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INTRODUCTION

Radiation effects in chemical and biological systems are often correlated
with such quantities as energy lost per unit path length of ionizing particles,
ionization density, dose rate, temperature, etc. There has been little work,
particularly in the soft X-ray region, on the relationship between the energy
of the radiation and the effects observed. It is of interest, therefore, to
determine whether preferential or "resonance" effects exist in radiation dam-
age, and whether any correlation exists between the absorption spectrum of the
system and the effects observed.

It appears reasonable to think that preferential absorption of photons in
the electron shells of specific important atoms in a complex molecule may re-
sult in "radiation damage" in excess of the proportional amount of energy ab-
sorbed. As an example, specific metals, such as iron or manganese, exist in
only trace concentrations in certain biological systems such as cytochrome,
catalase, or chlorophyll, but their action is vital to the behavior of these
systems. Preferential absorption of radiation by such atoms could lead to more
significant "damage" effects than would the absorption of an equivalent or great-
er amount of energy elsewhere in the complex molecule.

It was the purpose of this study to explore any existing relationship be-
tween radiation at specific energies in the X-ray region and some definable
"radiation effect."” Specifically, various compounds were irradiated with mono-

it

chromatic X-rays in the energy range of from 5 to 35 kev and the extent of "ra-
diation damage' was determined.

"RADTATION DAMAGE"

Unfortunately, the term "radiation damage” has been used frequently without
precise definition. Such precise definition is necessary since the extent of
damage observed will depend upon the particular analytical damage-~detection meth-
od chosen and will not necessarily take into account all radiation-induced changes
which have occurred in the system.

For the systems described in this report, radiation damage was defined in
terms of a property of the system which, it was thought, might depend upon the
energy of the impinging radiation. In interpreting data, however, it was neces-
sary to account for the fact that the extent of absorption of X-radiation by a
sample is a function of energy. For example, if the system under study con-
tained a large fraction of atoms of an element whose K absorption edge was in
the energy region ilnvestigated the mass absorption coefficient for the sample
would he apprecilably greater at energles Jjust above the K absorption edge than
at energies Jjust below this K edge. Since the amount of radiation absorbed will



be a function of energy, it was necessary to evaluate the data in terms of
¥7

"damage per photon absorbed or per unit energy absorbed” as a function of "en-

ergy of the incident radiation.”

Observed variations in damage per photon absorbed must be due to some phe-
nomena directly connected with the effectiveness of the absorbed energy in cre-
ating damage, since variations in the absorption coefficient are taken into ac-
count.

'GENERAL EXPERIMENTAL TECHNIQUES

The monochromatic radiation source utilized in all these studies was a Gen-
eral Electric, Model XRD-5, X-ray unit. In some studies essentially monochro-
matic X-rays (see the Appendix) were obtained using a sodium chloride crystal
as a diffracting medium. TIn other studies, nearly monochromatic X-radiation was
obtained utilizing the fluorescent emission spectrum of various targets, aboutl
85% of the radiation being due to Ky fluorescence of the target radiator, the
remainder, KBQ The most recent studies utilized radiation that is more truly
monochromatlic consisting of approximately 99 to 99@5% Ky radiation obtained by
filtering out most of the KB radiation emitted by a fluorescent radiator.

The energy dose rates imparted to samples were determined with either a
Fricke-ferrous sulfate dosimeter, a Victoreen Model 651 ion-chamber rate meter,
or the SPG No. 1 X-ray counter associated with the General Electric XRD-5 X-ray
unit. The SPG-1 counter operates in the proportional region, has a 65-cm argon
gas Filling, and a beryllium window 0.0% in. thick. These counters were "cali-
brated” by comparing their efficiencies with that of the Fricke dosimeter (a
G value of 13%.5 was usedl}« A comparison of the efficiencies of these various
dosimeters is given in Table I. Fven though the detection efficilencies are
vastly different, the ratios of efficiencies appear To be reasonably consistent
and apparently exhibit no large energy dépendence. As is evident from the dif-
ferences in detection efficiencies, it is not possible to ascertaln the absolute
energy dose imparted to a sample. In a continuing effort to determine this guan-
tity, a total absorption thermal dosimeter is now being constructed. It will
consist of a gold plate which will intercept the X-ray beam. The radiation, up-
-on converslon to heat energy, will be detected by thermistors, thus providing
a direct measure of the total energy of the X-ray beam.*

lCottinﬁ M., and Lefort, M. J., "Etalonnage Absolu Du Dosimetre Au Sulfate Fer-
reaux, Rayons X mous de 10 et 8 Kev," J. Chim. Phys., 53, 267 (1956).

* e 3 '3 = E - 3 o,
At the time of writing, lal tests at 25 microwatts were successful.
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I. STUDIES OF THE EFFECTS OF MONOCHROMATIC RADIATION ON
SOLID SOLUTIONS CONTAINING ORGANIC HALIDES®

In an attempt to avoid possible ion-diffusion reactions resulting from
the radiation, a series of experiments were performed using solid solutions
containing organic halides.¥

The solid solutions were prepared in the form of thin plastic films 0.25
to 0.38 £ 0.005 mm thick and containing the halide. These films consisted of
three basic components:

L. An organic halide, or mixture of two organic halides. Included
in the studies were: CHIg, CBry, CpHBrg, and CoClg.

2. A dye-forming substance. That used was p,p;p"-Methylidynetris-
(N,N'-dimethylaniline) (MID) which upon reaction with halogen be-
comes crystal violet (CV).

