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SUMMARY 
---····-- --------.---- ~-------·------- ----:-----· -·-------- -

Several biochemicals, includin:g amino acids, peptid~s, proteins, 
i 

and nucleic acid components, have been exposed to a large variety of 

radiations and the production of secondary radicals has been studied. 

The substances were irradiated at room temperature.with 6.5.-MeV 

electrons and fast stripped helium, lithium; boron, carbon, oxygen, 

fluorine,· neon, silicon, and argon ions from the Berkeley heavy-ion 

linear accelerator. From the recorded ESR spectra it appears that 

the types of secondary radicals were independent of the stopping power 

of the radiation. On the other hand, the relative yields of the primary 

ESR centers. seem to be influenced by the type of radiation. 

The yield of 'secondary radicals was independent of the stopping 

power up to about 200 MeV g- 1 · cm
2

• Ab6ve this value the yield de-

creased with increasing stopping power. The total variation within the 

LET range studied (up to. 1.6X104 MeV· g- 1 cm2) was by a factor of· 

2 to 5 for the different substances. The yield-versus-stopping power 

curves exhibit the same form as that found for the inactivation of solid 

' =--·~;; ' .. :~ 

. ' ... '' 

enzymes and T1 ba~teriophage. This observation supports the idea that 

'' :•-(. .· ~ . 
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INTRODUCTION 

It is well known from low-temperature experiments that the radicals 
.. 

observed at room temperature in irradiated solid biological substances are 

the result of a sequence of events started-by the initial absorption of 

radiation energy ( 1 - 4). It is therefore reasonable to expect that the 

types and yields of these "secondary radicals" will be influenced by the 

local distribution of the energy absorption as well as by the temperature 

at which the secondary reactions proceed. 

In almost all ESR work so far presented, radiations with low 

60 I 

stopping power, such as x rays, Co y rays, and electr'ons, have been 

used. Recently Muller et al. {5) used Po
210 

a. particles, and found that 

the yield of radicals in several solid amino acids compared with the yield 

for x rays, decreased by a factor 2 to 10. Similarly, Stratten and Koehler 

(6} found that the radical yield in irradiated enzymes decreased by a 

60 
factor 1.25 from Co y rays to 120-MeV protons. These results 

indicate that the yield of secondary radicals decreases with increasing 

stopping power. This may be of importance if we assume that the sec-

ondary radicals are intermediates in: the processes leading to biological 

damage. 

The efficiency of different types of radiation in producing biological 

damage has been studied for several different systems covering a large 

range in LET (7 -11). In simple systems like enzymes, for which the 

loss of enzyrhatic activity was the measured parameter, Brustad {9, 12) 

found that the yield was almost independent of the stopping power up to 

'! -1 2 
about 200 MeV g . em • Above' this value the yield decreases with 

increasing. stOpping power. ' In other systems, such as spores and cells, 

.r; 

~ 
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which seem to require more than one absorption event in the actual 

target, more complicated dependence of yield upon stopping power has 

been reported (9). 

This paper studies the production of secondary radicals in some 

biologically important molecules irradiated with fast heavy ions. The 

compounds include simple amino acids, peptides, enzymes, and nucleic 

acid components. These studies have a twofold purpose. In the first 

place, we want to extend the earlier studies on the formation of radicals 

in solid biological compounds to radiation covering a much broader range 

of stopping power than previously used. Secondly, it is hoped that these 
; 

experiments, in which the production of radicals is correlated with the 

loss of enzymatic activity, may shed some light on the mechanisms for 

radiation damage. 

EXPERIMENTAL PROCEDURE 

The Spectrometer 

The spectrometer used is of the Varian type (4500 series) with 

variable-temperature cavity., 100-kc/sec modulation frequency, and 

9 -in. magnet. The ESR signal can be fed directly into an integrator,. 

and it is possible to record both the derivative and the .integrated spectra. 

