
Abstract. The state of the art in the modification of iron, steel,
and titanium alloys and some metal multilayers by medium
intensity (106 ± 109 W cmÿ2) pulsed electron and ion beams is
summarized, including the contribution from the authors.Many
of the processes that determine the defect structure and its
properties are described and such problems as the formation of
elastoplastic and shock waves, mixing of multilayers, thin film
deposition, and nanophase powder synthesis are discussed. The
high potential of particle beam technology Ð in particular, for
improving the operating characteristics of materialsÐhas been
demonstrated amply by research centers worldwide.

1. Introduction

The emergence in the last few decades of optical quantum
generators and accelerators of high-current electron beams
(HEB) and high-power ion beams (HIB) has created the
unique possibility of establishing new ways of acting on
materials by concentrated energy fluxes. In contrast to the
traditional methods such as impact-wave loading and
quenching and annealing of steel, the beam approach
incorporates simultaneous radiative, thermal, and mechan-
ical action. In this realm, unique effects have been detected,
such as the condensation of excitons in semiconductors
subjected to laser radiation [1, 2], brittle fracture of all types
of solids under HEB [3 ± 8], surface [9 ± 18] and bulk [9 ± 15,
19 ± 21] strain hardening of metals irradiated with HIB,
generation of elastic [14, 15, 22 ± 27] and shock [5, 15, 28]
waves, and intensive ablation of matter in the plasma state
under HEB [4] and HIB [16 ± 18, 29 ± 37]. Most of these
phenomena are nonlinear and can be observed at intensities
and fluences exceeding certain critical values. Radiation-
stimulated processes have a complicated physical nature
related to the specific features of the transformation and
accumulation of the absorbed energy in the event of super-
dense excitations of the electronic and atomic subsystems of
solids [7, 38]. This facilitated the development of new
fundamental directions in the physics of high energy
densities, including the solution of the problem of controlled
thermonuclear fusion [39, 40].

New directions evolved in radiative materials science,
directions related to the solution of applied problems of
nuclear power engineering, the aerospace industry, mechan-
ical engineering, microelectronics, etc. It was found that the
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traditional chemicothermal methods of processing materials
could not solve the new problems and had practically used up
their potential, while ion implantation did not always yield
the necessary results. Laser light was found to be highly
effective, a fact reflected, e.g., in Refs [41 ± 46]. However, laser
beams have moderate efficiency and are characterized by
small processing areas, high production costs, and in some
cases a high reflectivity from the target surface.

Now, when for well-known reasons the financing of R&D
in beamweapons has been cut considerably worldwide and in
many countries conversion programs have been developed,
the need emerged to use the operating high-current accel-
erators for new goals and problems. Such accelerators are
being developed for specific applications [47], and their main
parameters are the beam composition, the particle energy,
and the intensity and duration of the irradiation. It is the
values of these parameters, the conditions of irradiation, and
the properties of the material that determine the rates of
heating, cooling, melting, and evaporation of the material,
the ablation of the surface layers, the development of thermal
stresses, and the generation of elastic and shock waves. The
above processes determine the modified properties of materi-
als not only in the surface layers but also in the bulk at depths
that exceed the projected particle range by several orders of
magnitude, i.e., long-range effects arise.

Low-energy (up to several tens of keV) and high-energy
(several MeV) HEBs with pulse lengths varied from 10ÿ8 to
10ÿ6 s, current densities up to several kA cmÿ2, and fluences
up to several hundred J cmÿ2 per pulse are used to modify
materials. Beams of light ions (such as ions of hydrogen,
carbon, and nitrogen) are effective in the treatment of
materials since, first, they are easier to produce and, second,
the ranges of light ions are much longer than those of heavy
ions. The parameters of the ion beams are as follows: the
energy is 0.1 to 2 MeV, the current in a pulse varies from 5 to
50 kA, and the intensities and fluences are from 107 to 1010

W cmÿ2 and from 1 to 100 J cmÿ2 per pulse, respectively. Such
beams cause rapid heating and cooling in the surface layers of
metals with rates from 108 to 1011 K sÿ1 and minimum heat
removal. These heating and cooling processes, in conjunction
with large spatial temperature gradients, 106 ± 107 K cmÿ1,
lead to unique modifications of the properties. The fact that
the ranges of the electrons and ions in metals differ by several
orders of magnitude (at equal energies) determines the
specific features and in some cases the difference of the
observed macrocharacteristics.

Both HEBs and HIBs have certain advantages over laser
beams: much higher efficiencies, lower cost of beam genera-
tion per unit energy, larger treatment areas (up to 103 cm2),
and higher degrees of absorption in all materials. Beams of
light ions are capable of modifying the properties at depths 10
to 20 times greater than the implantation of heavy ions does
and with fluences that are several orders of magnitude
smaller. The progress in employing HEBs and HIBs has
stimulated the development of new large-scale commercial
technologies. A new technology, known as Intense Pulsed Ion
Beam Evaporation (IBE), has been developed in Japan and is
used to produce thin films in the electronic and optical
industries and to diagnose intense radiations. Another
example is the program of Ion Beam Surface Treatment
(IBEST), which emerged in the USA.

At present the areas in which HIBs andHEBs are used are
as follows: the production of superdense plasma for con-
trolled thermonuclear fusion [39, 40]; the implantation and

annealing of semiconductors [47 ± 49]; the modification of
strength [9 ± 15, 19 ± 22, 41 ± 47], tribological [10, 50 ± 52], and
corrosion-resistance [50, 53, 54] properties of metals and
alloys; the synthesis of new composite materials, including
metastable phases and compounds [11, 55, 56]; the produc-
tion of thin films and coatings with a given structure and
properties via ablation-plasma deposition [16 ± 18]; cleaning
[56 ± 58], polishing [56], and glossing [56] of surfaces; synthesis
of nanophase powders [16, 18]; and the destruction and
cutting of solid materials [4 ± 8, 59]. Realization of the
necessary technology is achieved by selecting the proper
intensity and duration of irradiation.

The plan of the present review is as follows. Section 2
discusses the main results of studies of structural and phase
transitions in a-Fe irradiated with HEBs. In Section 3 we
consider similar data obtained upon irradiation with HIBs.
There, we demonstrate the important role that the generated
shock wave plays in the transitions at large depths and
propose a kinetic model of strain hardening. The results of
experimental studies of mixing processes in the event of HEB
irradiation of a double-layer metallic system in the form of a
thin high-melting Mo or Ta film on an iron substrate are
discussed in Section 4. Section 5 analyzes the possible models
of mass transport. The behavior of matter in the presence of
elastoplastic waves generated by intense irradiation is
described in Section 6. The technology of manufacturing
thin films by depositing the ablation plasma formed in the
process of irradiation is discussed in Section 7. There we show
the possibility of synthesizing thin films with special proper-
ties and ultradisperse (nanosized) powders. Some typical
examples of modifications of the operating characteristics of
metals, alloys, and products from these metals and alloys
after beam processing are described in Section 8. Finally, in
the Conclusion we note that the topics discussed in this review
demonstrate good prospects for using high-power pulsed
beams to modify materials.

