following reactions are expected to 

occur: 

CH3CH20H + .OH > CH3CHOH + H2O (1) 

CH3CH20H + .H > CH3CHOH + H2 (2) 

. N03 + e aq > .N03 (3) 

The .N03 species produces N02 either by reacting directly 

with the alcohol radical: 

CH3CHOH -.N03 + --> N02 + OH + CH3CHO (4) 

or via N02 : 

.N03 + H 0+ 
3 > N02 + H20 + OH (5) 

. 
H+ + CH

3
CHO N02 + CH3CHOH > N02 + (6) 

On this basis we -expect G(N02 ) = G(e;q) . Baquey, Raux and 

sutton (7) have shown that below about 10-3 
M nitrate the 

nitrite yield is lower than this because of products competing 

with reaction 3, but that above this concentration this effect is 

negligible, and between 10-3 M and 5 X 10-3M the nitrite yield 

accurately reflects the yield of available electrons. It is for 
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this reason that we have chosen to use a nitrate concentration of 

2.5 x M. The alcohol concentration was chosen to be 

sufficient to prevent formation of significant additional nitrite 

through reaction 7: 

+ H ---) (7) 

in competition with 

H ---) (8) 

The ratio k7/k8 is about 0.2 (8) so under our conditions the 

extent of reaction 7 is only about 

previous studies with lighter ions (9) 

the additional NO; from rection (7) 

reaction (3). 

Discussion 

2% of reaction 8. 

we expect GH < G(e~q)' 

will be less than 2% 

From 

so 

of 

since the development of pulse radiolysis in the early 1960's 

the yields of free radicals in radiation chemistry have been most 

conveniently determined by this technique. A major advantage of 

pulse radiolysis is the ability to investigate the time 

dependence of these yields. This has been done with ions of 

lower mass and energy (10,11) but the long pulse length of the 

Bevalac at present precludes investigations of this kind with 

these high energy heavy ions. We must therefore rely on 

observations made after the systems have come essentially to 

equilibrium to test theoretical models of radiolysis at early 

times with these radiations. 

We have previously reported values of GOH from neutral 

solutions for high energy heavy ions (3). The present data on 

G(e~q) consistently parallels these values (Fig. 4). Like 
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GOR ' G(e;q) decreases with decreasing distance from the Bragg 

peak and with increasing atomic number of the incident ion 

(Fig .1) . This behavior of course conforms to the prediction of 

diffusion theory and reflects the greater probability with more 

densely ionizing radiations that radicals will encounter and 

react with other radicals before reacting with a scavenger 

solute, ,such as nitrate. 

The nitrite yield also depends on the alcohol concentration, 

as shown in Figure 2. This has been seen before with gamma rays 

(6) where G(N0
2
-) from deaerated methanol/nitrate solutions 

increased by about 2-4% while the methanol concentration was 

increased from 10-2M to 10-lM, the nitrate concentration being 

kept constant. A possible reason for this effect is similar to 

an explanation offered by Baquey, Roux & sutton (7) .for enhanced 

aldehyde yields from gamma irradiated 1M ethanol solutions. An 

electron in the vicinity of the parent positive ion can be 

promptly recaptured by it, or a little later by the .OH formed by 

reaction (9): 

H 0+ 
2 

e 

+ 

+ 

H2O > 

.OH > 

H 0+ 
3 

+ .OH (9) 

-OR (10) 

(The pre-solvated electron does not react rapidly with H 0+ 
3 

(11» . In high concentrations of an alcohol many of these .OH 

radicals would be rapidly replaced by an alcohol radical 

(reaction (1» which may be much less likely then .OH to react ~l 

with the electron. Consequently, reaction (10) will be depressed 

and solvation and escape of the electron promoted. This process 

would presumably be especially important for isolated ion pairs. 

with gamma rays the increased G(N02-) amounts to about 0.05-0.10 
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in the methanol concentration range of 10-2M to lO- l M. If the 

above explanation is correct, ethanol should show an equal effect 

between about 5 x 10-3 and 5 x 10-2M, based upon its greater 

reactivity with .OH (13). Figure (3) shows that for argon the 

increase in G(N02 
-) is about this magnitude at the highest argon 

energy, but diminishes as the Bragg peak is approached. Such 

behavior would be expected if this effect of ethanol involved 

scavenging predominantly from isolated pairs of ions, since the 

probability of an ion or radical pair being close to other 

radicals will obviously increase near the Bragg peak. 