5. The film-forming material was polystyrene. It was chosen because
it exhibits much greater radiation resistance to free radical pro-
duction than do the organic halides. A polystyrene and MID film
is far more resistant to radiation, as measured by color change,
than is a filwm with MID and halide.

In preparing the films, usually 2 gm of polystyrene, 0.1 gm MTD, and 3.3
gm of the organic halides were dissolved in 100 ml of carbon disulfide. This
mixture was then poured on an area about 15 x 15 cm® and allowed to dry.

Small portions of the film were irradiated with diffracted X-radiation of
a specified energy. The extent of absorption of X-rays was determined with the
SPG~2 kyrpton-filled or the SPG-1 argon-filled proportional counter associated
with the instrument.

Damage was defined in terms of the extent of production of crystal violet
and thus was an indicabion of the extent of production of halogen atoms. The
amount of crystal violet in a sample was ascertained by determining the optical
density of the film at 615 mu. An unirradiated piece of the film was used in
determining the "background" optical density of the film. The extent of absorp-
tion of crystal violet was determined by preparing solutions containing known
amounts of MID and Io.

%More extensive data and information can be found in the Ph.D. thesis of Julian L.
Garsou filed in 1959 with the Faculty of Sciences, the University of Leige,
Belgium.



RESULTS

Because of the complexity of these systems, it was somewhat difficult to
obtain reproducibility. Table II contains a summary of these initial results.
The reason for these variations in damage is not apparent, especially since it
wag thought that all large sources of error were eliminated. It is possible,
however, that the irreproducibility might be due in part to some unknown vari-
able in the films.

On the basis of experience gained in the manufacture of these previous
film samples, a new seriles of films wag prepared. The preparation of these
films appears to some extent to be an art in itself. These new films appeared
to be much better both in quality and uniformity.

One such film, consisting of 0.1 gm MID, 2 gm polystyrene, 0.3 gm CHIs,

and 3.32 gm CBryg,was cut into small portions and irradiated at various energiles.
Usually three separate portions of this one film were irradiated at each energy.
The results in the energy range 24 to 35 kev are given in Fig. 1. Again, there
appears to be some variation in the results. These data seem to indicate that
slightly higher extents of damage occur in the region of the iodine Ky energy,
and slightly lower extents of damage in the energy region just sbove the iodine
K absorption edge. However, whether or not these effects are real (in view of
the variations observed at any given energy) is open to question.

It appears as though these data of Fig. 1 could be approximated by the solid
line drawn on the graph. Such decrease in damage with increase in energy is also
observed in the liquid n-butyl bromide--DPPH system described in this report. It
is suggested there that this effect could be due to dosimetry energy dependencies.

Portions of this same film (CHIs + CBry) were also irradiated in the region
11 to 15 kev. These results are given in Fig. 2 and indicated by open circles.
Again there are variations in damage observed at given energies.

In an attempt to minimize further any possible inhomogeneities in the film
itself, a single piece of film prepared in this same manner was subjected to
lrradiation in such a manner that the diffraction unit oscillated through a
small angle and thus irradiated the film over a linear digtance of about 5 mm.
This linear distance was related to the energy of the impinging X-rays. These
data, obtained by determining the optical density of this film at every 0.25-
or 0.5-mm interval, are plotted as closed circles in Fig. 2. Here small, but
perhaps significant, sensitivities to damage are observed in the energy region
of the Ky, Kg, and X absorption edge of bromine.

Because of the uncertainties in these date it is difficult to conclude
whether any abnormal effects did occur in the Ky, Kﬁy or K absorption energy
regions of these halogens.



TABLE IT

NUMBER OF HALOGEN ATOMS PRODUCED PER X-RBAY PHOTON
ABSORBED FOR VARIOUS X-RAY ENERGIES

X-Ray Organic Halide Film Constituents®
Energy, ' 2 = = 3.52 gm CBry,
Kev 3,52 gm CBr, 0.3 gm CHI4 5,23 iz gﬁiéﬁ 0.3 gm CHI,
(b,c) o 8 0.2L gm CoClg
38.5 0.4 x 108 0.9 x 10° - 0.% x 108
5h,1 1.2 0.8 0.6 x 10° 0.5
33,1 1.0 2.3 0.6 0.6
%%,0 1.1 3.1 0.6 0.5
32,2 1.1 2.0 1.1 0.6
30,5 1.k - 1.3 -
30.2 1.6 3.2 1.2 -
29,k 2.5 - 1.2 -
28.6 1.7 1.7 1.9 1.2
28.% 2.1 2.0 1.6 0.7
26,4 3,2 k.9 10.7 1.2
25.6 2.6 - - -
24.8 5.5 - - -
ok, 3 2.k 1h 1.8 -
23,0 2.0 7.9 - -
20,1 2.3 10.9 - -
20.9 1.8 - - -
18.0 1.5 - - -
15.3 1.5 - . -
13.8 1.h 3.% 0.8 0.9
1%.5 0.8 5.0 1.1 1.1
13,4 1.5 2.1 1.1 1.6
1%.7% 1.% 1.3 1.8 .
{155§ - 1.2 - -
13,2 - 6.6 - -
13.2 = 1.3 - -
13,2 - 2,0 i -
12.6 - 0.7 - -
{31,9 1.7 2.6 1.k 2.6
11.9 2.1 2.1 1.7 1.7
11.2 2.6 2,7 - 2.1