The number of ESR centers in the sample was obtained from the 
-· 

integrated spectra by comparison with reference samples measured 

under the same conditions. As reference substance ordinary anthra-

cite carbon powder, calibrated against DPPH, was used. 

. ~ 
Sample Prepa;ration 

Glycine{ alanine, reduced glutathione, and trypsin were obtained 

from Nutritional Biochemical Corp., and cytidine, cytosine,. and 

··-·--....... 
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guanosine were from Califor11ia Corp. ·for Biochemical Research. The 

samples were irradiated in thin layers (20 to 50 mg/cm
2

) in aluminum 
' ' 

holders covered with a thin aluminum foil (1 mg/cm
2

), in the,presence 

of air, at room temperature. Immediately after the exposure the. samples 

were brought to liquid nitrogen temperature, transferred to glass sample 

tubes, evacuated, and stored at liquid nitrogen temperature until they 

were measured at room temperature. 

The Radiation Sources 

The samples were irradiated with 6.5-MeV electrons from an electron 

accelerator and heavy ions frorn the Berkeley heavy-ion l'inear accelerator 

(Hilac). With the Hilac, ions up to atomic number 18 can be accelerated 

to an energy ?f 10.4 MeV per nucleon. In these studies beams of helium, 

lithium, boron, carbon, oxygen, flourine, neon, silicon, and argon ions 

were used. Before hitting the sample, the particles penetrate some thin 

aluminum foils which serve to strip the ions and scatter the beam in 

order to get a homogeneous radiation field. 

Dosimetry 

The electron dose was measured by the coloring of Co glass. This 

system was calibrated against a Fricke dosimeter. The total dose was 

. 6 
kept in the range 1 to 2 X 10 rad. 

The dosimetry of the heavy io~s was performed as previously 

described by Brustad et al. (13), by measuring the total charge collected 

by an external Faraday cup. The dose (D) given in rads is then obtained 

from the formula 

D = 1. 6 0 2 (D 0/ e ZA) (dE/ dx) 1 0- 8, 

where D 0 is the dose or the charge collected, measured in coulombs, 
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(1 

eZ is the charge of the bombarding particle, A is the beam area in 

em 2, and (dE/ dx) is the total stopping power of the radiation, given in 

Mv 
-1 ... 2 

e g .. ·.em • 

In most of the heavy-ion work previously reported the thickness 

of the samples has been less than about 5 mg/ em~. Consequently, the 

spread in the stopping power throughout the sample has been relatively 

small.· In contrast, the experiments reported here have been carried 

out with a sample thickness of about 20 to 50 mg/ em 2• · The reason for 

this was to obtain an ESR sample in which the number of spins could be 

easily measured. Consequently beams of the heaviest ions were stopped 
i 

completely within the sample, and the spread in stopping 'power was 

very large. The average stopping power, which was used to evaluate 

the radiation dose as well as in the results presented below, has been 

derived in the following way: 

A. When the ions ~ere stopped completely within the sample the. 

average stopping power was taken to be ( dE/dx) = E/R, where E is 

· the total' energy of the particles when they enter the sample and R is the 

range of the particles in the sample. The range of heavily charged 

particles in organic materials is not known. However, it can be calcu-

lated, to a first appr.oxima.'tion, by using the data given by Barkas and 

Berger (14). (A mean excitation potential of I= 63 eV has been used 

for the organic compounds studied in this work). 

B. When the particles penetrate the whole sample the average stopping 

power may be calculated from 

(dE/dx) = ~ .Jt f(dE/dx)dx, 
t 0 

r . 2 
where t is the thickness of the sample in g/ em 1 and f(dE/dx) is the 

•• 

. , 
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variation in the stopping power along the track of the bombarding 

particle, i.e., the B.ragg curve. The values used in these calculations 

were taken from Brustad {9). 

In these experiments the total dose was in the range .1 to 2X 10
6 

. . 6 
rad, and the results presented below refer to the dose 1.5X 10 rad. 

