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ABSTRACT

Fuel, cladding, and structural materials, modera-
tors, coolants, pressure vessels, and other components
of nuclear reactors are bombarded by fast and thermal

IS «"2 —1neutrons (with fluxes up to and above 10 cm sec )
at elevated temperatures. Fuel elements are also
exposed to fission fragments; all components are
exposed to high fluxes of gamma rays. As a result the
physical properties of materials are modified, usually
in undesirable ways. Brittleness, altered creep, and
swelling which leads to complex deformations and induced
stress are common problems. A broad understanding of
these effects in terms of displaced atoms, point defects,
dislocations, disordered regions, voids, and transmuta-
tion-induced impurities has been developed. Much
empirical information has become available, and means
for lessening certain effects have been found. Know-

' ledge of the details of atonic mechanisms, particularly
the-' r quantitative aspects, in the broad range of
materials of interest is still inadequate, and the
body of empirical data, particularly at the higher
levels of exposure, needs to be extended. Bombardment
of thin specimens with charged particles from accelera-
tors has been a useful tool for simulating high neutron
exposure, but the degree to which the simulation is
adequate needs further investigation.

INTRODUCTION

Among the various materials problems associated with nuclear
reactors, there is one that continues to be of special interest to
physicists, namely the influence on solids of nuclear radiation./
Beginning with the deleterious effects of fast neutrons on graphite
moderator materials, which were first encountered in the early 40's,
such problems have been under continuous study for about thirty
years. So much has been learned in this time that all problems may
appear to be solved, but this is far from true. Indeed, as will be

detailed below, major developments continue to occur. In this paper

^Supported by the Atomic Energy Commission.
/Much of the discussion that follows applies also to materials
problems of controlled thermonuclear devices, where damage to
walls and structural components by energetic ions and fast
neutrons is expected to present serious problems. See Refs. 14

-and 15.
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a short survey of effects of current interest will be given. No
attempt will be made to treat the subject exhaustively,

The principal cause of radiation effects in reactors is the
flux of neutrons throughout the interior of the reactor, and the
fission fragments which irradiate fuel and blanket materials.
Other charged particle components of the radiation exist but are
of relatively minor significance. Gamma rays, which are intense in
the core, deposit heat and, in the case of insulating materials,
may also produce a part of the radiation damage. The neutrons
originate in the fission process where they are born with a spectrum
of energies ranging from zero to somewhat above 10 MeV, with a mean
energy of about 2 MeV and most probable energy of about 1 MeV. The
actual spectrum at any point in the reactor departs from this,
generally toward lower energies, depending on the amount of modera-
tion and absorption that has occurred. The greatest intensity of
flux., as encountered in the core of a power producing reactor, may

be somewhere between 10 and 10 neutrons/cm sec, with a mean
energy of the order of 1 MeV. At the pressure vessel in a power

a IT
reactor the flux of fast neutrons may be in the range 10 to 10

2neutrons/cm sec.

The interactions of neutrons with matter fall into two cate-
gories, nuclear scatterings, which produce energetic knock-on atoms
(typically with energies of tens to hundreds of keV), and nuclear
reactions which produce transmutations. The transmutation-produced
impurity atom of perhaps greatest technological significance is
helium, produced by (n,o) reactions. Numbers vary enormously with
conditions, but typically 1 to 100 atomic parts of helium per
million will be produced in stainless steel components in the core
of a reactor in a few years of operation. Reactions of neutrons
with Ni, Fe, Cr, and such impurities as nitrogen and boron all play
a role in helium production. Hydrogen is also produced in substan-
tial quantities by (n,p) reactions, but because of its higher
diffusivity it escapes more rapidly and therefore usually is of
less significance.