The list of references is certainly incomplete, but we
believe that it reflects the most important works of the
researchers in the topics covered in the review.

2. Structural and phase transitions
in a-Fe irradiated with a high-current pulsed
electron beam

At the beginning, HEBs were used to anneal defects in
implanted layers of semiconductors [55, 60, 61]. However,
this approach did not become widespread because of the
inhomogeneities in the density of the plasma obtained via
explosive-emission cathodes and also due to the appearance
of high thermal stresses in the surface layers, stresses that
generate micro- and macrocracks. Later HEBs were used to
modify metals. Structural and phase transitions in the surface
layers of metals are determined by the initial state of the
material, the dynamics of the temperature fields and thermal-
stress fields in the region in which the beam is absorbed and in
the adjoining high-temperature zone, which is known as the
thermal-affected zone, or TAZ. At large depths, these
transitions are related to the effect of elastic, elastoplastic,
and shock waves. The nature of defect formation in these two
areas is different; therefore, we consider each case separately.

2.1 Modification in the thermal-affected zone
Hewett et al. [48], Ivanov et al. [49 ± 51], and Lykov et al. [52]
studied transitions in pure (10ÿ4 wt.% nitrogen) a-Fe with an
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average grain size of 10 mm along the thermal-affected zone
after irradiation with a low-energy HEB (LHEB) with the
following parameters: pulse length tp � 0:8 mm, electron
energy 10 ± 20 keV, and fluence F � 2ÿ2:5 J cmÿ2 per pulse.
The number of pulses varied from 1 to 300with a frequency of
0.1 Hz. The surface was found to contain remelted areas of
about 30 mm in size, and traces of plastic deformation caused
by thermal stresses (the nature of these stresses corresponds to
high-temperature deformation, as in ordinary pulsed heating)
were clearly visible in all grains. In the surface layer (< 5 mm),
recrystallization centers 2 ± 5 mm in size appear in the initial
grains, primarily at the boundaries of these grains. At the
same time, sections with a misoriented cellular dislocation
structure were observed in one grain, while inside the initial
grains, notwithstanding the strong deformation, there were
practically no dislocations, which indicates that high-tem-
perature annealing occurred after deformation. Hence, in this
layer plastic deformation was accompanied by primary
recrystallization. At depths larger than 5 mm, heating did
not have a noticeable effect on the dislocation structure
characteristic of impact-wave loading. The dislocation
density was found to decrease monotonically with increasing
depth. This behavior was retained as the number of pulses
increased, except that the degree of plastic deformation was
increasing. Comparison of the dislocation structures
obtained by uniaxial stretching and by applying a LHEB
(300 pulses) has shown that at depths of 20 ± 50 mm the degree
of plastic deformation was 2 ± 5%.

The variations in the grain and dislocation structures with
depth are due to the rapid heating of the surface layers to the
melting point and above, followed by rapid cooling due to
heat removal, and also due to the effect of stress waves [51,
52]. Let us analyze the conditions during the formation of the
microstructure over the depth. Figure 1 depicts the time
dependence of temperature at different depths for an
irradiation fluence F � 2:2 J cmÿ2 per pulse. The surface
layer that melts has a thickness of about 0.2 mm. The rates of
heating of the surface immediately beforemelting and the rate
of cooling layer immediately after the solidification is
completed are 5� 109 and 1010 K sÿ1, respectively. Outside

the energy-deposition zone (> 2 mm), the maximum tempera-
ture �Tmax�was reached after the pulse had ceased (the reason
for this is that the rate of propagation of heat is finite). The
heating and cooling rates and the temperatureTmax reached at
a given point were found to decrease with increasing depth
(curve 1 in Fig. 2). It was found that by the time the pulse
ended the thickness of the heated layer was about 15 mm (see
Fig. 1); after the irradiation was terminated, the thickness
increased to 70 mmdue to redistribution of heat. It took about
10ÿ3 s for the temperature of the layer to drop to room
temperature.

Another factor that affects the microstructure of iron is
the stress wave generated in the surface layer with a thickness
of about 1 mm (the range of the electrons of the beam). As
shown by Ivanov et al. [51], the wave is bipolar and consists of
pulses of compression and tension �10ÿ6 s long. Estimates
have shown that the wave's amplitude (1 ± 8.5 GPa) is much
larger than the dynamic yield strength of iron. This wave
forms a dislocation substructure, and due towave attenuation
the dislocation density monotonically decreases with increas-
ing depth.

The wavefront of the stress wave outstrips the wavefront
of the thermal wave substantially. Hence, plastic deformation
is accompanied by recovery processes, one of which is
recrystallization. Let us compare the results of structural
analysis with those of calculations of thermal fields. Three
regions are clearly visible in the diagram representing the
dependence ofTmax on depth (see curve 1 in Fig. 2). In the first
region (x < 5 mm), Tmax 5 0:4Tm (for iron the recrystalliza-
tion temperature amounts to 0:4Tm � 750 K, where
Tm � 1810 K is the melting point of Fe). Hence, in this
region recrystallization and intense redistribution of disloca-
tions can occur, which reduce the dislocation density. This
conclusion is in good agreement with the experimental data.
Such an approach makes it possible to study time ± tempera-
ture processes in the initial stages of recrystallization. For
instance, calculations show that it takes �5� 10ÿ6 s for the
recrystallization nuclei to grow.Hence, the rate of this growth
is 0.4 ± 1 m sÿ1. The second region lies at a depth of 5 ± 12 mm,
where the temperature reaches 500 ± 700 K. At such a
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temperature, a redistribution of dislocations can occur with-
out their density decreasing significantly, with the result that
the recrystallization probability is low. At large depths
(region III), there is no dislocation redistribution, since here
the temperature is much lower than the recrystallization
temperature [53]. Indeed, in this region, as the experimental
data show (see curves 2 and 3 in Fig. 2), the dislocation
density decreases monotonically with increasing depth, i.e.,
the effect of temperature is insignificant. Thus, the nature of
the structural changes with depth in irradiated a-Fe is
determined by the plastic deformation caused by stress
waves and subsequent recrystallization caused by the propa-
gation of a heat wave.