The dose rate was in all experiments of the order of 1 X 106 rad/min.· 

The results were expressed in number of ESR centers per gram. 

This is a straightforward procedure for those samples in which the ions 

penetrate the whole sample. However, when the particles are stopped 

completely within the sample only the irradiated layer car be taken into 

consideration, and the number of ESR centers pr'oduced per irradiated 

gram was calculated from 

where N 0 is the observed number of ESR centers in the sample, w 1 is 

the weight of the irradiated sample, w 2 is the weight of the measured 

. sample (i.e., w 2/w 1 is the fraction of .the irradiated sample that w.as 

measured), and R is again the range of the bombarding particle given in 

RESULTS. 

Types of RadTeals 

Owing to experimental difficulties we have so far not been able to· 

study the initial.ESR centers. Thus., when the samples were measured' 
1,. 

for the first !tbe they had been at room temperature for 20 minutes., and 
; 

the secondar">1 reactions had therefore taken place to a greater or lesser 
\ 

extent, The present study on polycrystalline samples seems to indicate 

that the types of secondary radicals are independent of the stopping 

power of the radiation. 
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The most pronounced changes observed for a compound irradiated 

with different types of heavy ions are those for reduced glutathione (GSH), 

which are presented in Fig. 1. It is clearly seen that in the middle o~ 

the spectrum a resonance appears that becomes more pronounced at 

high LET. As previously pointed out ( 15), there are reasons to believe v 

that several different types of ESR centers are initially formed in this 

compound, Slow secondary reactions subsequently lead to the formation 

of sulfur ra.dicals, and when the samples have been at 295° K for a few 

hours the sulfur radicals completely dominate the spectrum. The 

results in Fig. 1, which represents an intermediate step in these reactions, 
! . . 

seem therefore to indicate that the relative yields of the primary species 

depend upon the stopping power, When the different GSH samples were 

kept at room temperature the speCtra become gradually equal to each 

other, and similar to the cysteine sulfur pattern (15). 

Slow secondary reactions also take place in irradiated proteins (4). 

Thus, the formation of sulfur radicals is a relatively slow process even 

at room temperature. Small qualitative changes with changing stopping 

power were also observed for trypsin. When this compound was meas-

ured the first time after exposure it was found that the fraction of the 

resonance due to sulfur radicals decreased with increasing stopping 

power. The variation was small; however, and the qualitative differ-

ences disappeared with time. 

Quantitative Results 

• ! ' 

In Fig~ 2 are presented the radical yields as a function of the 

stopping povter for several compounds. It appears that the shape of the 

curves fo:r rciidica~ yield versus stopping power i13 the same for both· 

aliphatic and 1aromatic compounds. Small changes, if any, in the 
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yields are observed in going from sparsely ionizing radiation up to 

40-MeV helium ions with a stopping power of about 190 MeVg.'- 1 cm2 • 

Above this value a continuous decrease in the radical yield with increas-

ing stopping power was found. 

The results for glycine in Fig. 3 show that the yield as a function 

of the stopping power· also depends upon the irradiation temperature. 

Thus, the variation in yield becomes smaller with decreasing tempera:-

ture. This seems to be a general observation, and similar results were 

observed for the enzymes trypsin and lysozyme {16). It is of interest to 

note· that Brustad has reported a similar effect of the irr9-diation tempera

ture on the loss of enzymatic a,ctivity of trypsin (12). 

It follows from the curves presented in Figs. 2, 3, and 4 that the 

production of secondary radicals in organic compounds exhibits the same 

variation with the stopping power as that previously reported for the 

biological damage in simple systems. Thus, similar curves have been 

reported for the loss of enzymatic activity as well as for the loss of 

infectivity of T1 bacterophage (9, 17). In Fig. 4 the results of this work 

for the production of secondary radicals in solid t;rypsin have been 

correlated ·with Brustadts data for the inactivation of the same enzyme. 