The other products of neutron interaction, namely energetic
knock-on atoms, are the starting point for most of the damage to the
crystalline lattice. Such a knock-on initiates a collision cascade
in which, typically, hundreds of atoms In a region some hundreds of
Angstroms in dimensions participate. The initial product of such a
cascade is a large sprinkling of atoms that have been displaced
from their lattice sites to interstitial positions, and an equal
number of vacancies scattered over the region of the cascade. Some
of these point defects will find themselves in small clusters, such
as di-vaeancies, trl-vacancies, di-interstitials, etc., which have
distinctive behavior. Immediately afterward, thermally induced
rearrangement, annihilation, and migration sets in, so that the
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final state depends upon temperature, impurity content, and other
variables. Fig. 1 illustrates a typical cascade, as found by
Beeler , .from a somewhat simplified computerized model.

Fig. 1. Typical collision cascade in a-iron as calculated from a
binary collision model by Beeler. Three-dimensional trajectories
of atoms are shown projected onto a (001) plane. The short heavy
line with the kink in the middle is the primary knock-on that
initiated the cascade (arbitrarily assumed to start with 5 keV).
Trajectories of secondary knock-ons are shown as heavy dotted lines
emanating from the primary track. Thereafter alternately dashed
and solid lines represent the trajectories of successively higher
order knock-on atoms.

17 18Other computerized•calculations ' have given realistic inforaa-
- tion on cascades in simple crystals at low or moderate energies.
All of the studies together allow one to understand reasonably well
the initial state of damage following a primary knock-on event in a
wide range of conditions. ' The interactions between defects and
their thermally-activated rearrangements are less well agreed upon.

When the defects produced by the primary knock-on are numerous
and close together, which is particularly true for energetic events
in substances of high atomic weight, collective descriptions of the
damage process, such as the so-called displacement spike models, may



have limited usefulness,
rather controversial.

Such models remain highly qualitative and

Fission fragments, being intermediate mass ions of very high
energy, produce a high density of displaced atoms along thin short
paths (1 to 10 ym in length). They are responsible for intense
radiation effects in fuel and blanket materials. Limitations of
space prevent discussion of these rather special problems here.
The interested reader is referred to the standard texts.2""7

MECHANICAL EFFECTS

From early days in the study of radiation effects, it has been
known that heavy exposure of metals to fast neutrons produces
hardening and embrittlement. Typical stress-strain curves before
and after irradiation are shown in Fig. 2. Irradiation raises the

yield stress and ultimate
stress and reduces the due-

IRRADIATED . tility. Generally such
effects set in at lower
fluences in simple annealed
metals than in metals
strengthened by cold working
or precipitation. In ferritic
steels the ductile-to-brittle
transition temperature is
usually raised by irradiation,
and the ductility above the
transition temperature is
lowered. In a general way it
is dear that the defects pro-
duced by irradiation will tend
to increase the yield stress .
by locking dislocations, an
effect in pure metals similar
in many respects to that of
alloying. The effects in the
work-hardening range and beyond
are more complex, and while
many models have been advanced
to explain observations, these

are qualitative and rather speculative. A mass of empirical data on
'Structural alloys has been accumulated, but is not well coordinated
by quantitative theoretical understanding. Generally radiation
embrittlement imposes the most serious limitations on two struc-
tural components of reactors: fuel cladding, which may be caused
to leak or rupture, and pressure vessels for water reactors, where
the useful lifetime of the vessel may be reduced.

STRAIN—

Fig. 2. Stress-strain curves
typical of many structural
'metals before and after
irradiation.
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Recently a valuable development lias occurred. Certain resi-
dual elements, copper and phosphorus, have been found to cause
radiation brittleness in pressure vessel steels. It has been found
that elimination of these elements virtually eliminates radiation
embrittlement at temperature and fluences of interest in pressurized

20 23water reactors and boiling water reactors. ' Fig. 3 shows
brittleness before and. after irradiation in three samples of steel
which differ in their phosphorus and copper content.

, -h I—kL A *
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Pig. 3. Comparison of radiation embrittlement (as measured by
Charpy-V notch 5.2 kgm/cm transition temperature) of steels with
.varying amounts of residual elements (see text).