@The films contained, in addition, 0.1 gm MID and 2 gm polystyrene.
bTo obtain a high photon flux, a large slit width was used. In each irradiation
90%<ﬁ?the energy imparted to the sample was in the approximate range 0.95 E to
1.05 B, where E is the stated X-ray energy (see Appendix).
“The characteristic energies, in kev, assoclated with the halogens are:
Todine: Ky = 28.6, Kyp = 28.3, Kgp = 32,3, Kgp = 33.0, Ky = 33.2

Bl"()minEEZ KOJ:L = lln97 I{O/'Q = 1.1”9? Kﬁ:j == 13\,55 I<62 = 1:5‘,1\[) Kabs = :L505
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If there are abnormal effects in these energy regions, such phenomena would
be unique and unexplainable in terms of current theories. To investigate wheth-
er such effects do indeed occur, it was declded to center attention on systems
that, perhaps, would tend to be more reproducible.

The remainder of this report describes the results obtained in studies of
the catalase system, the n-butyl bromide system, and a system consisting of an
organic mercury compound. In the process of investigating these systems, vari-
ous techniques, a few of which are somewhat novel, have been perfected. To date,
the most complete results have been obtained for the catalase system. These
data, which are presented in the next section, also suggest, but with a higher
degree of confidence, that abnormally large effects occur in the energy region
of the iron Ky, Kp, and K absorption edge.

10



IT. BSTUDIES OF THE EFFECTS OF MONOCHROMATIC
RADTATION ON THE CATATASE SYSTEM*

TNTRODUCTTON

Catalase 1s a high-molecular-weight (225,000) enzyme whose most important
property 1s the ability to catalyze the decomposition of hydrogen peroxide. The
catalase molecule belongs to a general class of biologically important molecules
whose function is attributed primarily to the trace quantity of a metal present
in the molecule. Four iron atoms are incorporated in each molecule, a concentra-
tion of 0.09% iron by weight. The ability to cause destruction of hydrogen per-
oxide 1s attributed to this iron content.

It was the initial purpose of this study to attempt to determine if this
assumption is correct. Specifically, it was decided to study the extent of
damage to this molecule per proton absorbed in the energy region of the iron K
absorption edge. If the iron is intimately associated with the biological ac-
tivity of catalase, 1t is conceivable that a larger extent of damage per proton
absorbed would occur at energies immediately above the iron K edge because a
larger fraction of the energy absorbed per molecule is deposited in the iron
atoms.

Radiation damage to this molecule has been defined in this experiment as
the loss of catalytic activity with respect to hydrogen peroxide decomposition.
Thus if the assumption is correct, the experimental results would serve as an
indication of the extent of "damage" to those iron atoms or those portions of
the molecule encompassing iron atoms which are "activity sites.”

The amount of catalase in a sample, as well as the amount of catalase which
did not undergo "radiation damage,’ was determined by measurement of the post-
irradiation capability to cause catalytic decomposition of hydrogen peroxide.
The catalase was dissolved in l/lﬁth molar phesphate buffer of pH 6.8. Meas-
ured amounts of hydrogen peroxide were gh@n added and the transmittance of the
mixture recorded automatically (at 2120A) for a period of about one minute Fol-
lowing the addition of the peroxide. Since the initial rate of decomposition
of hydrogen peroxide by catalase is a first-order reactionﬂg 1t was possible to
relate the concentration of catalase to these observed initial first-order rates.
Catalase concentrations were measured by this method; the uncertainty in the
measured values were * 10% of the value.

*More complete descriptions of experimental techniques and data can be found in
the Ph.D. thesis of Ardath H. Emmons, filed with The University of Michigan,
1960, and available through University Microfilms, Ann Arbor, Michigan.

s
aDiXong M., and Webb, E. C., Enzymes, New York: Academic Press, Inc., 1958.

11



The experiments were essentially of two types: those involving solutions
of cgtalase and those involving samples of dry catalase.

CATATASE SOLUTTIONS-DIFFRACTED X-RADIATTION

Constant Absorbed Dose Irradiations.-—A stock solution 10”7 molar in cata-
lase and 1/15 molayr in phosphate buffer was prepared. A lucite holder was con-
structed with two sample positions; one intercepted the radiastion beam and the
other was shielded from scattered X-rays. Samples of 0.18 ml were contained in
these positions. The holder was cooled by circulating 5°C water and the whole
agsembly painted black to minimize enzyme activity loss induced by light.

With the X-ray tube operating at %0 pkv, samples were subjected to a se-
lected X-ray energy (as obtained by NaCl diffraction). The irradiation at each
energy was for a period such that 18 x 10tt X-ray photons were absorbed per cm®.
Photon detection was effected by means of the X-ray counter.