Figure 4 shows values of G(e;q) alongside GOH ' as a function 

of Z2/6 2 , where Z is the ion atomic number and 6 is the ratio of 

its velocity to that of light. with high energy heavy ions the 

observed yields in a thick target include a contribution from 

lighter ions produced as a result of fragmentation upstream. We 

have previously (3) estimated the extent of this effect on G'OH 

measured in aerated formate and bromide solutions using a model 

which makes use of fragmentation parameters derived from 

experiment and theory (14). Figure 4 includes the present data 

for showing the effects of an adjustment for 

fragmentation made in this way. 

It should be noted that free radical yields' can be compared 

legitimately only if they are measured in solutions that are 

equivalent in radical scavenging properties. In high nitrate 

concentrations, for example, scavenging of the electron 

recombination reactions would be expected to increase, the 

measured G(N02 ), an effect that is well established in gamma 
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radiolysis (17). For each of the radicals in Figure 4 the data 

refer to "consistent radical scavenging conditions. The GOH values 

in Figure 4 have all been normalized to a value of kc of about 4 

x sec-1 for electron and OH scavenging. On the basis of 

available rate constant data (13,lS) this value is obtained at 

the concentrations listed below for the solutes used in these 

studies. 

Formate 

air-saturated 

S x 10-3M 

1.9 x 10-2M 

G(H
2

0 2 ) from formate is essentially independent of formate 

concentration in the relevant range (16). GOH in Figure 4 is the 

difference "between G(H2 02 ) from S x 10-2M formate and from 5 x 

10-3
M bromide solutions (3) - this latter value obtained by 

interpolation. In the ethanol/nitrate system, kc of 4 x 106 

corresponds to 2.S x lO-3M ethanol and 3.S x 10-4M nitrate. The 

actual solute concentrations used to generate the e data in aq 

Figure 4 were about on order of magnitude higher than this; 2.5 x 

10-2M ethanol and 2.sxlO-3M nitrate. Hence kc(OH) is 4x107 and 

kC(e;q) is 3 x 107 • Figure 3 shows that G(e-aq > is not affected 

significantly by varying ethanol concentration below about 2.5 x 

lO-2M. We have not studied the effects of nitrate concentration 

on G(e-aq) with high energy heavy ions. 

In Figure 4, G-values are plotted against Z2/ 8 2 . It can be V 

seen that, for both e;q and OH , the parameter Z2/ 8 2 is unifying 

only if fragmentation is ignored. This apparent unification must 

therefore be regarded as coincidental, and not fundamental. 
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Conclusions 

Solvated electron yields, like .OH radical yields, vary 

'quantitatively with the physical parameters of the heavy ions 

producing them, in a manner predicted by diffusion theory. The 

solvated electron yield measured in the presence of an .OH-

scavenger, ethanol, is enhanced at high ethanol concentrations 

because of the liberation of electrons that would otherwise have 

back reacted with .OH, principally in ~solated radical pairs. The 

data are consistent with a diminished proportion of such isolated 

pairs as the incident heavy ion slow down. The parameter Z 
2 

/ B 2 

appears to unify the data, but only if fragmentation is ignored. 

Acknowledgements 

The authors are grateful for the help provided by the Bevalac 

crew, and for helpful discussions with Dr J.L. Magee and Dr. A. 

Chatterjee. 

This work was supported by the National Institute of Health 

(grant CA 19307), by the u.S. Department of Energy under contract 

DE-AC03-76SF00098 and by the New Jersey Agricultural Experiment 

Station,project No. D~33401-1-85, supported by New Jersey state 

funds. 

References 

1. A. Appleby and E.A. Christman, Radiation Chemical Studies 

with 3.9 GeV N7+ Ions. Radiation Res. 60:34-41 (1974). 

2. E.A. Christman, A.Appleby and M. Jayko, Radiation Chemistry 

of High Energy Carbon, Neon and Argon Ions: Integral yields from 

Ferrous Sulfate Solutions. Radiation Res. 85:443-457 (1981). 

3. A. Appleby, E.A. Christman & M~ Jayko, Radiation Chemistry 

of ,High-Energy carbon, Neon and Argon Ions: Hydroxyl Radical 

11 

j \', 
:'1 

" .', 
" 

.. 

" 
.J, "'!II 
q 



Yields. Radiation Res. in press (1985). 

