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Henriksen, - Thormod, Horan, Paul Karl and Sn1pes, Wallace
Free- Rad1cal Productlon by Heavy Ions at 77’ K andIts Relatlon to

the Thermal Sp1ke Theory

Rad1at1on Research joJoF o

ABSTRACT
Polycrystalhne samples of amino ac1ds and prote1ns were exposed '
to electrons and beams of hellum, carbon, neon, and argon 1ons frorn
the Berkeley heavy-1on l1near accelerator.. Both the 1rrad1at1ons and
the electron sp1n resonance observatlons were carr1ed out at e K.
The results ‘showed that the same types of radlcals were formed 1nde-
pendent of the stopping powe_r of the bombardmg part1cle.
The _kre:sult-s'fovr the amino acid DL- valine have been interpreted
in _i-elation to the "thermal spike model." The irradiation of DL-
- valine at 77°_'K results in the fo'rmation of a radical which converts
upon heat treatment into a secondary radical. On the basis of the ther-
‘mal spike -rnodel and the kinetics for the radical conversion, it is pos-
sible to calculate the expected amount of secondary radicals formed at
77° K along the tracks of the heavy ions. The observation that no spec-
tral changes take place with increasing stopping power is clearly in
contrast to the predictions from the thermal spike model. Therefore,
the model in its present form does not apply to radical formation or

secondary radical reactions.

siesicste ksl Bk s skesieskes

KEY WORDS: Electron spin resonances, Free radicals, Heavy ions,
Thermal spikes.
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INTRODUCTION
v The> effic’vievnc.:vy of différeni:. t.ypgs of radiatioh in. ‘pl;gducing free
radicals in sﬁ.bs"tances of biological interest has };een exélo red prévi-
ously (_1) It ‘was found fhat at room temperature the types of '"'secon-~
dary rad.icals'”. were independerﬂ:» of the line‘ar energy transfef (LET),

whereas the yield decreases for radiation with stopping powers above

1 .

200 MeV gri‘n__ -crhz. Due to experimental difficulties no attempts were

made in theée e"a.trly étudies to 'obsérve the radicals induced af low tem-
peratureé. |
In thé'present work the prodﬁcti(’)n of radic.al'svby fast,. stripped,

heavy ions in bioiogical suBstaﬁceé :ha.-é béén studied at 77° K. | These
stﬁdieé have a twofold purposé. | Fi'rst;,‘ we ‘war.lt to see if the types‘ of -
radi‘c‘al‘svpro‘duced at 77° K are influénced :By the radiatioh ‘Iquality, and
second, attérripts are made to analyze these data inffel‘afion'to th.e.”ther-
malvsvpiké 'modél..."' | -

| Severyal ;uthors (_Z-é) have suggested thét fast héavy io.ns with a
large stopping power will give rise to temporary localized heated re-
gions around the ion tracks. The efficienéy of these thermal spikes in
causing effects in chemical and biological systems has been questioned,
mainly becau:se of their -Ashovrt. duration times. In the work reported here
some compounds have been selected fhat are known to give one partic-
ular electron spin resonance.(ESR) spectrum followingvirradi}ation at

77° K and a different one after heat treatments at higher temperatures.

- With a detailed knowledge of the kinetics for these spectral changes it

is possible to test the applicability of the thermal spike model to radical
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formation processes.,

EXPERIMENTAL PROCEDURE

-;Samplg)reparahon and 1rrad1at1on _

_ _—accelerator-(Hilac).—Beams of helium, “¢arbon; neon, and argon ions

DL-vahne, N-acetyl- DL valine, L- threonlne, L-cysteine (free
base), peps_1n, lysozyme, and ribonuclease were all obtained commer-
cially and used without further purification. |

The samples were irradiated in thin layers (appro:hmately 50
mg/cm ) 1n the low-temperature 1rrad1at1on chamber shown in Fig. 1.
The samples were evacuated (approx1mate1y 10 -3 torr) and the entire
sample holder with the ESR tube attached was completely submerged

in 11qu1d n1trogen The polycrystalhne samples were kept between a

‘thin Mylar window (upstream from the sample) and a brass trap door.

After irradiation the trap door was opened and the powdered sample
shakeﬁ ihto the ESR tube, which was then sealed off under Vacu:um wi_th-
out anyA llierease inlvtempe.ratdre. | 7

Thevsamples were irradiated wlth 6.5-'-MeV'electrons.fro_m an elec-
tron accelerater or with heavy ions from the Berkeley heavy-ion linear
with an energy of 10.4 MeV per nucleon were used. Doses of the order
2to 6 Mrads,. given at a dose rate of 0.3 Mrads/min, were used. The
dosimetry is described elsewhere (1,1).