The dose rate was maintained at 9.5 % 1.0 x 101° photons incident per hour
by adjustment of the X-ray tube current. Three 0.050-ml aliquots of the irradi-~
ated and of the control samples were then analyzed for catalytic activity.

These data are plotted in Fig. 3 where each point represents the average of the
measurements on the three gliquots of g given irradiation.

Thege data show an increase in effect as the photon energy crosses the iron
K-absorption edge (7.11 kev). For comparison, a normalized mass absorption curve
for iron is indicated by the broken curve in Fig. 5. Referring to Fig. L, it is
noted that, because of the very low iron concentration, the total mass absorp-
tion of the molecule and therefore of the solution is a reasonably smooth func-
tion in the energy region 5-12 kev. Hence, in terms of damage per photon to the
catalase solution as a whole, no abnormal effect would be expected in this energy
range. However, a larger fraction of the photons absorbed by the solution would
be absorbed by the iron atoms for photon energies just above the iron K edge than
for those just below this edge. Therefore, if damage per photon absorbed 1s meas-
ured in terms of the iron component of the molecule, a discontinuity could exist.
A possible conclusion, therefore, is that damage to catalase is, as suggested,
associmted with the ironatoms in the molecule, and that this damage can be af-
fected by selection of irradiation energy.

Possible Effect of Second-Order Radlatlon.--This increase in damage in the
vicinity of T kev could perhaps be ascribed to effects of contaminating second-
order diffraction lines. The Loy line of tungsten, the target material in the
X-ray tube, is abt 11.28 kev. Therefore, this could contribute a second-order
line at 5.64 kev. Perhaps there exists a dependence of damage on energy that
does not exhibit any discontinuities. If the extent of damage increases as the
energy increases, an 11.28-kev X-ray would be more effective than a 5.64-kev
X-ray, although the efficiency ratio is not known. On this basis, then, one
would expect an increase in damage at the 5.6h-kev crystal setting due to the
11.28-kev contribution.
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This possibility 1s, however, somewhat difficult to accept for three rea-
s50NS ¢

First, the actual ratio of damage at 11.2 kev compared with 5.6 kev would
have to be very large. According to the data of Fig. 3, this is not so. Second,
the discontinuity in Fig. % appears to be nearer to 7 kew, even considering the
large uncertainties in the measurements. Third, the observed data correlate reg-
sonably well with the mass absorption curve for iron.

DAMAGE OF CATALASE SOLUTIONS AT 6.9 AND 7.% KEV AS A FUNCTION OF PHOTONS ABSORBED

To minimize any possible effects due to second-order radiation, two addi-
tional sets of experiments were conducted at 6.9 and 7.% kev. In these runs the
excitatlon potential on the X-ray tube was reduced to 15 pkv, thus reducing any
second-order contributions.

The damage results at these two energies as a function of total dose are
3 3 ° ° 03 ° 3 2 2 2 - » S
presented in Fig. 5. The characteristic initial increase” in catalase activity
displayed by irradiated catalase solution is also observed here.®

It 1is possible to compare qualitatively the data of Figs. % and 5. The
data of Fig. 3 were obtained at a constant absorbed dose of 18 x 10** photons
per cm3. If one assumes that no dose-rate dependence exists, the data of Fig.
5 may be interpolated at the leveiwggere 18 x lOll photons were absorbed per
cm®,

The data for the 7.3-kev irradiations have been extrapolated (dashed curve)
in terms of an exponential tailing, as is characteristic of such irradiations.
Therefore, at the 18 x 10™" absorbed photon level, almost 100% of the catalase
activity was lost when lrradiation was with 7.%-kev photons and about -10% lost
when the irradiation was with 6.9-kev photons. Qualitatively, then, these data
of Fig. 5 are in agreement with the data of Fig. 3.

The data of Fig. 5, however, also provide a direct correlation of damage
efficiencies at the two energies. Neglecting the characteristic initial in-
crease in activity, it is noted that the linear portions of these two curves,
when extrapolated, have the same intercept, indicating a consistent ratio of
efficiencies and the lack of a "multi-hit" effect. The damage efficiencies may
therefore be obtained from the ratio of the slopes. Such a comparison indicates

1

BForssberg, A., "Action of X-rays on Catalase and Its Biological Significance,
Arkid. Kemi. Miner. Geol., 214, 1 (1945).

% . . . . : . .

It was noted that this activation could be duplicated by adding micromole quan-
tities of very dilute hydrogen peroxide to the catalase solutions prior to the
analysis in which, as mentiocned, macro amounts of hydrogen peroxide were used.

0
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radiation at 7.5 kev is about 2.9 times as effective per photon in producing
damage as 1s radiation at 6.9 kev.

X-RAY FLUORESCENT TIRRADIATION OF CATALASE SOLUTIONS

To obtain higher dose rates and thus shorter irradiation times with the ex-
isting X-ray equipment, a series of irradiations was undertaken utilizing the
Tluorescent radiation emitted by a target. Three different targets were used.
Since the Kg radiation of the target, which constitutes about 15% of the total
radiation, was not filtered out in these experiments, these irradiations were
only approximately monochromatic.

The three target radiators used and the energies of the emitted fluorescent
radiation are given below:

Ky (kev) Kg (kev)
Target Klement ~ 85% of Total ~ 15% of Total
Iron 6.40 7.06
Nickel T.47 8.26
Manganese 5.89 6.49

(Note: Iron K absorption edge is at 7.11 kev.)