The curves show Charpy-V notch energy as a function of test temper-
aCure. The upper set of curves is for a commercial sample of
A302B steel plate. The unirradiated specimen shows the typical
transition from brittle behavior below about -50°C to ductile

behavior above about +50°C. After irradiation to 3.1 x 10

fast neutrons/cm at 288°C, the curve is shifted to the right by
t»92oC, and the ductility at higher temperature is distinctly
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impaired. The middle curves show the same tests on a special heat
of similar steel with a lower content of residual elements. The
increase of transition temperature with irradiation is now only 75°C,
and the high-temperature ductility is almost unaffected. The bottom
set of curves show results on a special batch of steel with very low
residuals. The irradiated and unirradiated specimens are now
essentially indistinguishable. The identification of phosphorus
and copper as the elements responsible has been completed in further
extensive experiments with this and several other steels (summarized
in ref. 23). Th2 reasons for this effect have not been determined,
although one suggestion is that copper interacts with vacancies to
form defect complexes which are more numerous and more stable than
in the pure steel, and that this retards the dynamic recovery process
during irradiation.

Irradiation affects high temperature creep and creep rupture
properties of steels, usually increasing the creep rate (although
it also can decrease it) and reducing the creep rupture strength.
Irradiation provides several mechanisms by which creep tan be
altered, but the total picture is complex. For discussions of
these effects the reader is referred to Bush, Reuther and

Zwilsky,23 Gilbert and Harding,2* and Ring, et al.25

VOIDS AND SWELLING

Of the point defects introduced into metals by irradiation,
some (the interstitials) are mobile at quite low temperatures.
Single vacancies become mobile around 100 C to 200°C, and small
clusters of vacancies have widely varying degrees of mobility.
While some clusters are known to be stable to higher temperatures,
and voids have been seen in irradiations at lower temperature, there
were grounds for believing that irradiations of structural alloys
at high temperatures (e.g. 500°C) would produce little damage
because of the simultaneous annealing that would occur.* Thus it
was a surprise when Cawthorne and Fulton in 1966 reported pronounced
swelling, with the formation of microscopic voids, in stainless
steel irradiated to high fluences at elevated temperature. Since

this observation, which was published in 1967, an immense amount
of work in many countries has been done on all aspects of the

27
*Barnes and Mazey showed in the early 1960's that bombardment of
copper with a-particles from a cyclotron at certain temperatures
could produce voids stabilized by gaseous helium, known as
bubbles. They developed a theory for nucleation, growth, coales-
cence, and migration of helium bubbles in copper which later proved
to be of service in understanding high-temperaturss helium embrit-
tlement in structural alloys and fission-product swelling in fuels.
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11 12 29
phenomenon of swelling and void formation. * ' For the reactor
designer, particularly in the case of fast reactors with their vary
close mechanical tolerances» this swelling phenomenon is a serious
problem which requires costly modifications of design and limita-
tions on performance. Huebotter and Sump" estimated that, to accom-
modate only 5% swelling in breeder reactors over the period 1970 to
2020 had a 1970 present worth of from $860,000,000 to $5,600,000,000
relative to the case of 15% swelling. Thus the impetus for seeking
low-swelling alloys is great.

It is now known that most metals heavily irradiated at tempera-
tures in the range approximately 0.3 T m to 0.6 T , where T is the

absolute melting temperature, show the swelling phenomenon. Irradia-
tions above or below this temperature range do not produce it. The
swelling seta in after a threshold fluence, which depends on material
and conditions, and increases thereafter, through the: range 10 to
23 ' 2 i

10 fast; neu'trons/cm . In early stages the volume is often observed
to increase more rapidly than linearly with fluence above threshold,
and at very high doses (experimentally achievable witli ion bombard-
ment rather than neutrons) a tendency to saturate is seen. Volume
increases may ultimately reach 10 to 20Z, or more. Asi an example,
Fig. 4 shows the density change, -Vp/p, as & function of fluence in
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Fig. 4. Density change, -Vp/p, as a function of fluence in aluminum
and several of its alloys irradiated at about 50 C (after Jostsons
et adrh.
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aluminumoand several of its alloys, irradiated at temperatures
above 50 C.