2.2 Changes in the defect structure and mechanical
properties of a-Fe quenched from the liquid state
Of interest here is the microstructure of the surface layer
roughly 1 mm thick in which substantial thermoelastic
stresses arise and simultaneously whose temperature is
high. Due to the rapid quenching from the melt, formation
of vacancy-type point defects is possible in such a layer [54].
The methods of Rutherford back scattering (RBS), elec-
tron ± positron annihilation (EPA), secondary-ion mass
spectroscopy (SIMS), and transmission electron microscopy
(TEM) were used (see Refs [62, 63]) to study the effect of the
defect structure of a-Fe produced by irradiation on the
variation of the microhardness and wear of the sample. The
results were analyzed by calculating thermal fields.

Recrystallized samples containing carbon, nitrogen, and
oxygen with concentrations< 0:008, < 0:0014, and< 0:0001
wt. % with fine (several tens of micrometers) and coarse (2 ±
4 mm) grains were irradiated with a LHEB. The minimum
fluence corresponded to the threshold value at which a
pattern characteristic of a solidified melt was formed at the
surface. The EPA method used 22Na�b�, g� as a source of
positrons, with a lifetime described by two components
t1 � 250 ps and t2 � 450 ps with intensities I1 � 6:2% and
I2 � 2:5%, respectively. At F � 3:3 J cmÿ2 per pulse, the
positrons were trapped by defects, in which their lifetime also
had two components, t1 � 108 ps and t2 � 195� 3 ps.
According to the theoretical research done by Puska and
Nieminen [64] and the experiments conducted by Markov et
al. [53], the value of t2 corresponds to the lifetime of a
positron trapped by a divacancy, while t1 is the lifetime of a
positron localized in a pure `defect-free' material. An increase
in F to 4.2 J cmÿ2 per pulse changes the values of t and I:
t1 � 116 ps and t2 � 225� 4 ps, with the increase in t2
accompanied by a decrease in I2, which points to a decrease
in the concentration of vacancy clusters. Allowing for the
data of Lykov et al. [52], we can expect that atF � 4:2 J cmÿ2

per pulse larger defects are formed (clusters consisting of
three or more vacancies). The value t1 � 116 ps exceeds the
lifetime of a positron in `defect-free' iron (108 ps). Apparently
this value includes the lifetime of positrons localized at
dislocations, which in comparison to vacancies and vacancy
clusters are shallower traps. The value t 02 � 165� 2 ps was
obtained in Ref. [63] by fixing t 01 at 108 ps. Thus, the positrons
annihilating in the bulk have a lifetime t 01 � 108 ps, while the
value t 02 � 165� 2 ps corresponds to positrons trapped by
dislocations. These conclusions are in good agreement with
the well-known data. Note that the information extracted by
this method originates in a layer that is 0.1 to 40 mm thick.

Figure 3 displays the energy spectra of channeled helium
ions 4He��measured for an oriented grain in the surface layer

of a-Fe before and after irradiation. In the initial state, a-Fe
has an imperfect crystal lattice, a fact corroborated by the
high yield of scattered ions 4He��. When a fluence of
3.3 J cmÿ2 per pulse is applied to the sample, the yield
increases, i.e., the degree of order in the crystal lattice
decreases as a result of formation of defects in the crystal
(primarily interstitial defects). The curve corresponding to
this regime has two sections with different slopes and,
naturally, different concentrations of defects [63]. In addi-
tion to a surface peak reflecting the presence of imperfections
at depths of 50 to 200 nm, a decrease in crystallinity was
observed related to the formation of interstitial-atom clusters,
loops, and dislocations. A similar spectrum behavior in the
form of `erosion' was observed by Verigin et al. [65] and was
explained by the formation of edge and screw dislocations. It
was found that inside the modified layer (due to melting),
beginning at a depth of 200 nm, a region is formed with an
almost constant defect concentration. At fluences higher than
3.3 J cmÿ2 per pulse, the yield of the backscattered ions was
found to decrease, which suggests a higher degree of order of
the crystal lattice (or partial annealing of defects in compar-
ison with the regime with 3.3 J cmÿ2 per pulse).

Figure 4 depicts curves representing the dependence of the
S parameter of Doppler broadening of annihilation peaks on
the energy of the probing positron beam (or the layer depth on
the upper scale) for irradiated a-Fe (here S � N�0�=N�10�,
with N�0� and N�10� being the counting rates at the maxima
of the curves of the angular distribution of annihilation
photons for angles equal to 0 and 10 mrad). Irradiation with
a fluence of 2.3 J cmÿ2 per pulse generated, as a result of
quenching, vacancy type defects (clusters of vacancies,
divacancies, trivacancies, etc.) beginning at a depth of
100 nm up to the entire depth of the layer being analyzed
(1020 nm). The maximum increase in the S parameter, found
to correspond to a fluence of 4.2 J cmÿ2 per pulse, was due to
the increase in the concentration of point defects and the
generation of dislocations (these conclusions follow from the
results of positron-lifetime measurements and TEM studies).
An increase in fluence to 5.2 J cmÿ2 per pulse was found to
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lead to partial annealing of defects in comparison to the case
with a fluence of 4.2 J cmÿ2 per pulse, while the S parameter
decreased in a surface layer at depths of up to 250 nm (which
correlates with the RBS results). However, already at a depth
of approximately 1 mm, even in the event of thermal annealing
at 800 �C, defects remained to which positrons were sensitive.
SIMS analysis of these annealed samples showed that the
concentration of V was approximately ten times higher than
the concentrations of W and Mo [63]. Hence, the researchers
suggested that the positrons annihilate at impurity complexes
including vanadium atoms.

Thus, it has been established that the changes that occur in
the thermal-affected zone are due to changes in the grain and
dislocation structures. The high rates of the heating and
cooling of the surface layers and the subsequent recrystalliza-
tion processes form surface layers with different types of
defects and different defect concentrations. In the surface
layer (< 1 mm), the additional effect of thermoelastic stresses
forms point defects and complexes of such defects (clusters of
interstitial defects and screw and edge dislocations), which
produce a microstructure that improves the mechanical and
tribological properties of iron [62, 63].

3. Modifications of the structure
and mechanical properties of metals
via high-power pulsed ion beams

The experiments conducted in the late 1980s and early 1990s
by the authors of Refs [9, 10, 66, 67] revealed that in
aluminum, copper, and tungsten irradiated with high-power
ion beams with intensities 5 108 W cmÿ2, in addition to the
well-known enhancement of microhardness, an additional
peak of microhardness is formed at depths much larger than
the ion range, i.e., a long-range effect manifests itself. Hence,
the next problem was to study the effect of the laws governing
the development of a defect structure on the formation and
localization of this peak. Irradiation of the samples was
carried out on a TONUS accelerator with the following
parameters: the beam consisted of roughly 70% C� and
30% H�, the ion energy was 0.2 ± 0.6 MeV, the pulse length
was tp � 40ÿ100 ns, and the current density at the target
surface was j � 20ÿ250A cmÿ2; another device that was used

in these experiments was a VERA accelerator (50%H�, 50%
C�, 0.5 MeV, 100 ns, and 100 ± 2500 A cmÿ2). Since at j
higher than 100 A cmÿ2 the pulse length tp did not vary
(100 ns),F � j. Calculations of the dose distribution took into
account the linear ion losses with depth [68] and the
percentage of the ions in the beam. The dose distribution in
a-Fe is depicted in Fig. 5. Note that the depth of the irradiated
region did not exceed 2 mm.