The results of these irradiations, again showing the characteristic initial
actlvation, are given in Fig, 6.

The extent of damage produced per photon for the catalase solutions irradi-
ated with nickel and manganese fluorescent radiation appear, qualitatively, as
would be expected on the basis of data of Figs, 5 and 5. The nickel radiation
(which is of greater energy than the iron K absorption edge) is more effective
than manganese radiation (energy less than iron K edge) in producing demage .

Possibility of Sharp Resonance Absorptions.-—The results using iron Fluo-
rescent radiation are, however, completély‘unexpectedq On the basis of the
iron K absorption edge model indicated by the previous data, it would be ex~
pected that the iron radiation, being of an energy lower than the iron K edge,
would exhibit a damage efficiency less than that of nickel radiation and of the
order of that observed for manganese radiation.

This high efficiency of iron fluorescent radiation in producing damsge in
catalase solutions is inexplicable in terms of existing theories. Perhaps sonme
type of resonance radiation absorption may occur when the iron-contalining cata-
lase ig irradiated with iron fluorescent emission radiation.

Because of the nature of these results with iron fluorescent radiation, it
is dmportant to investigate further this possibllity of increased damage due to
resonance radiation absorption. It is planned to repeat this particular set of
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experiments as well as investigate the effects of other fluorescent radistion
on catalase solutions.

COMPARISON OF RESULTS—-CATALASE SOLUTTONS

The data of Fig. 6, for convenlence, have been plotted as a function of
the logarithm of the number of photons absorbed. If plotted on a linear scale
(Fig. 1), variations exist larger than that apparent in Fig. 6. However, as
was the case with the data of Fig. 5, these three sets of Fig. T could be ap-
proximated by s straight line. The relative slopes then serve as an indication
of the relative efficiencies of the fluorescent radiation in producing damage.
These damage per photon efficilency ratios are approximately:

Nickel I Tron s Lron B
e = 1L e = 6.6 e = 5,00
Manganese Manganese Nickel

This nickel-manganese ratio, being an indication of the ratio of efficien-
cy of damage of photons of energy above the iron K absorption edge to photons
of energy less than this K edge, is in reasonable accord with the T.%-kev-—
6.9-kev data (efficiency ratio = 2.9) of Fig. 5.

Again the ratios involving the iron fluorescent radiation suggest the
presence of some unexpected phenomenon. Since both the iron and mangsnese ra-
diation consist of photons whose energy is less than that of the iron K ab-
sorption edge, one would expect comparable efficiencies in producing damage.
As stated above, the observed ratio of iron-manganese is about 6.6.

X-RAY FLUORESCENT TRRADIATIONS OF DRY CATALASE

In an attempt to minimize possible effects due to free radicals produced
in the agueous solvent, as well as to increase the catalase target concentra-
tion, a series of ilrradiations was performed using dry catalase ag the target
material.

Trradiation was by means of target fluorescent emigsion. A Fricke-ferrous
sulfate dosimeter was used for absorbed dose and dose-rate calibration. After
irradiation, the sample was dissolved in 50 ml of l/lSth molar phosphate buf-
fer.

Chromium, nickel, iron, and manganese target radiators were used in these
experiments. The chromium radiation consists of about 85% Ky radiation of en-
ergy 5.41 kev and about 15% KB radiation of energy 5.9% kev. The radiation en-
ergies for the other three targets are listed on page 17. Dose-rate data for
these lrradiations, obtained using a Fricke dosimeter, are listed in Table ITI.
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TABLE ITT

DOSE-RATE DATA, DRY CATALASE TIRRADIATIONS

Target Average Dose Rate
Fluorescent Frgs Absorbed Photons Absorbed
Radiator per gm-hour per gm-hour
Nickel 3.8 x 10° 3.1 x 10+
Tron .o x 10° 3.8 x 10**
Manganese 2.6 x 10° 2.7 x 10%%
Chromium 1.8 x 10° 2.0 x 107

Chromium and Nickel Irradiations.--Chromium fluorescence is of energy less
than the iron K absorption edge whereas the nickel is of energy above the iron
edge. If these data are examined in terms of the logarithm of the percent re-
maining activity as a function of energy absorbed (Fig. 8), the damage response
appears to be g linear function and it is seen that apparently the nickel and
chromium fluorescent radiation are equally effective per unit energy absorbed
in damaging catalase. Thus 1t appears that the damage response is not a func-
tion of energy, at least for the photon energies emitted by these two radiators.

Manganese Irradiations.--The irradiations performed using manganese fluores-
cent radlation are depicted in Fig. 9 by the same two-slope curve ascribed to the
iron-target irradiations. It is open to question whether such a two-slope repre-
sentation for the manganese data is valid, especilally since only one datum point
exists with which to ldentify the initial "induction period.” It is possible,
therefore, that these manganese irradiations result in a damage per unit energy
absorbed similax to that observed with the nickel and chromium radiation. Fur-
ther experiments will provide a more exact representation.

lron Fluorescent Irradiation of Dry Catalase.-—The two-slope representation
for the iron fluorescent irradiations (Fig. 9), however, appears to be real. As
was the case in the irradiations of catalase solutions, here again the iron Koy
and Kg radiation appear to produce completely inexplicable effects.