The correlation suggests the possibility that the secondary radicals 

somehow are involved in the sequence of reactions leading to the loss of 

the enzyme activity. The secondary radicals produced in trypsin are 

mainly of the two types commonly found for proteins, namely sulfur 

radicals in which the unpaired electrons are associated with the cysteine 

sulfur atoms~,, and radicals in which the unpaired electrons are localized 
;·,. 

• /".'.1. . 

in the protein;:backbone, probably at glycine residues (18). As mentioned 

above, very s'mall qualitative changes in the trypsin spectrum with the 

'(; 
\!'--
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changing stopping power were found. This implies that for either of 

the two types of radicals the same good correlation exists between the· 

number of radicals and the inactivation. 

A parameter indicating the variation in the radio.sensitivity can be 

obtained by taking the ratio of the yields for the flat portion of the .curves 

presented above to those observed for argon ions (with stopping power of 

4 -1·: . 2 
about 1.6X10 MeV g.: . ·· em ). In Table I the results of this work as 

well as the inactivation data previously obtained by Brustad {.9·,·12) and 

Schambra and Hutchinson (17} are assembled. It appears that the 

molecular damage, measured either by the production of secondary 

radicals or by the inactivation of enzymes and phages, is largely ih-; 

fluenced by the local distribution of the initial energy absorption. Thus, 

radiation with a low stopping power is from 2 to 5 times as efficient as 

the densely ionizing argon ions. The variation in yield found in this work 

seems to be much smc;tller than that reported by MUller et al. (5). . 

Dose-Effect Curves 

. In Fig·. 5 the dose:-effeCt curve~ .for radical production in solid 

glycine by helium; carbon, and argon ions are presented. The curves 

are st;aight lines in this special plot up to a d~se of about 10 
7 

rad, but 

' 
it can be noticed that the slopes for all curves are less than 1.0. From 

this set of dose -effect curves two observations can be made: 

1. The curves reach different saturation levels. The maximum number 

of radicals that can be trapped in solid glycine seems to decrease with 

increasing stopping power of the radiation. 

2. The dose~effect curves passes through a maximum and goes down 
' .. 

again for dos~s above 6 to 8X10
7 

rad. This observation is similar to" 

that previousLy reported by Rotblat and Simmons(19), who used 15-MeV 

• ~I 

'i-. 
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electrons and found that the radical concentration decreased for doses 

7 
above 5X10 rad. They assert that they have proved that this decrease 

was due to thermal annealing from the high dose rate used. The radical 

decay in all solid substances, including glycine, increases at elevated 

tempera~ures, but in the experiments reported here the average sample 

temperature never reached such high valu'es that thermal annealing alone 

can explaili. the large decrease in radical concentration (about a factor of 3). 

A more reasonable explanation is to assume that there is only a limited 

number of trapping sites,· and that the radiation, in addition to producing 

radicals (that can be trapped at these sites), also destroys trapping sites. 
! 

The different saturation levels in Fig. 5 can be explained by this latter 

process i£ it depends upon the stopping power~ 

Since the curves in Fig. 5 are not parallel it is evident that the 

results given in Table I depend upon the radiation dose as well as on the 

irradiation temperature. From Fig. 5 it can be found that Y 1/Y 2 for 

1
' glycine varies from 2.3 for the dose 2 X 10

4 
rad to about 4.8 for the highest 

doses used. 

Qualitative changes in the glycine spectrum with large doses of 

electrons and a. particles have previously been reported by Boag and 

MUller (20) and MUller et al. (5). In Fig. 6. are presented the spectral 

changes with increasing doses of helium, carbon, and argon ions. It 

appears that larger doses are necessary to give ·spectral changes when 

the stopping power increases. For argon ions very small changes are 

observed even with the largest doses used. The glycine spectrum 

observed aft~r large doses of helium and carbon ions is very sensitive 
\ .. 