3.1 Defect formation in irradiated a-Fe
and its effect on microhardness
Table 1 lists the values of the positron lifetimes t, the point
defect concentration, the dislocation density, and the micro-
hardness measured in the surface layer (with a thickness less
than 0.5 mm) of a-Fe irradiated with single pulses of an HIB.
All the spectra for t were decomposed into two components
[69]. In the initial (annealed) sample, t � 114� 2 ps, which is
close to Puska and Nieminen's data [64], where in defect-free
a-Fe the value of t1 is 110� 2 ps (positrons annihilate mainly
with 3d64s2 electrons [70]). At j > 100 A cmÿ2, melting,
evaporation, and sublimation occur at the sample's surface,
with the result that thermomechanical stresses arise. Esti-
mates of these stresses in the model developed in Ref. [71]
yield 108 ± 1010 Pa, which is sufficient for plastic deformation
to occur.

Measurements of the recoil impulse made with a gravity
pendulum and aperiodic detectors and the determination by
the gravimetric method of the target mass loss yielded the
amplitude of the shock wave (SW) varying from 2 to 14 GPa,
depending on the fluence [66]. Some researchers, whose
results can be found in the review articles of Mogilevsky [72]
andMurr andGray [73], established by experiments that such
SW cause intensive defect formation. Indeed, EPA analysis
and electron-microscopic observations revealed the forma-
tion of structures with a large density of dislocations,
dislocation loops, vacancy clusters, and vacancy complexes.
Positrons were found to be effectively trapped by vacancy
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clusters, primarily divacancies, with a lifetime t2 � 192� 3 ps
[64]. As j becomes larger, there is a rise in the positron
trapping rate in the single-pulse regime, and sizes of the
vacancy clusters change. At j � 2500 A cmÿ2 positrons are
trapped by defects with t2 � 224� 5 ps, which, according to
Puska and Nieminen [64], corresponds to trivacancies. More-
over, the value t1 � 116 ps exceeds the lifetime of positrons
annihilating in the bulk (108 ps) and incorporates the value of
the lifetime of positrons localized at dislocations, which in
comparison to vacancies and clusters are `shallower' traps for
positrons [74]. The value t 02 � 165� 2 ps corresponds to the
lifetime of positrons trapped by dislocations, a conclusion
that is in good agreement with the existing data [70].

Prior to irradiation, the dislocation structure in a-Fe is
represented by randomly distributed single dislocations [69,
70]. After irradiation, a dislocation structure is formed in the
surface layer that is nonuniform in cross sections both
perpendicular and parallel to the irradiated surface and
varies from a uniform dislocation distribution to complex
dislocation tangles. At j > 200 A cmÿ2, the dislocation
structure undergoes a substantial transformation: disloca-
tion cells begin to form (i.e., a cellular structure is formed).
The results of detailed electron-microscopic observations can
be found in Ref. [69]. In the surface layer (< 5 mm), the
structure contains uniformly distributed individual disloca-
tions. At the irradiated surface, the average density of these
dislocations reaches 3:6� 109 cmÿ2, while at a depth of 5 mm
their density is 2:2� 109 cmÿ2. At a depth of 10 mm the
dislocation structure becomes nonuniform, i.e., regions with
individual dislocations and regions with a network disloca-
tion structure are observed. Dramatic changes in the structure
begin at a depth of 30 mm, where it becomes highly nonuni-
form. In addition to a random dislocation structure, which is
represented by individual dislocations and dislocation tan-
gles, low-angle boundaries arise, which vary from dislocation
nets with a misorientation angle of roughly 1� to boundaries
with a misorientation angle of 5 ± 7�, where individual
dislocations already cannot be resolved in electron-micro-
scopic images. Beginning at a depth of 50 mm, regions with
polygonized structure are observed, where low-angle grain
boundaries are grouped to form extended fragments which
pass through the entire initial grains of the polycrystal. The
dislocation densities for all the structural components at
different depths are listed in Table 2. Thus, when examining
the structure of the entire modified layer (starting from the
surface), the entire spectrum of point and planar defects,
which are unevenly distributed over the depth, can be
revealed in it.

Figure 6 depicts the current-density dependence of the
average scalar dislocation density nd� j� and the microhard-
ness H� j� in a thin surface layer (< 0:5 mm) of a-Fe for a

broad range of current densities, j � 60 ± 2500 A cmÿ2, which
roughly corresponds to a variation in fluence by a factor of
40. The value of nd at j � 2500 A cmÿ2 was found to increase
by a factor of approximately 20 with respect to the initial
value (5� 108 cmÿ2), while the microhardness was found to
increase by a factor of two (the initial value ofH amounted to
roughly 700MPa). A characteristic feature of such behavior is
the strong correlation between nd� j� and H� j�. The distribu-
tions nd�x� andH�x� over the depth of themodified layer of a-
Fe obtained in two irradiation regimes (150 and 400 A cmÿ2)
were also found to correlate and had two distinct peaks
(Fig. 7). The first peak is near the surface and is related to
thermomechanical stresses [71, 76]. The observed slight shifts
of this peak with increasing j are related primarily to the

Table 2. Dislocation densities for different dislocation structures in a-Fe
irradiated by an HIB (100 ns, 5.5 J cmÿ2 per pulse).
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Table 1. Positron lifetimes, point defect concentrations ni, dislocation densities nd, and the microhardness H in the surface layer of a-Fe (< 0:5 mm)
irradiated by single pulses of an HIB.
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evaporation of a fraction of the surface layer. Hence,
beginning at a certain threshold value of j, the thickness of
the melted layer decreases due to evaporation and ablation,
with the result that the liquid ± solid boundary, at which the
gradient of thermomechanical stresses and the dislocation
density are maximum, are localized closer to the surface.