Radiation induction periods, as apparently present in this instance, have
been observed by various experimenters working with other systems. This induc-
tion dose of radiation prior to the appearance of damage was ascribed to a
multi-hit effect. In view of the lack of knowledge of the mechanism resulting
in radiation damage to catalase, it is difficult to postulate a mechanism based
on a multi~hit phenomenon.

Perhaps even more significant is the steep response curve following the in-

duction region in these iron fluorescence radiations. It is particularly dif-
ficult to explain why, in a system for which a given group of energies (nickel

21
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and chromium radiation) shows & one-hit response, iron fluorescent energies
show & multi-hit response with what becomes a much higher (steeper slope) ul-
timate sensitivity.

DISCUSSION OF RESULTS-~CATALASE SYSTEM
In attempting to interpret fully the significance of these and other re-

sults, cognizance must be taken of the number of molecules damaged per photon
and the existence of any dose-rate dependency

Molecules Damaged per Photon.—The determination of the number of mole~
cules damaged per photon will depend upcon the accuracy of the dosimetry meas-

urements. As evident from Table I, an approximately tenfold difference in
gsensitivity existed between the PFricke-ferrous sulfate and the SPG-l dosimetry
measurements. Therefore any calculations of the number of catalase molecules
destroyed per photon would be only approximations of the true value. When the
total absorption thermal dosimeter, mentioned earlier, is completed, it should
be possible to determine accurate values of these photon damage efficlencies.
On the basls of the present dosimetry measurements, values of these efficien-

cies have been calculated for the 50% damage level (Table IV).

mass absorption coefficients (see Fig. L) that only one photon is absorbed by
an iron atom for approximately @very‘106 rhotons absorbed by the solution.
Therefore one would not expect any observable difference in damage efficlency
as the iron K absorption edge was crossed unless the photon damage efficiency
was of the order of 10”% molecules damaged per photon absorbed. The lowest dam-
age efficiency for solutions, as shown in Table IV, is 0.028. Therefore on the
basis of conventional interpretations of photon demage efficiencies, most of
the catalase molecules are being damaged as a result of secondary radiation-
induced processes. Thus, the discontinuity at the iron K absorption edge, and,
more important, the apparent greater efficilency of lron fluocrescent radiation
in producing damage in catalase solutions become even more puzzling.

In the irradiation of dry catalase, referring to the mass absorption data
of Fig. 4, it can be calculated that, at energies below the iron K absorption
edge, one photon 1s absorbed by an iron atom for every 190 photons absorbed by
the molecule. Above the iron K edge the relative ratio is 1 in 24. Here again
the dats for the nickel and chromium irradiations given in Table IV indicate
that most of the molecules are damsged as a result of secondary energy-transfer
procesgses. For the iron irradiations, 1f one examines only the steep portion
of the curve in Flg. 9, it can be calculated that alt the 50% damage level 235
molecules are destroyed per photon absorbed. If one includes in the calcula-
tion the photons absorbed during the induction period, the value is 88 molecules
destroyed per photon absorbed. In either case these data regarding the irradia-~
tion of dry catalase are of the same order of magnitude in terms of photon dam-
age efTiciencles. Therefore because of the large magnitude of thesge efficien~



TABLE TV

NUMBER OF MOLECULES DAMAGED PER PHOTON
ABSORBED IN VARIOUS CATALASE TRRADIATIONS*

Molecules Damaged
Per Photon Ab-

Catalase Molecules Damaged Per Dosimeter hed in Ter
Systen Photon Absorbed Used Sorbed in Lerms of
Ferrous Sulfate
Dosilmetry
Solution, 6.9 kev 2% Squl X-ray ~ 2.5
ig. 5 Counter ’
Solution, 7.3 kev . OPG-1 X-ra:
olution, .3 70 ° v ~ 7.0
Fig., 5 Counter
Solution, Tron . :
OZUBLON, LIon 0.20 Fricke 0.20
Radiation, Fig. 6
Soluti Nicke . . :
wtion, Nickel 0.046 Fricke 0.0k6
Radiation, Fig. 6
Solution, Manganese .
0.028 Frick 0.028
Radiation, Fig. 6 rrese
Dry, Nickel , e -
‘ _ 160 Fricke 160
Radiation, Fig. 8
Dry, Chromium L.
11k Fricke 114

Radiation, Fig. 8

*Calculated at the 50% damage level,



cles 1t again appears puzzling that two types of response should be observed
for the irradiation of dry catalase.

Doge-Rate Dependence.-—Associated with these observations are the possi-
bilitles of variations in response due to variations in dose rate. A series
of samples of catalase solution were irradisted with cobalt-60 gamma radiation.
The dose required to damage 50% of the catalase proved to be a function of the
dose rate. The extent of damage, however, was found to be relatively independ-
ent of concentration. These data are presented in Table V and Fig. 10.

It is quite possible that the difference in damage efflciencies for the
irradiation of catalase solutions at 6.9 and 7.% kev as compared with the flu-
orescent irradiations (see Table IV) could be due to a dose-rate dependency.