In these experiments all the ions except helium were stopped com-
pletely in the sample. The average stopping power for these ions was

taken to be E/R, where E is the total energy of the particle and R is

the range. The values used in the subsequent calculations for the three
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heaviest ions are as follows, given in MeV gm—1 cmz: 2.5% 103 (C12.
3 (NeZO

ions).,. 6.3 10 ions), and 1..6>_< 104 (Ar40 ions).

Thé ESVR measurements

The ESR spectfa were taken at 7'7° K with a Varian X-band spec-
trometer. - In these expériments_we wev_re mainly interested in the ty.pes
of radicgls-fdrmed,' i. e., in the form of the ESR spectra. Conse-
quently., éeéoﬁd-deriVati\;é spectra were recorded to improve sensitiv-
ity towél‘_ds any ‘s.pe.ctz_‘al changes. The magnetic field was measured
with a proton resonance fiéld meter and the rn_i(':r_obw.ave frequency with_
an electronic countgr.

_ _Aftef the first measurement -afcI 77° K the samples were heat-treatéd

for 5 min at different temperatures, brought back to 77° K, and the speé~

trum observed again.

RESULTS AND DISCUSSION

Types of Radicals at 77° K

In Fig. 2 afe pfesented the ESR spectra obtained when DL-valine
is exposed to electrons and differént types of heavy ions at 77° K. The
spectra. are probably due to a radical anion or cation (8). It appears
clearly from Fig. 2 that there is no major change in the ESR spectra
with LET over this large range. Results similar to thbse for valine
were observed for all the compounds studied. The spectra for thre-
onine, cysteine, and the protein, pepsin, are given in Figs. 3, 4, and
5. The data confirm and extend the results previously obtained at 295°K
that the types of radicals formed are independent of the stopping poWer

of the bombarding particle(1).
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The substances used 1nlthese experlments have been chosen be-
cause the ESR spectra, and consequently the types of radlcals, induced
at 77° K are different from those observed at higher temperatures. Thus,_
as shown 'ln'Figs. 3 and 6, the spectra of threonlne and valine change in
two steps'into the final. re.sonance. The flrst conversionvtakes place in
the temperature range 110° to 120;’ K The .cysteinevresonance changes
into t.hev sulfur resonance of the R—CHZ—S' radical (F1g 4, bottom curve),
and the pepsm resonance into the prote1n doublet (F1g 5). The point we
want to make from these exper1ments is that for each substance irra-
d1ated at 77° K | the low- temperature spectrum was always observed
even for the most densely 1on1z1ng part1c1es used (Ar40 1ons).

The Thermal Sp1ke Model

A large fractlon of the energy of an 1on1z1ng part1c1e is converted
into heat when it is absorbed in a substance Thls has prompted the
1dea that the rad1at1on 1eads to locahzed reg1ons of h1gh temperatures
(2 6) Along the track of a heavy ion these heated reg1ons overlap and

coalesce into a cylindrical thermal spike. Some results in radiation

chemistry and biology have been analyzed on the bas1s of this theory(4-6),

~but ho difect evidence suﬁ%b_—rhng the thermal sp1ke model seems to ex1st
_R,ad1ca1 formation by heavy ions at low temperatures seems to con-
stitute a system that may be used to test the thermal spike model. ‘This
is based on the fact that certain substances exhibit one particular ESR
spectrum as long as the temperature is kept below a certain threshold
value, but reveal a different resonance pattern after being warmed to
higher temperatures. The following discussion is based entirely on our

results for DL-valine, but may apply to other substances.
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In the thermal spike model the energy given off by a heavy ion
initiates a ''heat-wave'' that spreads out according to the classical laws

of heat conduction,

L Y TE 5t , A
where T is the absolute temperature, t is time, and D is the thermal
diffusion coefficient. :For a heavy ion the energy is released along the

track of the particle and the cylindrical solution of equation 1 can be

used:

T(r,t) = T, + 4£p D exp(- r°/4Dt). | (2)

Her_g r isvv-'_the"l;adi'al.aistancé froih; the traék ‘core‘,.> TO is the ;mbieht
températﬁre;(77°K), Q is thé stoppingvpower of the particle, c is the
heat capacity (a value of 0.3 cal/gm °K'is used here), and p‘ is the den-
sity.v According to Dienes and Vineyard 2), albvélue‘ of D= 10;3cm2/sec
is appropriafe fof mbéf'substalhcés, ‘as this parameter is most likeiy:
probp‘ortional t.o the lattice".tl.levxx'rr‘lal conductivity ohly. This value is
adopteci here, and seems to be a conservative u‘pper value; the choice of
a smailer'value for D would make the following conclusions even more
valid. It is possible to use. equation 2 and calculate the maximum tem-
perature .rea>ched at different distances from the track core as well as
the time elapsed before this vaiue is attained. The results are given in
Fig. 7. Equation 2 can also be used to calculate the‘ time elapsed before
-the temperaturé at a particular distance decreases to a certain value.
In the subseciuent discussion we have used the times required to reach

1,000° K and 600° K above ambient.