Specimens that have swelien in this manner contain a large
number of microscopic voids, clearly visible in the electron micro-
scope. Fig. 5 is a rather typical electron micrograph of aluminum

22 2
(1100 grade) irradiated to a fluence of 2.8 x 10 neutrons/cm(E > 0.1 HeV) at 50 C. The voids in this picture range from
100 A to 1000 A in diameter. Note that they tend to have culthey
shapes and are distributed apparently at random.

cubic
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Fig. 5. Electron micrograph of rather heavily Irradiated aluminum
showing voids within the grains and silicon precipitation at the
grain boundary (after Jostsons et al 3 Z).

In the earliest stages of void production, the voids are very
small. With further irradiation the number of voids per unit volume
increases, 'and their mean size increases. It is typical for the
. voids to have geometrical shapes determined by low index (i.e. low
energy) plans of the metal. At high temperatures of irradiation,
for a given fluence the voids tend to be larger but less numerous.
Thus, Fig. 6 shows the minimum void size observed in 304 stainless
steel vs. irradiation temperature; Fig. 7 shows Che void density for
the same material and set of irradiation temperatures. It is
observed that voids are absent or less numerous near grain bound-
aries, and that copious tangles of dislocations grow in at the
same time as the voids.
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Fig. 6. Size of
smallest voids db-
serveu in irradi-
ated 304 stainless
steel vsj tempera-
ture of irradia-
tion (after .«
Appleby et al. ).

Fig. 7. Density of
voids in irradiated
304 stainless steel
vs. temperature of
irradiation (after

Appleby et «1.*2).
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As a result of the many investigations of void growth and
swelling in the last seven years, the qualitative nature of the
phenomenon and its scope are well known. The mechanism responsible
is widely believed to be the following: Vacancies and intersti-
tials are produced in equal numbers in the radiation damage cas-
cades, and at the temperatures in question migrate rapidly to
sinks. Although this process is approximately symmetrical between
vacancies and interstitials, it is not exactly so, and the
imbalance is crucial. Interstitials are attracted more strongly
to dislocations, where they are absorbed, than are vacancies (by
reason of the larger strain field around the interstitial). More-
over, even in regions far from dislocations interstitials migrate
more rapidly than vacancies.* Tnuu an excess of vacancies is built
up after the irradiation starts, and eventually reaches a suffi-
ciently high supersaturation to cause nucleation and growth of
vacancy clusters, i.e., voids. The nucleation process itself
remains controversial, and indeed several different nucleation
mechanisms may operate. Homogeneous nucleation may occur, if the
supersaturation is sufficiently high; heterogeneous nucleation
probably is more common, and this may be brought about by existing
impurities or precipitates, by small heavily damaged regions
(displacement spikes, etc.) introduced by the radiation, or by
residual gases in the metal and gases, notably helium, produced
by the radiation. That displacement spikes and transmutation
gases are not essential is proved by the production of voids in
very pure metals by electron irradiation, which is incapable of
producing either spikes or transmutations. On the other hand,
injection of helium along with or prior to irradiations has been
shown to lower the threshold exposure at which voids are formed
in some metals* This shows that gases can promote void formation.
A second major issue, not yet well resolved, is the question of
why the small clusters of vacancies do not collapse into disloca-
tion loops. The presence of enough helium (or other gas) in the

*If the mean residence time of a defeat, before annihilation or
removal is T, and the rate of production of this defect, per
unit volume, is n, the mean concentration of the defect under
steady state condition is frr. The faster migration of inter-
stitials, in addition to their attraction to dislocations, causes
x for interstitials to be less than x for vacancies and thus,
lowers the relative concentration of the former.
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nucleated cluster would prevent collapse.* la some cases there
appears to be a geometric metastability of the small vacancy cluster
which is sufficient. Growth of the void nucleus clearly takes place
by the continued inflow of vacancies produced in the course of the
irradiation* Also in the growth stage both an excess of vacancies
over the equilibrium number and an excess over the number of
interstitial* continue to be necessary.