If we assume that the irradistions at 6.9 kev are similar in effect to the
irradiatbions using a manganese target and that the T.%-kev and nickel-target ir-
radigtions are also similar, we may then calculate the ratios stated in Table VI,

Three observations may be made in regard to these data. Filrst, it 1s prob-
ably not vastly significant that the values in the last column are not in more
perfect agreement; s variety of experimental data are involved in calculating
thege ratios. Second the dose-rate dependence in this X-ray energy region is
much smaller than when irradistion is by means of cobalt-60 gamma radiation
(see Fig. 10). Third, the observation of the much greater damage response of
catalase solutions to iron fluorescent radiation cannot be ascribed to the small
dose-rate differences between the iron, mengsnese, and nickel irradiations (data
given in Fig. 6).

Thege irradiations of catalase solutlons utllizing iron fluorescent radi-
ation were at a slightly higher dose rate than those utilizing the manganese or
nickel radiation. Therefore, on the basis of a dose-rate dependence, it would
be expected that the iron irradiations would require the absorption of a slight-
ly larger number of photons to damage 50% of the molecules, an effect opposite
to that observed.

Although no dose-rate~dependence studies were made on dry catalase, it is
conceivable That only a small dependence would also exist.

In summary, it appears that the peculiar damage response of dry catalase
or catalase solution to ilron fluorescent radiation is not a result of & dose-
rate effect. These abnormal effects in response, as well as the apparent iron
K absorption edge effect in catalase solubtions, appear even more puzzling since
apparently most of the catalase molecules are damaged as a result of some sec-
ondary process.

Further studies will be performed in an effort to determine, if possible,

the nature of the response of catalase to radiation. One aspect of these stud-
ies that has been annoying, as well as of concern, is the time required Tor a
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TABLE V

DESTRUCTION OF CATALASE SOLUTTONS AS A FUNCTION OF DOSE RATE

(Cobalt-60 Gamma Source)

Rep Dose t Ergs/gram
Dose Rate, Concentration, P 58;9 ? rg;é;iaw
i 0 (4]
rep/h? ueim/ L Destruction Destruction
650 43,6 1,000 1 x10°
7,800 16.8 7,800 7.8 x 10°
86,000 57.6 60, 000 6  x 10°
131,000 100 85,000 8.5 x 10°
131,000 50 75,000 7.5 x 10°
1,100,000 18.8 196,000 1.96 x 107
TABLE VI
RATIO: DOSE RATES AND PHOTON DAMAGE EFFICIENCIES,
CATALASE SOLUT'IONS
Ratio: Ratio: Photons Absorbed
Dose Rates to Produce 50% Damage
Manganese .
P, = S a7
2.0 koy 2700 80
Nockel 2800 150
7.5 kev ' -
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single irradiation. Irradiation times of from 10 to 50 hours were not uncommorn.
Because catalase solutions were found to be easily "damaged" by light and heat
(see Figs. 11 and 12), it was necessary to observe extreme caution in the hand-
ling of the samples. Control samples were used in the irradiations, thus hope-
fully compensating for any nonirradiation effects, such as the time of standing.
The solutions were maintained at 5°C and shielded from light during the dirradi-
ation. The samples of dry catalase were irradiated at approximately room teme
perature but, again, control samples were used.

Tdeally, to minimize any possible nonradiation effects, it would be desir-
able to irradiate the samples for much shorter periods. This would be possible
1f higher dose rates could be obtained. Unfortunately, higher dose rates are
not obtainable with the X-ray unit used in this study. It would be desirable,
therefore, to use a new X-ray unit capable of a higher emission flux. We are
currently looking into the possibility of such an acquisition.
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ITI. THE n-BUTYL BROMIDE SYSTEM

Samples of purified liquid n-butyl bromide containing DPPH (diphenylpicyl-
hydrazl) at a concentration of 1.2 x 1077 M were irradiated with fluorescent ra-
diation of various energies in the range of from 5 to 25 kev, the bromine K ab-
sorption edge being at 13.48 kev. Damage to this system was determined in terms
of the amount of free radicals produced as indicated by "loss" of DPPH scavenger.
The amount of free DPPH remain%ng in a sample after irradiation was determined
spectrophotometrically at 5200A using a Beckman DU spectrophotometer. The Beck-
man was speclally equipped to utilize micro-cuvettes to measure the optical den-
sity of extremely small volumes (0.150 ml) of sample solution.

Preliminary studies indicated that this system is reasonably insensitive
to dose rate and DPPH concentration. A twentyfold increase in dose rate re-
sulted in less than a twofold decrease in damage per unit energy absorbed. A
tenfold increase in DPPH concentration resulted in less than a twofold increase
in damage per unit energy absorbed. Apparently, then, the DPPH is scavenging
successfully most of the free radicals formed. Dose rates of 1 to 8 x 102 pho-
tons absorbed per second, as determined using the SPG-1 proportional counter,
were used in all irradiations.

Preliminary experimental results do not indicate any large anomalous dam-
age response at the bromine K absorption edge. These preliminary results may
be depicted, qualitatively, by the straight line plot of Fig. 13.