' 
to microwave; saturation. At low micr.owave power and with a sm<3;ll 

\ 

modulation amplitude six to eig}1t poorly resolved hyperfine lines can 

be observed. The possibility suggested by Mtill.er et al. (5) that 
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radicals already trapped absorb energy for a second time, resulting in 

a transformation or destruction of the radicals, might be an explanation. 

Thus, since no spectral changes or only very small ones were observed 

for argon ions when the stopping power is very large, it is reasonable 

to suppose that the radicals first must be trapped and that the trans-

formation can take place when a new ion hits in the neighborhood. That 

is, high LET in the track is not enough to produce a transformation, it 

is also necessary to have a certain time lag between the two absorption 

events. This means that the transformation depends upon the density 

of the bombarding particles rather than upon the stopping power, In 
l 

accordance with this the spectral changes were first observed for the 

helium ions. 

A Model for the Formation of Radicals by Heavy Ions 

The .data presented in Figs. 2, 3, and 4 are all based on the radia

tion dose 1.5X10
6 

rad. If we assume that the bombarding particles were 

homogeneously distributed over the radiation field, it can be calculated 

0 

that the distance between two tracks for this dose varies from 150 A 

0 

(helium _ions) to about 1340 A(argon ions). Consequently, the over-

lapping between tw.o tracks is negligible and each track can be treated 

as independent of all others. From the above results the number of 

radicals per ion, N , or the density of radicals along the track can be s 

calculated. from 

N 
D/eZA 

where N is, the observed number of radicals per gram, D is the dose, 
. -~~~* 

·.given in couldmbs·, eZ is the charge of the bombarding particle, and A 

is the beam a1rea. The parameter N
8 

can be correlated. with the 
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apparent inactivation cross sections of biological test objects. The 

results of the work described here are presented in Fig. 7. All curves 

seem to be straight lines in this special plot. 

It would be of interest ·to arrive at a model for the production of 

radicals by these densely ionizing particles. The goal would be to con-

struct an expected curve, for the concentration of radicals in the track 

·versus- the stopping power, which can be compared with the experimental 

data in Fig. 7. In the following an attempt is made to construct such a 

: model. The numbe·r of secondary radicals trapped along the track of a 

bombarding parti_d_e-ts assumed to be the sum of those produced by the 
I 

energy deposited in the track core and those produced by the o rays out-

. side the core. When the stopping power of the bombarding particle in-

creases the radical density increases and the saturation level is reached, 

with the result that the curve for yield versus stopping power starts to 

go down (as in Figs. 2, 3, and 4). The saturation level is first reached 

in the track core and then gradually also outside the core. Consequently, 

an increasing region around the center of the track is saturated with 

radicals, and only that portion of the o-ray energy dissipated outside 

this region is available for additional radical production. It is reason-

able to assume that, to a first approximation, the extra energy deposited 

in the saturated region is used to sustain a steady-state concentration of 

radicals. However because of an increase of the "temperature'' in the 

track core, there is the pas sibility mentioned above that the radiation 

also destroys trapping sites, with the result that the rad~cal density in · 

the track cor;~, decreases with increasing stopping power. It would 

therefore be or· considerable interest to obtain dose -effect curves for 

radiations with different stopping power for other compounds than glycine. 

p 
. 1' 1 

' 
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If, .for example, the concentration of radicals in the track core varies 

with the radiation we would expect t~at different saturation levels would 

be reached, as for glycine. 

Based on this qualitative model with a s.aturated region in the 

center of the track which increases with the stopping powe;t"1 we can 

work out an expected curve for the radical concentration along the track. 

This calculation uses the 6-ray spectra'· presented by Brustad .(9) a.nd 

Dolphin and Hutchinson {8), as well as the experimental results for 

glycine in Figs. 3. and 5. According to Fig. 3 the radical concentration 

in the track increases linearly with the stopping power up to about 200 
! 

MeV g -i em 2 (the yield is constant). At this point the number of radicals 

in the track core has presumably reached its saturation value and the 

LET density {energy dissipated per volume) in the core represents the 

.maximum that can be utilized for the production of secondary radicals. 