Several quantitative models of void production have been
developed and are reasonably successful in describing the simpler
observations, although a rather large number of parameters is
required that are not well determined by independent means.

The observation, at first puzzling, that void swelling occurs
only in a certain range of temperatures (M).3 Tffi to 0.6 Tm) can now
be understood: At too low a temperature vacancies are not mobile
and thus cannot aggregate. At too high a temperature the rapid
motion of vacancies to existing sinks prevents the buildup of the
necessary supersaturation {moreover, the equilibrium concentration,
which must be exceeded, increases rapidly with temperature). The
higher the flux of radiation the higher the range of temperatures
in which supersaturation can be achieved* In agreement with this,
experiment shows that the upper .limiting temperature for swelling
is flux dependent. In ion bombardments, where the damage rate is
much higher than in reactors, swelling occurs in a temperature
range with a substantially higher maximum.

The swelling phenomenon, since it occurs at temperatures that
are common in modern power reactors, and in materials such as stain-
less steels which are employed for numerous structures in and near
the core of the reactor, presents problems to the reactor designer.
In the liquid metal fast breeder reactor, fuel is contained in
long cylindrical stainless steel tubes, typically 1/4 in. in
diameter and about 9 ft long. These fuel "pins" are formed into
bundles about 5 in. in diameter, and each bundle is contained in a
larger tube of stainless steel. The bundle is inserted into the
reactor and removed as a unit, and a typical large reactor will

*That an appreciable amount of helium is present in voids after
some irradiations has been proved in ingenious experiments of
Xatyal,Keesom, and Cost. Aluminum was irradiated with cyclotron
alpha particles to produce concentrations up to 300 ppm of helium.
After annealing at temperatures above 600°C, which produced voids
visible.in the electron microscope, the specific heat of the
aluminum sample was measured as a function of temperature from
2°K upward. A pronounced peak in the specific heat centered on
4.2°K was observed. This is clearly caused by the liquid-vapor
transition of the helium in the bubbles.
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contain about 500 bundles. Liquid sodium, which is the heat trans-
fer medium, flows upward through each bundle. The bundles are
supported and positioned by a pair of grids (known as grid plates)
lying in horizontal planes, one above the other. Without belabor-
ing the details, it is clear that operation of the reactor and
fuel handling both require that rather close mechanical tolerances
in this assembly be maintained. Hie fuel elements must retain
their integrity for the life of a core, perhaps a year, while the
grid plates and other permanent structures oust retain their
integrity for the life of the reactor. Since the neutron flux is
not uniform everywhere, one side of a typical fuel assembly will be
subjected to store fluence and hence more swelling than the other.
This produces bowing of the long assembly which imposes undesirable
limits on the lifetime of the core. Unequal flux on the two sides
of each grid plate tends to cause buckling of the grid plate. For
reasons such as these it is urgent to develop alloys with minimal
swelling.

From the understanding of the mechanism sketched above, some
means of accomplishing this suggest themselves: Additional sinks
for vacancies, or increased mobility of vacancies, or reduction of
the preferential trapping of interstitials at dislocations will
reduce the excess concentration of vacancies; traps for intersti-
tials can hold up the migrating interstitial and simultaneously
constitute a trap for vacancies; perhaps some conditions can be
found which hinder the nucleation of voids or even destabilize the
growing voids; and finally, particular alloys may be found for which
the swelling rate at desired operating conditions is lower because
of altered values of all the relevant parameters.

Adda has reported that in nickel and copper the addition of
elements that reduce the stacking-fault energy minimizes swelling.
One explanation is that this reduces the strain field around dis-
sociated dislocations, reducing their preference for interstitials.
In the case of addition of Al to Cu, one case in point, the mobil-
ity of vacancies is also increased, which would cause the maximum
swelling to occur at a lower temperature.