The other (morewide) peak at j � 400A cmÿ2 is formed at
a depth of roughly 70 mm and has a valueH � 1150 MPa. At
150 A cmÿ2, these values are � 90 mm and 1080 MPa,
respectively. As j and F increase, the absolute value of H
increases only slightly, and the shift of the peaks closer to the
surface in these distributions is related to the specific features
of the formation of the wavefront of SW (these features are
examined in Section 3.4). The depth of themodified layer with
elevated values of the dislocation density and microhardness
reaches 200 mm for an irradiation depth of roughly 1 mm (see
Fig. 7). The shift of the second peak in H is noticeable, while
the shift of the first peak depending on the irradiation regimes
is less pronounced. The strain hardening is determined by the
dislocation structure.

Valyaev et al. [69, 77] performed a detailed analysis by
applying a low-energy beam of positrons (0.2 ± 30 keV with
energy changed in small steps) and by the RBS/Cmethod in a
layer with a thickness less than 1 mm suffered a remelting and
partial evaporation under irradiation. As a result of quench-
ing from the liquid state, the concentration of vacancy
clusters and dislocations that emerge in the layer increases
considerably, which is indicated by the increase of the S
parameter in comparison to the initial value. In the layer
wheremaximum thermomechanical stresses are observed (the
boundary between the liquid and solid phases), a high
dislocation density (6:5� 109 cmÿ2) and a substantial
concentration of vacancy clusters (5� 1017 ± 1018 cmÿ3)
arise. The RBS data indicate a substantial rise in the
concentration of interstitial atoms for the [100] and [001]
directions in comparison to the initial oriented crystal with a
coarse grain (2 ± 4 mm), with the concentration being highest
in the [100] direction. Only slight changes in the concentra-
tions of carbon and chromium in the surface region (up to
7 mm thick) caused by irradiation indicated that no carbide
and oxide layers were formed [69]. The fact that there is
agreement between the electron-microscopic, RBS, EPA, and

SIMS results and the variations of microhardness support the
proposed mechanism of dislocation strain hardening of the
surface layer of a-Fe. However, the long-range effects can
hardly be explained in this way. To establish the nature of
such effects, special experiments described in Sections 3.2 and
3.3 were performed.

3.2 Analysis of residual deformation states
Since the formation of strain-hardened layers in metals
irradiated with an HIB is determined by a definite spatial
distribution of structural changes, certain residual deforma-
tion states should correspond to this process. To analyze such
states, a new method has been developed [69, 78], which
incorporates the nondestructive nucleus recoil method used
to obtain the depth distribution of hydrogen [79]. Samples of
single-crystal lead of 99.98% purity were irradiated with an
HIB (5.5 J cmÿ2 per pulse). For unirradiated samples, the
microhardness distribution H�x� remained unaltered with
depth (Fig. 8a), whereas for the irradiated samples two
peaks were found. Then the samples were saturated with
hydrogen. Hydrogen does not chemically react with lead,
which explains why lead was chosen as the object of
investigation. The degree of saturation of lead with hydrogen
determines the hydrogen concentration nH at a given depth,
which was found to be the same for the unirradiated samples
(nH0 � 5:2 at.%). After irradiation the distribution nH�x�
becomes highly nonuniform, with four layers becoming
clearly visible (Fig. 8b): L1 and L3 are the compression
regions, where the hydrogen saturation is low �nH < nH0�,
and L2 and L4, the regions of tension, which are easily
penetrated by hydrogen �nH > nH0�. Obviously, this satura-
tion is higher in regions with enhanced vacancy content nv�x�
and low content of interstitial atoms ni�x� which is character-
istic of dilatation regions. For the compression regions the
situation is just the opposite. Then, the stress s at depth x and
the degree of deformation e can be estimated as [69, 78]

e � s � ln

���� nH�x�nH0

���� � ln

���� ni�x�ni0

���� � ln

���� nv�x�nv0

���� ; �3:1�

where ni0�x�, nv0�x�, nH0�x� and ni�x�, nv�x�, nH�x� are the
concentrations of interstitial atoms, vacancies, and hydrogen
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atoms before and after irradiation, respectively. The method
of diagnosing defects by the curves representing the angular
distribution of annihilation photons (ADAP) [80] makes it
possible to find the value of the f parameter at different
depths:

f �
���� N�0� ÿNb

N�10� ÿNb

���� ; �3:2�

where N�0� and N�10� are the counting rates at the peak in
the ADAP curves for angles equal to 0 and 10 mrad, and Nb

is the background counting rate. Prior to irradiation, this
value was the same for all depths (Fig. 8). After irradiation,
the shape of the ADAP curves changes, and the correspond-
ing depth dependence of the f parameter becomes compli-
cated due to the high sensitivity of this parameter to the
concentrations of dislocations, point defects, and aggregates
of defects such as pores and clusters. Clearly, all three types
of distribution are linked. Since lead is a low-melting metal,
signs of melting were observed in the surface region after
irradiation, which made it more difficult to extract reliable
information about the values of H, nH, and the f parameter.
Note that for lead, in contrast to other metals, the height of
the second peak of microhardness is close to its value in the
surface region, and it is localized in the target at larger
depths (160 ± 200 mm). This is due to the mechanical and
thermophysical properties of lead, which determine the
characteristic feature of SW propagation in lead. The lower
melting and boiling points of lead correspond to higher
values of mass being carried away and the rate at which the
process takes place for the same fluence as for other metals.
These factors cause the recoil impulse transferred to the
target to become larger, which creates higher compression of
the material and increases the initial SW amplitude.

Four layers of deformation are formed after irradiation
(see Fig. 8): L1 (up to 80 mm) is the compression region with
an elevated concentration of interstitial atoms and disloca-
tions and corresponds to the first peak of microhardness; L2
(80 ± 130 mm) is the region of tension with a higher concentra-
tion of vacancies and vacancy-type dislocation loops; L3
(130 ± 250 mm) is the compression region with an elevated
concentration of interstitial atoms, dislocations, and disloca-
tion pileups (the region of the second microhardness peak);
and L4 (> 250 mm) is the region of tension where all
transitions die down and the structure of the material
approaches the initial structure. This is the reason why lead
was used in the experiments. But is it possible to extrapolate
the results to other metals, since lead has specific mechanical
(low microhardness and high plasticity) and thermophysical
properties? The following results are important for all metals,
including lead:

(1) The depth distribution of microhardness of the
irradiated target has two peaks, which differ somewhat in
their quantitative parameters (see Fig. 7). This is an indication
that, for the same irradiation regimes, a single mechanism of
formation of strain-hardened layers is operative.

(2) EPA analysis shows that the nature of the depth
distribution of structure-sensitive defects is the same.

(3) There is correlation between two types of distribution,
H�x� and f�x�, and between three types for lead [including
nH�x�]. This suggests that it is possible to extend the
formulated conclusions to all metals.