4. A. Chatterjee and J.L. Magee, Relationship of the Track 

structure of Heavy Particles to the Physical Distribution and 

Chemical Effects of Radicals. In Proceedings, sixth Sympo~ium on 

Microdosimetry, Brussels (J •. Booz and H.G. Ebert, Eds.) pp. 283-

294. Commission of the European Communities, Harwood, London, 

1978. 

5. F.D.Snell and C.T.Snell, 'Colorimetric Methods of Analysis', 

D. Van Nostrand Co.,New York, N.Y. (~961), p. 802. 

6. J.T. Allen. The Radiolysis of Aqueous Methanol-Sodium Nitrate 

Solutions. J. Phys. Chem. 68:2697-2703 (1964). 

7. C. Baquey, J. C. Roux & J. Sutton. 

Ethanol Solutions of Potassium Nitrate. 

4216 (1970). 

Radiolysis of 1M Aqueous 

J. Phys. Chem. 74:4210-

8. M.Chouraqui and J.Sutton, Origin of Primary hydrogen Atom 

yield ~n Radiolysis of Aqueous Solutions. Trans. Faraday Soc. 

62:2111-2120 (1966). 

9. A.Appleby and H.A.Schwarz. Radical and Molecular Yields in 

water Irradiated by y-Rays and Heavy Ions. J. Phys. Chem. 

73:1937-1941 (1969). 

10. M.C. Sauer, Jr., K.H. Schmidt, E.J. Hart, C.A. Na1eway, and 

C.D. Jonah, LET dependence of Transient Yields in the Pulse 

Radiolysis of Aqueous Systems with Deuterons and Alpha Particles. 

Radiation Res. 70:92-106 (1977). 

11. R.K.Wolff, M.J.Bronski1l and J.W. Hunt. Picosecond Pulse 

Radiolysis Studies II. Reactions of Electrons with Concentrated 

Scavengers. J. Chem. Phys. 53:4211-4215 (1970). 

12 



12. M.C. Sauer, C.D. Jonah, K.H. Schmidt and C.A. Naleway, LET 

dependence of yields in the Pulse Radiolysis of Aqueous Systems 

with 2H+ and He2+. Radiation Res. 93:40-50 (1983). 

13. Farhataziz and A.B.. Ross. Selected specific rates of 

reactions of transients from water in aqueous solution. III. 

Hydroxyl Radical and Perhydroxyl Radical and Their Radical Ions. 

NSRDS-NBS 59, 1977. 

14. A.Appleby and E.A.Christman, Radiation Chemistry of High 

Energy Carbon, Neon and Argon Ions Effects of Nuclear 

Fragmentation Radiochemical and Radioanalytical Letters, 

94: 241-250 (1985). 

15. M.Anbar, Selected Specific Rates of Reactions of Transients 

from water in Aqueous Solution. I. Hydrated Electron. NSRDS-NBS 

43, 1973. 

16. I.G. Draganic, M.~. Nenadovic and Z.D. Draganic, Radio]~sis v • 

of HCOOH + 02 at pH 1.3-13 and the Yields of primary Products in 

y -Radiolysis of water. J. Phys. Chern. 73:2564-2577 (1969). 

17. Z.D. Draganic and I.G. Draganic, Studies on the Formation of 

Primary yields of Hydroxyl Radicals and Hydrated Electrons, J. Phys. 

Chern., 77:765-772 (1973). 

13 

,. 
) 



List of Figures and Tables 

Figure 1 

Nitrite yields from (a) carbon, (b) neon and (c) argon ion 

irradiation of 2.5 x 10-3 M sodium nitrate / 2.5 x 10-2 Methanol 

solutions asa function of residual range (em.) of the primary 

ion. 

Figure 2 

Nitrite yields from argon ion irradiation of 2.5 x 10-3 M sodium 

nit~ate solutions containing (a) 2.5 x 10-3 M {b) 2.5 x 10-2 M 

(c) 0.3 M (d) 1.0 M ethanol, as a function of residual range of 

the primary ion. 

Figure 3 

Nitrite yields from argon irradiation of 2.5 x 10-3 M sodium 

nitrate / ethanol solutions a,s a function of ethanol 

concentration. Data at three locations upstream of ,the Bragg 

peak. 

Figure 4 

GOH and 

heavy 

values 

G (e;q) as a function 

ion radiolysis of 

of kc. Dashed lines 

of Z2/ 13 2 of the primary 

aqueous solutions. See 

show estimated G-values 

primary ions after adjustment for fragmentation. 
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