<
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The kinetics for radical reactions in DL-valine at various tem-
peratures have been studied in detail (9, 10). The sequence of events

can be summarized as follows:

.
Valine ionizing radiation<, R(1) Kg R(Z)é R(‘73) - nonradical
‘ - "~ ‘products
3

Figure 6 shbWs s:pectravfor R(1), R(2), and R(3) in polycrystalline
samples. Bo-x et al., (8) have studied single crystals of valine and sug-
gested that R(1) is a cation or an anion, whereas radicals R(2) and R(3)

have been identified (8, 11) as

o CH CH3\ NH, -
' o , |~
R \CH—C-COOH and . e C-C-CO0™
N / I 4 |
CH; | CH,
R(2) ' R(3)

Each step involving spectral changes was found to fit first-order kiﬁetics.
The step from R(2) to R(3) seems to involve two first-order processes.'
Furthermore, the conversion from R(1) to R(2) has an efficiency of unity.

‘The activation energies and frequency factors are given in Table I;jﬁ_ ———

It i.s evident %rom the large spectral differences (Fig. .6) that any .
conversion from R(1) to R(2) or R(3) would easily be detected. If there-
fore the temperatures in the thermal spikes got high enough and lasted
long enough> to cause any conversion when valine was bombarded 'wit.h |
heavy ionvs at 77° K a spectrum d.ivfferent f.rorn that for R(1) would appear.

The percent conversion F(t) at a particular temperaturé is given by

F(t) = 100 X [1 - exp(-Kt)], (3)
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where t ‘is the time at temperature T. 'v'Th'e reaction constant K is
given by
| K= A, 'veXp('- E /RT). I (4

Here E and A are the activation energy and the frequency factor

0
respect1ve1y
The conversion from R(1) to R(Z)bas Ae;{pected from the therrnal
spike rnodel was calculated in the follow1ng Way Equatlon 2 and Fig. 7
. were used to.‘ determine the time 1ntervals for which the temperature 1n‘
the heat—.—wave was 1,000° K and 600° K above arnb1ent at a given radius.
This procedure was 'repeated for S-K increments around the tracks of
carbon,A neon, and a.rgon ions | These results together with the reaction
constants at 1077° K and 677° K as obta1ned from Table I and equation 4
were then used to calculate the percent convers1on expected in the differ-
ent layers These results, g1ven in F1g '8, represent a conserv'atlve |
‘estimate because the average temperatures were greater than 1077° K
- and 677° . | |
In order to give an estimate of the overall conversion to be ex-
- pected when valine is bombarded with heavy ions, the distribution of -
_radicals along the track must be known. So far nothing is known ab.out
the radical d_ist,ribution. However, on the basis of the 6-ray spectrum
for these heavy ions (Q) it is possible‘to arrive at a rough estimate of
the initial.energy deposition along the track of the particles. These
data are given.by the histogram in Fig. 8 (ordinate to the right). Based
| on these results it is reasonable to assume that the majority of the rad-

icals are formed within a distance of 50 A from the center of the ion
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track. Accordingly, the thermal 'spike ;;redicte (Fig. 8) that approx-
imately 15% of the valine radicals formed by carbons ions e.t 77° K
would-be of-type R(2) and that a comp_osite .svpectrum'-different from
that for eiectron irradiation should be obsevrved. : For neon and argon
ions the cerreSpohding values wouid be ebout 50% and 80%.

One further calculation is necessary in order to compare'the ex-
perirnentai resﬁlts \tvith the predictiohs'from the thermal spike model.
If the radlcals in the track core underge all the reaction steps,;m-
cludmg the f1na1 decay, the ESR spectrum Would be due only to rad-
icals formed by the 6- rays at large d1stances from the track These
radlcals wwould be away from the thermal effects of the track and

~would therefore give a sPectrurn at 77° K identical to that for electron
i.rradiation. This, howeve.r,. .is not the case. Calculations 'based‘on
the param_e'ters of Tehle I for radice.l decey show. that onlvyt negligible
decay of R(3) weuid oecur,' even at the maximum temperatures, for
'the short times involved. Consequently, the thermal spike model pre-
‘dicts a large conversion of R(1) to R(2), but no final radical decay.