3.3 Effect of different types of radiation
on bulk strain hardening
Irradiation has different effects on the strain hardening of
metals depending on the radiation type, particle energy,
intensity, and fluence. Hence, by comparing various effects
one can expose the main factor determining bulk strain
hardening. To this end, the following experiment was
conducted [69]. Four groups of samples were manufactured
from a single billet of tool steel R6M5 (composition in at.%:
5.3 W, 4 Cr, 1.5 Mo, 1 V, 0.001 C, with Fe the balance). The
first group (the reference), was not irradiated. The samples
belonging to the second group were implanted with C� ions
(40 ± 60 keV, 40 ± 60 mA cmÿ2) to a dose Fi �
1:5� 1018 ion cmÿ2, or � 1:2� 104 J cmÿ2. The third group
was irradiated with a pulse of a high-power ruby laser (with a
wavelength of 0.694 mm, 80 ns, Fl � 5 J cmÿ2 per pulse).
Finally, the fourth group was irradiated with an HIB
(FHIB � 5:5 J cmÿ2 per pulse). The microhardnessH was the
same (� 5:1 GPa) at all depths x for the unirradiated samples
(Fig. 9). The doses for all types of radiation were selected in
such a way that after irradiation the value H1 in the surface
region was approximately the same. After laser irradiation
and HIB irradiation, the recorded values wereH1 � 8:5 GPa
at x1 � 1ÿ2 mm in the first case and H1 � 10:5 GPa at
x1 � 2ÿ3 mm in the second. After ion implantation the
value of H1 was about 8.7 GPa at x1 < 1 mm (the error in
determining H for all the groups did not exceed 5%).

A distinct difference in the distributions H�x� was
observed in all four cases. For unirradiated samples, the
distribution was uniform. For implanted samples, H was
found to rapidly decrease and to equal the initial value at
x > 3 mm. After laser irradiation, a second microhardness
peak was observed, with H2 � Hz � 7:5 GPa for x2 �
z � �35ÿ45� mm and the width of the strain-hardened region
being Dx � 45ÿ35 � 10 mm. A similar pattern was observed
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after HIB irradiation, but the second peak was higher,
Hz � 8:1 GPa, formed at larger depths z � 60ÿ80 mm, and
more extended (Dx � 20 mm).

The mechanism of strain hardening of steel after implan-
tation with carbon ions is related primarily to the formation
of carbide phases at the surface [43, 81]. The depth of the
modified layer depends on the projected range of ions at the
given energies (< 0:2 mm). In the case of laser and ion pulsed
irradiation, strain hardening at large depths is determined by
the effect of SW, which will be described in Section 3.4. The
very fact that after laser irradiation the second peak is closer
to the surface is related to the steeper and narrower initial
profile of the deposited energy [4]; the penetration depth of
the radiation is in this case roughly 0.1 mm, which is ten times
smaller than for HIB irradiation (see Fig. 5). Note that after
irradiation of a-Fe with an LHEB, in which case only a small-
amplitude (< 0:1 GPa) elastic wave was generated, no strain
hardening at large depths was observed [62, 63]. Thus, the
given experiment corroborates the decisive role that SW plays
in bulk strain hardening.

Let us estimate the amounts of energy contributed by
these effects to strain hardening. Close values of the
microhardness increments were obtained for equal fluences
of the laser and HIB irradiation. The energy contribution to
strain hardening in the case of ion implantation was at least
three orders of magnitude smaller: Fi=Fl � Fi=FHIB � 103,
and the effect was achieved only in the surface layer. This thin
layer deteriorates very rapidly under mechanical stresses at
the surface of steel products, such as boring, milling and
cutting tools. A promising approach to increasing wear
resistance is to use high-power laser and ion beams, which
boost bulk strain hardening. In this case the L2 layer of the
material, whose microhardness lies between the two peaks
and whose characteristic feature is the presence of residual
tensile strain (see Fig. 8), acts as a buffer, which is especially
effective in increasing the resistance of the material to impact.
This feature can be used in developing armor, protective
screens, etc. It is more advisable to use HIBs than lasers, since
the overall effect of surface and bulk strain hardening is larger
for equal fluences and the efficiency of HIB accelerators is
roughly ten times the efficiency of lasers.

A report on detailed studies of how HIB irradiation
regimes affect the characteristics of bulk strain hardening of
R6M5 steel can be found in Ref. [69]. The following empirical

formulas were obtained for the dependence of the height of
the second microhardness peak Hz (GPa) and the depth z
(mm) at which this peak is formed, on the current density j:

Hz � 685

�
j

100

�0:43

; �3:3�

z � 150

� j=100�0:95 : �3:4�

These results agree with the data on a-Fe (see Fig. 7): as j and
the fluence get larger, Hz increases and there is a shift of z
toward the irradiated surface. Note that the distributionH�x�
correlates with the corresponding depth distribution of
resistance to wear of steel samples in friction against an
abrasive material. A similar correlation was also observed
for copper [10] and beryllium [69].

3.4 Kinetic model of strain hardening
The experimental and theoretical substantiation of the model
of bulk strain hardening comes from the following results:

(1) The effect has been discovered for many materials that
differ in structure and mechanical and thermophysical
properties, such as Al, Cu, W, a-Fe, Be, Pb, and also R6M5
steel.

(2) The effect is nonlinear and manifests itself at irradia-
tion fluences and intensities exceeding certain critical
(threshold) values. It is stable and clearly visible, i.e., the
microhardness distribution has two peaks of almost the same
height at entirely different depths, with two corresponding
depth distributions of resistance to wear.

(3) For different irradiation regimes, there is a strong
correlation between the average scalar dislocation density
and microhardness, both in the surface layer and in the bulk.

(4) Despite the different spatial distributions of micro-
hardness, the character of distribution of residual deforma-
tion states is the same in all the metals.

(5) The long-range effect manifests itself only after highly
intense pulsed irradiation, and the main contribution is
provided by the shock wave, while the elastic wave does not
produce such an effect.