The next step is to calculate the total stopping power for which the 6-ray 

. energy reaches this maximum LET deh?ity in the first layer outside the 

track core {the thicknes.s of the layers should be infinitesimal, but in 

• 0 . 

these calculations a thickness of 5 A has been used), and then in the sub.;; 

sequent layers further out. This calculation necessitates knowledge about 

the following parameters: 

(a) The maximum LET dens_ity that can be fully utilized to produce 

secondary ·radicals. From these experiments we assume thqt this value 

is equal to that attained in the track core o£ helium ions. 

(b) The distribution of the 6-ray energy and its deposition outside the· 

. track core. , 

The ma~imum LET density can be calculated as follows. Approxi

mately 54% of; the total energy of the helium ion is dissipated in the track 

core where the initial ESR centers are produced. These radicals then 

.· 
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participate in secondary reactions and the secondary radicals formed 

are trapped in a region around the center of the track. This region is 

called the "radical track core." The volume of this core can be calcu-

lated by assuming that the concentration and distribution of radicals in 

the core of an individual helium ion is equal to the maximum overall 

concentration of radicals that can be trapped in the compound when larg~ 

doses are used in which there is considerable overlapping between the 

tracks. This maximum concentration and distribution of radicals can 

easily be obtained for glycine from Fig. S. (Since the results of this 

calculation are independent of the density of the compound, the value 

1. 0 has been used here for brevity J For glycine the radicals produced 

by the energy dissipated in the track core seem to be spread out in a 
cylinder with radius 20 to 21 A. If this value is used the volume of the 

radical track core and consequently the maximum LET density available 

for radical production can easily be calculated .. It is further assumed 

that the 6-ray energy (46% of the total stopping power}, to a first approxi-

mation, produces radicals.: outside this track core. The distribution of 

the 6-ray energy with the distance from the track core can be calculated 

from the 6-ray sp~ctra presented either by Brustad(9) or by Dolphin and 

Hutchinson (8). These authors give the local energy dissipation as well 

as the LET of the 6 -ray electrons.. We can therefore roughly estimate 

the range of the 6-ray electrons and the percentage of the total energy 

deposited in the different layers outside the radical track core. The 

value of the 'stopping power for which one of these layers has reached 

its saturatioH level is calculated from 

VXLET max :: F {dE/dx}, 
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where V is the volume of the layer, and F is the fraction of the total 

stopping power deposited in this layer. It is now possible to construct 

the curve for the number of radicals per ion versus the stopping power, 

since we asswne that. all extra energy deposited in the saturated 

region is unavaiiable for production of stable radicals. Since the 6- ray 

spectra calculated by Brustad and Dolphin and Hutchinson are different, 

we can construct two such curves; the results of calculations for glycine 

and alanine are shown in Fig. 8. The curves for alanine have been 

calculated by assuming that the maximum concentration of radicals that 

can be trapped in this compound is three times that found ,for glycine. The 

reason for this is the results obtained by MUller et al. (5). It appears 

that the experimental results fall between the two curves. 

DISCUSSION 

Two facts have been established by these experiments. Firstly, 

the types of secondary radicals produced in solid.biochemicals seem to 

vary little with the type of radiation used. However, the results for 

glutathione indicate that the relative yields of the initial ESR centers 

may be influenced by the'stopping power. Secondly, the curves for the 

radical yields versus the stopping power exhibit the same form as that 

previously reported for the inactivation of solid enzymes and for the loss 
,· 

of infectivity of T1 bacteriophage. The total variation in the radical 

yield within the LET range studied is, for the different substances, by 

a factor of from 2 to about 5. For the enzyme trypsin a surprisingly 

good correlation between the production of secondary radicals and the 

loss of enzyrn:e activity was observed (Fig. 4). 

•. 