As seen from F1g 2, all ions gave the same valine spectrum,

et

—which-was-identicalto-that for éléét?é?i?ﬁdiitio—ﬁf—Theﬁr_ez is no in-
dication of any radieal conversion whatsoever. As mentioned abo.ve,v
this failure to observe R(2) or R(3) cannot be explained by thermal ] 2
decay of radicals in the track core.‘ Therefore, the inescapable con-
clusion is that the thermal spike model in its present form does not

apply to radical formation by heavy ions at 77° K.
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Table I. Activation energies and frequency factors for the
radical reactions in irradiated DL-valine.?

P

Reaction step - v Ea ' _ 'AO
(kcal/mole) - o (sec-i)
Conversion of R(4) to R(2)  7.8£0.2 o 4.5x10t
. : 4
L. 6.6x£0.3 1.4 10
Formation of R(3) : 8.3+0.5 | 4.5X104
Decay of R(3) 22.6£1.0 8.8% 10

#These data have been taken from refs. (10, 11).
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FIGURE CAPTIONS

1. T_hé low-temperature irradiation chamber for heavy ions. The
chamber was attached directly to the exit port of the Hilac. The
ions pene_trafed two 0.25-mil Mylar windows before hifting the
samples. 'An enlarged figure of the sampie holder is shown below.
After irradiation the trap door was opened and the sample shaken
down_in the ESR tube.

2. Second-derivative ESR‘spect.ra'o‘f-DL-vav.line exposed to dif~-

vfererif types”of' radiation at 77° K, measured without any warming.

Fig.

Fig.

The éfrov&s i_ndicaté the p'césit‘ior‘xs“of the resonance for“DP.PH

(g = 2.0036). Dose, 2 Mrad. | |

3. Second-derivative ESR specfra of L—threoﬁiné e;c_posed to’
e1>éctro"_ns Iz;.nd iZO-MeV cérbon ions at 77° K kfhe twd upper éurves).
Notations as in Fig. 2. | T}‘le two lower curves reveal the spectral
cl'vlahg,e_s that take place when the samples are heat tfeated to the
tempeiﬁatures indicbated and again measured at 77° K. vThe inter-
mediate radical is foi'med at temperatures above 110° K, whereas
the final radical is formed at temperatures above 230° K.

4. Secoﬁd-derjvative ESR spec_t'rav of the thiol cysteine (free base)
exposed to elect;‘o_ns a,nd.Ar4v0 ions at 77° K. Notations as for Fig.
2. The lower spectrum, which is ehti‘rely due to sulfur radicals of
the tYpe R-CHZ-S. » appears when the saméles_ are heat‘tz_'eated at

temperafures above 140° K.
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Fig. 5. Second-derivative ESR spectra of pepsin exposed to electrons
| and Ar40 ions at 77° K. Notations as in Fig. 2. The lower spec-
trum is the usual protein doublet, which in [the case of] pepsin
appears at temperatures above 220°K.

Fig. 6. Second-derivative ESR spectra for DL-valine. Valine was
irradiated with 6.5-MeV electrons at 77°K and subsequently heat
tre;':tted at highér temperatures. The spe-pt_ra after‘heat treatment
to the three temperatures indicated afe t.h(‘)sé for ,R(v1-)., R(2), and
R(3). | The oi)servationsvare made at 77v°>K.' |

| Fig. 7. 'Maximum temperatures reached éround the tracks of fast
carboi}, néon, and argon‘ ions from the Berkeley Pﬁléc as calcu-
lated on the basis of the thérmal spike model (see text). The
dashed curve (ordinate to the right) gives the times elap'sed from
the initi_al energy de'ﬁovsit»ion untvil the makimum temperature is
reached at rdif'fere\nt positions outside the tréck. This time is in-
dependeht .of the. LET.

Fig. 8. Percent conversion of R{ 1) to R(2) for tll}ie.three different _ions

as expected from the thermal spike model. The region around the

track was divided in layers of thickness 5 A in these calculations.
The curves give ‘the percent of the total number of radicals in the
particular layer that should be converted due to the heat wave.

The histogram (ordinate to the right) ‘gives a rough estimate of the
initial energy deposition around the track. This calculation is based
on the assumption that 46% of the total energy is due to & electrons.
The 6-ray spectrum and the étOpping powéer for the secondary elec-

trons as given by Brustad (412) have been used.
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