Let us estimate the thickness of the heated layer in the
course of the irradiation pulse (tp � 10ÿ7 s): xh � �wtp�0:5,
where w is the thermal diffusivity (w � 0:8ÿ2 m2 sÿ1 for most
metals). The value xh � 1ÿ2 mm (which corresponds to the
projected ranges of medium-energy protons), with the result
that one can ignore the amount of heat removed into the
target in the course of the pulse and losses to radiation. This
practically instantaneous heating of the metal in the surface
region causes (a) thermal stresses in the solid phase (thermal
shock), and (b) melting and ejection of matter from the
irradiated surface. The recoil impulse generated causes
additional compression. The two processes create a pressure
P in the target equal to

P � P1 � P2 � G1W1 � G2W2 ; �3:5�

W �W1 �W2 ; �3:6�

where P1 and P2 are the pressures generated by the first and
second processes, W1 and W2 are the components of the
density of the total deposited energy (dose) W that causes
these pressures, and G1 and G2 are the GruÈ neisen constants
for the solid phase and plasma in ablation. Experiments have
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revealed that when high-power pulsed beams irradiatemetals,
the pressure P2 becomes important at intensities that are
several orders of magnitude higher than those reached in our
experiments [4, 82]. Then, the initial pressure profile
P�x; t � 0� is determined by the distribution of the absorbed
doseW�x�:

P�x; t � 0� � P1 � a1G1W�x� : �3:7�
Directmeasurements of the amplitude of the SWcompression
pulse yielded the estimate a1 � 0:1, i.e., only roughly 10% of
the beam's energy goes into the generation of a shock wave
[66]. But is the generated wave indeed a shock wave? The
criterion for the generation of a shock wave produced by laser
irradiation [83] is valid for all thermal effects of concentrated
pulsed energy fluxes on absorbers and has the form

Q

nt2p
>

C 4
L r0
ml

; �3:8�

whereQ is the total absorbed energy of the pulse of length tp,
n is the number of peaks, CL is the speed of longitudinal
sound, r0 is the density, and ml is the absorptivity of the
radiation by the material prior to irradiation.When anHIB is
used, Q � IStp, ml � Rÿ10 , and n � 1, with criterion (3.8)
becoming

IS

tp
> C 4

L r0R0 ; �3:9�

where I is the intensity of irradiation, S is the area being
irradiated, and R0 is the ion range in the material. In the
commonly used irradiation regimes I � 1012 W mÿ2,
tp � 10ÿ7 s, and S � 10ÿ4 m2 for iron (CL � 5� 103 m sÿ1,
r0 � 7:9� 103 kg mÿ3, R0 � 1 mm), so that we obtain
IS=tp � 1015 kg m2 sÿ4 and C 4

L r0R0 � 1012 kg m2 sÿ4. Thus,
the criterion for SW generation is met and the initial pressure
in such a wave is several GPa, i.e., the wave is weak
(< 10 GPa) [69, 77].

What is important in the proposed mechanism of bulk
strain hardening is that the parameters of the shock wave
generated by an HIB are close to those of a laser shock wave
(LSW). It has been established through experiments [41, 42,
83 ± 87] that the LSW characteristics differ markedly from
those of waves generated by an explosion or a high-speed
collision: the duration of the compression phase of such a
shockwave is about 1000 times smaller and the pressure range
is broader (from acoustic pressures to 1014 Pa). Hence, at the
atomic level, the action of an LSW on solids differs
dramatically from that of a mechanical stress wave and is
largely determined not by the amplitude of the pressure but by
the pressure's spatial gradient. This is the cause of a number
of new effects recorded by the changes in the mechanical and
electrical properties of metals and semiconductors generated
by LSW. According to Yanushkevich [87], a laser shock wave
is a flow of nonequilibrium phonons. When these phonons
interact with the irregularities in the lattice, the scattering
center acquires momentum and forms a defect. Here
momentum transfer from the excited atoms to the unexcited
ones manifests itself as an individual effect rather than a
cooperative one. The LSW deforms the lattice along a single
direction, thus generating lateral displacements of the atoms.
Hence, the energy threshold for defect formation in anLSW is
approximately 100 times lower than that corresponding to
ordinary loading for the same injected energy density. As a

result, the role of impurities, defects, and fluctuations grows
significantly. This conclusion is corroborated by experiments,
where it was discovered that LSW acts selectively on
impurities such as boron and iron present as dopants in
germanium and silicon [86].

At the macroscopic level, the propagation of an SW into
the unirradiated region compresses the metal, which facil-
itates grain refinement. This increases the microhardness of
themetal with pressure according to the lawH � P 0:5 [73, 88].
The pressure of the wave decreases with increasing depth,
which first causes a reduction in H (see Figs 7 ± 9). However,
the wavefront of the SWbecomes steeper (we will corroborate
this by calculations). The initial value of the pressure gradient
is determined by the initial distribution P�x; t � 0� [see (3.7)].
It is then calculated according to the changing pressure profile
in the wave proper. The pressure gradient increases, reaching
its maximum in the region where the wavefront of the SW is
formed. Themost intense generation of intrinsic and impurity
defects corresponding to the maximum of spatial distortions
occurs in this region. The typical type of defect in metals is a
Frenkel pair: an interstitial atom and a vacancy. Interstitial
atoms are much more mobile than vacancies, whereby their
flow to sinks (dislocations) fixes the vacancies, reducing the
mobility of the latter. This results in an increase in the yield
stress and microhardness. The width of the wavefront of the
SW at pressures of about 10 GPa amounts to thousands and
hundred thousands of interatomic distances [72, 89]. Thus,
the appearance of a second microhardness peak at large
depths agrees fully with such an interpretation and corre-
sponds to a real process.

Both the atoms of the matrix and the defects (scattering
centers) acquire momentum from the SW. But the latter, due
to the difference between the mass of defects and that of the
atoms of the main element and due to local microdistortions,
acquire additional momentum DP [87]:

DP �
�
DA
A

�2

�
�
Ds
s

�2

; �3:10�

where DA and Ds are the local changes in the atomic weight
and the elastic modulus introduced by a scattering center (A
and s refer to the matrix). Since the diameter of the
irradiation spot exceeds the ion range substantially, the
shock wave is a plane wave, and to find its profile one must
use one-dimensional differential equations for the laws of
mass and momentum conservation and the equation of state.
These equations were solved by the net method using the
algorithm developed in Ref. [90]. The region of formation of
the wavefront of the SW can be found from the value of the
depth x � z at which the derivative �qP=qx�x�z is at its
maximum. Figure 10 depicts the results of calculating the
distributions of the pressure gradient determined by the
pressure profile in the wave proper.

The kinetic equations in this region allow for the
generation of Frenkel pairs, their recombination, and the
flowing of interstitial atoms to sinks such as dislocations [69,
90]. Assuming that the increase in microhardness Hz is a
linear function of the number of defects flowing to disloca-
tions, we find that

Hz � K1K2

��
j

p
; �3:11�

where the coefficient K1 is determined by the properties and
structure of the material, the coefficient K2 depends on the
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SW profile, and j is the current density in the beam at the
target. Explicit expressions forK1 andK2 can be found inRef.
[69]. The dependenceHz � j 0:5 is in good agreement with the
experimental dependence Hz � j 0:43 [see (3.3)]. The position
of Hz is determined by the region of localization of the
maximum value of the pressure gradient in the SW (see Fig.
10). As the current density grows and hence the irradiation
fluence increases, the absorbed dose and the corresponding
initial pressure of SW increase. According to the general
theory of propagation of shock waves in solids [91], this leads
to a faster formation of the wavefront of the shock wave at
smaller depths. Indeed, all depth dependences of qP=qx have
peaks localized at different depths x � z, with larger values of
j corresponding to larger values of �qP=qx�max and smaller
values of z, which is also in good agreement with the
experimental data [see Fig. 10 and Eqns (3.3) and (3.4)].