'-
,. 
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.,. From these data and from the inactivation data reported. ,by 

Brustad {12) it can be calculated that when the samples have been at 

room temperature for approximately 20 minutes, 2.2 secondary radicals 

are trapped for each enzyme molecule inactivated. Decomposition of the 

spectra shows that there is approximately 0. 7 sulfur radical per inactivated 

molecule. However, the number of sulfur radicals increases with time, 

and after one day at room temperature there are about 1.1 sulfur radicals 

per inactivated trypsin molecule. We should, however, bear in mind 

that these calculations are based on observations in which different samples 

have been used for the two types. of m;easurements. Furthermore, the 

radiation doses in the inactivation experiments were much larger than 

used in these experiments. Similar direct correlations between the 

number of secondary radicals and the ~oss of enzyme activity have also 

been reported for ribonuclease by Hunt and Williams (21). However, 

correlations of this kind, in which one secondary radical is correlated with 

the inactivation of one macromolecule, are uncertain, and may lead to 

considerable error. The reason is that great problems still persist in 

the determination of the radical concentration. · Furthermore, param-

eters such as the stability of the radicals, the vacuum in the sample, 

the bound water, etc., may also cause uncertainties. 

A model for the production of radicals by heavy ions has been 

proposed. It is assumed that the radical concentration in the track is 

the sum of those produced in the radical track core and those produced 

by the 6 rays outside this core. The results indicate that the concentra-

tion of radicals in the core reaches the saturation level for helium ions 
~;J:i 
. . -1 2 

with a stoppir?-g power of 190 MeV g em . With·increasing stopping power 

the saturatio~ level will be reached in regions farther and farther out 
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from the center of the track, and the cross section of the saturated area 

will increase with the stopping power. From the dose-effect curves for 

glycine in Fig. 5 it cari be calculated that the track area increases with 

Z 2 (Z is the atomic number of the bombarding particle). Norman and 

Spiegler (22) have proposed a similar relationship between the cross 

. 
section of the decomposed area and the LET for fission fragments. 

The model here proposed for the production of secondary radicals 

embodies some of the ideas suggested by Dolphin and Hutchinson (8). 

These authors use the density and distribution of the primary ionizations 

along the track of the ionizing particle as the basis for the bi9logical end 
I 

effect, and pay little attention to the secondary reactions between these 

two steps. In our work we have studied the formation of the secondary 

.radicals, and Fig. 4 shows that there is a good correlation between these 

radicals and the biological end effect. There are still large gaps in our 

knowledge about what is occurring between the primary energy absorption 

and the trapping of the secondary radicals, as well as between this step 

and the inactivation, which can be measured only after the solid samples 

have been dissolved in water. We know from Brustadts experiments on 

trypsin (12} that temperature influences some of the secondary reactions 

between the initial 'absorption event and the end effect as measured by the 

loss of enzymatic activity, and some recent ESR experiments. show that 

the temperature similarly influences the reactions leading to the forma-

tion of the secondary radicals (16}. 
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Table I. Effect of the stopping power on the radiation yield, a 

Compound 

DNase 

Lysozyme 

T 
. b 

rypEnn 

T 
. b 

ryps1n 

T1 Bacteriophage 

cj>X-174 Bacteriophage 

T . c ryps1n 

T 
. c 

ryps1n 

Glycine 

Glycine 

Glycine 

Alanine 

Glutathione 

Cytidine 

Cytosine 

Guanosine 

Irradiation 

temperature 

Room temp 

Room temp 

Room temp 

Room temp 

Room temp 

Room temp 

Room temp 

Room temp 

300° K 

200° K 

100° K 

Room temp 

Room temp 

Room temp 

Room temp 

Room temp 

Parameter Y/Y 2 
Reference 

measured 

Inactivation 2.3 9,12 

Inac'ti vation 2.1 9,12 

Inactivation 2.3 9,12 

Inactivation 1.8 9,12 

Inactivation 3.0 17 

Inactivation 3.4 17 

Radicals 2.4 This work 

Radicals 3.1 This work 

Radicals 4.1 This work 

Radicals 3.7 This work 

Radicals 3.2 This work 

Radicals 3.3 This work 

Radicals 3.0 This work 

Radicals 2.3 This work 

Radicals 5.1 This work 

Radicals 3.6 This work 

a. The radical yields refer to samples that have been at room temperature 

approximately 20 minutes before the measurements. Y 1 is the yield observed 

for radiation with a low stopping power (the flat portion of the curves in Figs. 2, 