Certain minor changes in the composition of stainless steels
•have produced substantially improved resistance to swelling.

Bramman, et al. suggest that very stable, finely dispersed
coherent precipitates, such as TiC, NbC, and y* phase, can produce
traps which promote recombination of Frenkel pairs thus reducing
the concentrations of vacancies. They also show that cold working
in such steels is beneficial, maximum swelling rates in 20Z cold
worked material being some two to three times lower than those in

36the same material after solution treatment. Straalsund et al.
confirm that austenitic stainless steel subjected to cold work
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22shows negligible void formation after irradiation to 3 x 10

neutrons/cm in the temperature range 370°C to 850°C. Bloom
has noted lower swelling in 10% cold-worked 304 stainless steel
after similar irradiations. There is a discrepancy, however,
between the microstructures reported by these various investiga-
tors, Bramman reporting that the swelling reduction from cold work
is due to a reduction in size, rather than number of voids, while
Straalsund and Bloom attribute the effect to a reduction by fac-
tors of 20 to 50 in the number of voids with little change in their
size. The reduction in number of voids could be most readily
explained on the assumption that the greater number of traps in
the cold worked material reduces the concentration of vacancies
attained, which inhibits the nucleation process.

38Laidler has investigated a niobium-stabilized austenitic
stainless steel, AISI 343, in which the niobium carbide can be
caused to precipitate in association with stacking faults to
provide a high concentration of sinks for point defects (as well
as improved tensile and creep properties at elevated temperature).
It is hoped that in this material void formation, and swelling,
can be strongly suppressed.

39Farrell et al. investigated void formation in aluminum and
some aluminum alloys. They found that 6061 and 6063 aluminum
alloys are much more resistant to void formation than commercial
grade 99.0% purity aluminum (1100 aluminum). The former are
precipitation-hardened alloys containing up to 1.2% magnesium and
0.8!S silicon. They contain very finely divided coherent MggSi
precipitates interlaced with dislocations.

An alternative explanation for the effect of cold work is
advanced by Buswell et al. who argue that at high enough disloca-
tion density, dislocations are inhibited from climbing by mutual
interference which causes, them to cease to perform as sinks for
interstitials. They also point out that coherent precipitates
will similarly inhibit dislocations from functioning as sinks for
interstitials, but that Incoherent precipitates provide plentiful

, sinks at their interfaces with the lattice. Thus coherent
precipitates discourage void growth, but averaging to the stage
where the precipitates become incoherent reverses the inhibition.

A curious phenomenon sometimes observed when voids are
produced by radiation is the formation of a superlattice of the
voids. • Wiffen reports such effects iB molybdenum irradiated at 585°C
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and niobium irradiated at 790 C, in both cases to a fluence of
2.5 x 10 2 2 neutrons/cm2 (>0.1 MeV). Two of Wiffen's electron
micrographs are shown in Fig. 8. .
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Fig. 8. Examples of superlattices of voids in (a) molybdenum
irradiated at 585°C and (b) niobium irradiated at 790 C. The
fluence for both samples was 2.5 x 10 neutrons/cm , E > 0.1 MtiV
(after W i f f e n ) .

Although the superlattice is not perfect, its regularity is quite
remarkable, and there is a clear alignment with the underlying
crystal lattice. Other observations of void superlattices have been

43 44
reported by Kulcinski et al. and Evans et al. The latter group
bonbarded molybdenum foils with 2 MeV If1" ions at 870°C to the rather
high dose whereby an average of 100 displacements were experienced
by each atom. Fig. 9 shows two electron micrographs at different
orientations of the resulting arrays.
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Considerations of elas-
tic interactions be-
tween voids in an
anisotropic medium
show that such arrays
minimize the inter-
action energy. Pre-
dictions of the super-
lattice constant can
be made from such con-
siderations and are in
sftmiquantitative agree-
ment with the observa-
tions. The process by
which such a lattice
is formed is not
entirely clear, how-
ever, and offers an
interesting field for
further work that
perhaps would illumi-
nate all of the pro-

cesses by which voids are formed and grow. The metals in which such
superlattices have been observed are substances of high elastic
anisotropy, and for the most part body-centered cubic superlattices
are found in body-centered cubic alloys and face-centered cubic
superlattices are found in face-centered cubic alloys.