Liquid n-C,HgBr

1.2 x 1077 M DPPH

it
Yitrary unit
o

i~

)
i

(az

Damaege per Un

| | | | |
5 10 15 20
kev

i' »]
\J1

Fig. 13. Damage per unit energy (in arbitrary units)
as a function of fluorescent X-radiation energy.
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The resson for the negative slope in Fig. 1% dis not known. It 1s possible
that it is a reflection of dosimetry dependence. The (possible) slight decrease
in damage efficlency at energies greater than the bromine K absorpbion edge may
be due to loss of bromine Ky and Kp fluorescent radiation generated within the
sample.

Tt should bhe noted that the absorption coefficlent of n-butyl bromide de-
pends largely on the absorption of the bromine atom. Below 13%.48 kev, approxi-
mately 96% of the photons are absorbed by the bromine atoms, whereas above 15.48
kev more than 99% are absorbed by the bromine atoms. Thus a change al the bro-
mine K absorption edge in damage per photon absorbed or per unlt energy absorbed
could also result 1f in some manner absorption in the bromine K shell, with its
gubseduent K fluorescence or Auger electron emission, results in the production
of an amount of bromine mtoms different from that resulting from I shell absorp-
tion.

Future experiments will be directed toward a more precise determination of
the magnitude of the discontinulty in response at the bromine K absorpblon edge.
These data will provide a basis on which to determine whether the logs of {flu-
orescent radigtion will account for the magnitude of the discontinuity.



IV, AN ORGANO-MERCURY SYSTEM

Samples of solid G-acetoxymercuri-B-methoxy-hydrocinnamic ethyl ester were
irradiated with filtered and mixed (Kd, Kﬁ) fluorescent radiation in the energy
region of from 9.2 to 17.5 kev. The wmercury Lrty adsorption edge is at 12,282
kev, Damage was defined in terms of the amount of free mercury produced as a
result of an irradiation. It was obtained by dissolving the compound in abso-
lute alcohol and centrifuging the wercury. The mercury was then dissolved in
concentrated HpSOy -HNOg and the amount of mercury produced (gg, 0.5 mg) was
determined spectrophtometrically using dithizone complexing agent.

The compound R-Hg contains 40 weight percent mercury. In the energy re-
gion studied, the mercury atoms absorbed a minimum of 97% of the photons. With-
in experimental error, the damage per unit energy absorbed as a function of en-
ergy appears to be linear with no discontinuities at the mercury LyyT absorp-
tion edge.






APPENDIX

X-RAY ENERGY RESOLUTION

In the plastic film and catalase experiments utilizing diffracted X-radis-
tion, 1t was necessary to use falrly large slit widths to obtain a dose rate
sufficlently high so that an irradiation could be performed in a reasonably
short time. Even with the slit widths used, many irradiations were of 50 %o
100 hours duration. Because of the large sample and therefore large slit
widths used, the energy spectrum impasrted to these samples included appProxi -
mately the range of 0.95 E to 1.05 E, where E is the energy calculated from
the X-ray Bragg angle setting.

For any given angle, and thus average energy, about 90% of the total en-
ergy arriving at the sample was found to be contained in a 20 = 5.0° Bragg
angle range centered on the sample, as indicated by the data given in Fig. 1k,

Percent of

Totel Energy | 3.5% | 2% | 319 | 2% | 3.% |
2@ Blﬁagg 2 ° - é ° . :C, ° 2@ 4 ..:!Z ° 4 .é ° EX j’.;. °
Angle 2 2 2 2 2 2

L= PASR I L ‘ 1.:/)” }48

at certain . : Lo, ’ L o
certan 12,61 12,95 13,29 15.63 1h.01 L. 29

angle set- : 33.17

tings ; . . o I
vAHe o8, L 20,1 %01 2, % 36.8 39,7
1

N

Note: K absorption edge, kev: iron = 7.11, bromine = 13.48, iodine = %

Fig. 1k, Percent of energy absorbed by a sample in 20 = 1° Bragg an-
gle regions centered about the Bragg angle 20.

.

To obtaln more nearly monochromatic radiation, a target fluorescent radia-
tion technique was utilized. TIn these irradiations the X-rays emitted by a
target radiator consisted of primarily 85% Ko and 15% Kg fluorescent emlssion,
Dose rates were generally 10° to 10* greater than that obtained by the diffrac-

f v

tion method.

The K@ radiation could be reduced preferentially by interposing & filter,
generally of atomic number one less than that of the fluorescent radiator. The
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Ky radiation 1s reduced in intensity by a factor of approximately three while
the K5 is reduced in intensity by a factor of about 50 to 100. As a result,
the filtered raidation is composed of about 99 to 99.5% Ky radiation. The dose
rate is reduced only by a factor of about three.

Such filtered fluorescent irradiations will be utilized in analyzing fur-
ther the damage response of the catalase, n-butyl bromide and organo-mercury
gystems, '

In the energy region of from 5 to 35 kev, 35 K, emission energiles exist.
It must be recognilzed, therefore, that the use of this fluorescent technique
linits the investigations to only specified energies. For many studies, this
number of discreet energy irradiations could, however, provide sufficilent data
with which to investigate the damage response of a system. More important, the
existence of Ky and,K5 regonance radiation effects, as suggested by the cata-
lase system data, would be apparent only when irradiation was by means of tar-
get fluorescent radiation.
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