3, and 4), and Y 2 refers to the results obtained for argon ions with a stopping 
4 -1 2 

power of approximately 1.6 X 10 MeV g em . 

b. These data refer to two separate experiments on trypsin. The reason for 

the differences may be that two different trypsin samples were used. 

c. In order to test the possibility mentioned under b ESR experiments were 

carried out with two different types of trypsin. The largest value {3.1) was 

obtained with noncrystalline powder, whereas the other results are taken 

from experiments on crystalline trypsin. It is therefore reasonable to sup

pose that the physical state of the solid compound also can explain the differ

ences observed by Brustad. 

(, 
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FIGURE LEGENDS 

Fig. 1. · The qualitative spectra of reduced glutathione irradiated with 

different types of heavy ions. Both the irradiations and the meas-

urements have been carried out at room temperature.· The spectra 

were recorded after ·the samples had ~een kept at this temperature 

for about 20 minutes. Dose 1.5X 106 rad. 

Fig. 2. The yield of secondary radicals as a function of the stopping 

power for several compounds. The data are based on the spectra 

recorded after the samples have been at room temperature for 

approximately 20 minutes. The results for the aromatic compounds 

cytosine and cytidine have been multiplied by a factor 10 in order to 

be plotted on the same scale as the others. The ordinate corresponds 

to the G value (number of radicals per 100 eV absorbed). However, 
' ' . 

relative value,s are more reliable than the absolute determinations. 

Fig. 3. The yield of secondary radicals as a function of the ~topping 

power for glycine. Conditions as in Fig, 2. The different curves 

indicate different irradiation temperatures. 

Fig. 4. The radiation effect in solid trypsin, as measured by the loss of 

enzyme activity [these data are taken from Brustad (12}] and by the 

production of secondary radicals as a function of the stopping power .. 

The 'conditions for the radical measurements are the same as in 

Fig. 2. The inactivation curve for solid trypsin is exponential with 

respect to the radiation dose. The parameter used for the inactiva-

tion is the reciprocal of the D 37 dose. In this figure the original 

data have been recalculated and are given in relative units in order 
;, 

to be plotted on the same figure. The flat portion of the curve was 

given the value 2. 5. 
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Fig. 5. Production of secondary radicals in solid glycine as a function 

of the radiation dose of helium, carbon and argon ions. 

:p:'ig. 6. Qualitative changes in the polycrystalline glycine spectrum 

with increasing doses of helium, carbon, and argon ions. 

Fig. 7. The density of radicals along the track of a· bombarding particle 

as a function of the stopping power. The data were calculated by 

assuming that the ionizing particle penetrates 1 gram spread out 

over an area· of 1 cm2 with uniform stopping power along the track. 

Fig. 8> The calculated number of secondary radicals along the track of 

the bombarding particle versus the stopping power for glycine and 

. . I . 
alanin_e (see text). The expected curves can ,be given by 

N
5 

= ( 1-k) dE/ dx~ where the variable parameter k, for each value 

of the stopping power, gives the fractionof th~ deposited energy that 

is unavailable for radical production. For small LET values 'k is 

zero (the. straight dashed lines),. and it increases with the stopping 

\ power, since the saturated region around the track gradually 

becomes larger. ·The curveD+ His based on the 5-ray spectrum 

of Dolphin and Hutchinson (8) and the curve B on. the spectrum given 

by Brustad (9). The data observed for the different ions used in these 

experiments are also included. 
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mission, nor any person acting on behalf of the Commissiori: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa
ratus, method, or process disclosed in this report 
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