Fig. 9. Superlattice of voids in moly-
bdenum after heavy bombardment with W
ions at 870 C. Left photo shows projec-
tion of void array in [010 ] direction,
right shows projection in [ill] direction.
The array is b.c.c. (after Evans et al.**)

USE OF ION BOMBARDMENT

It has already been remarked that bombardments of thin speci-
mens with energetic ions can produce effects similar to neutron
bombardment* The ion bombardment technique, in addition to its
intrinsic interest, is of importance as a means of simulating heavy
exposure to fast neutrons in much less time and at lower cost, with
the further advantages that the irradiated specimens are not highly
radioactive, as is the case after prolonged reactor irradiations,
and the ambient conditions (temperature, etc.) are more easily
controlled during irradiation. At least three disadvantages to
this simulation should also be recognized: the spectrum of knock-on
atoms is never precisely the same as with neutrons; transmutation
effects are absent; and, because of the short ranges of heavy ions
of appropriate energies, the specimens must be very thin, which
means that disturbance from proximate surfaces must be guarded
against:.

As an illustration, 5 MeV nickel ions have a range of slightly
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lessthan 2 ym in metallic nickel, and 1.3 MeV protons have a range
of only 10 urn in the same substance. MeV neutrons, on the other
hand, penetrate a mean distance of tens of centimeters before
suffering a collision. For comparing exposures it is conventional
to calculate the mean number of times during a bombardment that
each atom in the specimen is displaced from its lattice site to an
interstitial position (from which it usually finds its way back
into a lattice site by thermally activated processes before being
displaced again). Kulcinsky et al.*3 have given a useful chart of
this index of relative effectiveness of different types of radiation
applied to nickel (Fig. 10).

NEUTRON
IRRADIATION

CHARGED-PARTICLE
BOMBARDMENT

Fig. 10. Maximum damage rates available by various energetic parti-
cle bombardments of nickel, measured as displacements >per atom per
second (after Kulcinski et al. 4 3).
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The rates of production of displacements per atom per second for
various kinds of radiation are shown. For the charged particle
radiations the calculations are for presently attainable fluxes
(in some cases limited by allowable heating of the sample). This
figure shows that damage with ions can be accumulated at rates
2 to 5 orders of magnitude higher than with neutrons.

A further elaboration of the ion bombardment technique is to
bombard, simultaneously or consecutively, with impurity ions and
with ions of the same chemical species as the sample, thus simulating
the principal effects of transmutation. This method has been
employed rather frequently to introduce helium in studies of void
formation.

From one point of view the ultimate in simulation would be to
bombard a very thin specimen with ions of the same species provided
with the same spectrum of energies as the primary knock-ons that
would be produced by neutrons (allowing, of course, for the
spectrum of energies of the neutrons being simulated). For
elements aa heavy as iron and fission neutrons, however, this
presents grave difficulties, for the required ions are of such
low energy that their penetration is in the sub-micron range.
Thus 1 MeV neutrons on iron produce primary knock-ons in iron with
a mean energy of about 30 keV. A second approach is to use protons
of about the same energy as the neutrons. The energy transfer
cross section for MeV protons on many nuclei is not enormously
different from that of neutrons of the same energy, although it is
not identical. However, unless the specimen is much thinner than
the range of the proton (the order of 10 pm), degradation of energy
of the proton in the specimen will occur, producing a gradient of
damage and possibly retention of hydrogen. Still another approach
is to bombard with ions of higher energy, use the observations to
determine essential parameters in a model of the damage process,
and then use the model to predict corresponding damage by neutron
irradiation. Obviously none of these approaches is ideal, but the
latter may eventually prove to be the most powerful. Clearly a
large field remains open for further investigation.
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