Themain conclusions that can be drawn from thematerial
of this section are as follows:

(1) For a broad range of HIB irradiation intensities, there
exists a correlation between the bimodal distributions of the
dislocation density and the microhardness with respect to the
depth of the modified layer, a correlation that corroborates
the crucial role of the dislocation structure in bulk strain
hardening.

(2) The modified layer has four regions with different
behaviors of the residual deformation states corresponding to
the microhardness distribution.

(3) Bulk strain hardening occurs only when the sample is
subjected to high-power pulsed radiation capable of generat-
ing a shock wave.

(4) High-power ion beams contribute the greatest amount
of energy to this effect and form the most extended strain-
hardened layers, which ensure a substantial increase in the
resistance to wear in comparison to other types of radiation.

(5) The proposed kinetic model of transformations in the
field of a shock wave is in good agreement with the
experimental data. The laws that follow from the model
suggest the possibility of predicting or purposefully altering
the properties of materials by selecting a specific regime of
HIB irradiation. This effect is the basis of a new method of
processing metals with the aim of increasing their resistance
to wear and durability [92].

The results presented here are in good agreement with the
most recent investigations carried at the Sandia National
Laboratory (New Mexico, USA) on a PHEPP-I proton

accelerator (0.8 MeV, 60 ns, 25 kA) [93]. After irradiation of
the structural steel AISI304L (19%Cr, 9%Ni, 0.03%C) with
a fluence of 1.6 J cmÿ2 per pulse, an increase inmicrohardness
was observed at large depths (up to 140 mm), although the
irradiation depth was roughly 6 mm. Microscopic observa-
tions revealed a distinct bimodal distribution of the disloca-
tion density in an irradiated titanium target at two depths,
�30 mm and�100 mm (prior to irradiation the surface of the
target was alloyedwith a thin film of platinum,�2 mm). Renk
et al. [93] state the presence of long-range effects and agree
that their results correspond to those of the present authors.

Such effects also clearly manifest themselves in the way a
shock wave generated by a laser pulse (0.6 ± 2.5 ns, 120 ±
2050 GW cmÿ2) acts on iron: there is a substantial increase in
the quantity of twins at depths from 50 to 400 mm [94].

4. Melting and mixing
of two-layer metallic systems irradiated
with a low-energy high-current electron beam

When the surface of one material is covered by a thin film of
anothermaterial, subjecting this system to a high temperature
for a short time may lead to mixing of the components and to
redistribution of the elements of the film and substrate,
accompanied by formation of various compounds in addi-
tion to annealing processes. Recently, HIB and HEB have
been used for rapid liquid-phase mixing of thin surface layers.
The study of this phenomenon is fundamental if one wants to
build nonequilibrium phase diagrams, since such irradiation
can produce nonequilibrium compounds and metastable
phases whose existence in equilibrium phase diagrams is
forbidden. A series of studies of systems characterized by
different miscibilities, such as Ag ±Fe, Cu ±Fe, Al ±Fe, Au ±
Cu, Au ±Cu ±Mo, Mo ±Zn, Fe ± Pb, Fe ± Si and others,
suggest that this is the case for systems not only with a high
solubility but also with limited solubility or complete
immiscibility [11, 55, 56, 77, 95 ± 99].

Of special interest is the possibility of mixing materials
with very different thermophysical and thermodynamic
properties, which is difficult to do by traditional methods. It
is important to study the modifications at the surface of iron,
which serves as the base element for steels and alloys with new
structures, doped with various elements. For instance, the
high-meltingmetals Ta andMo improvemechanical, thermo-
physical, and corrosion-resistance properties of iron. The
melting points Tm of Fe, Ta, and Mo are 1537, 2997, and
2617 �C, respectively, while the boiling point of Fe, equal to
2872 �C, lies between Tm for Mo and Ta, which makes the
introduction of Mo and Ta into the matrix much more
difficult. The equilibrium diagrams of the Ta ±Fe and
MoÿFe systems are characterized by unlimited mutual
solubility of the components in the liquid phase and limited
solid solubility; the Fe ±Ta system contains two compounds,
FeTa and Fe2Ta with a broad homogeneity range. When the
concentration of Ta is 42% (T � 1550 �C), an Fe2Ta�FeTa
eutectic crystallizes, and when the concentration of Ta is 64%
(T � 1680 �C), the FeTa�Ta eutectic is formed. The solubi-
lity of Ta in g-Fe amounts to less than 3% and in a-Fe, no
more than a few tenths of an atomic percent [100]. The
motivation of research stemmed from the possibility of
using LHEBs for mixing such systems, analyzing the element
and phase composites that are formed in the process, and
investigating the effect of these composites on the modified
properties [69, 101].
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Figure 10. Depth distributions of the SW pressure gradient in an iron
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In simulating the thermal regimes for pure a-Fe [63] and
the Ta ±Fe and Mo±Fe systems, the dynamics of the
temperature field was analyzed numerically by solving a
one-dimensional heat transfer equation with variable values
of the heat capacity and the thermal diffusivity in the presence
of a heat source specified by the irradiation regime [102].
Phase transitions including melting and solidification pro-
cesses were taken into account [103]. Figure 11a depicts the
curves that represent the time dependence of the position of
the melt ± solid phase boundary for a Ta ±Fe system consist-
ing of a thin (100 nm) Ta film on an a-Fe substrate (100 mm)
for different fluencesF. As F increases from 2.3 to 5.2 J cmÿ2

per pulse, the thickness of the melted layer of iron and the
time of its existence increase within the ranges 2.7 ± 7.8 mm
and 2 ± 10 ms. But when a-iron was irradiated with the same
fluences, these two quantities were found to vary within the
ranges 0.7 ± 2.5 mm and 0.5 ± 3 ms, respectively [63]. The solid
curves (Fig. 11a) correspond to sections where T � Tm and
the metal is in a metastable two-phase state (slush state) that
appears only under pulsed heating, when not all of the heat
required for complete fusion is introduced into the system
[104]. Figure 11b depicts the effect of F during the time when
the Ta film exists in the liquid state. WhenF � 2:5 J cmÿ2 per
pulse, the film has not yet melted and the thickness of the
molten layer of Fe is 2.7 mm (curve 1). When F � 3:3 J cmÿ2

per pulse, the components melt simultaneously within a time
of 0.4 ms. When F � 5:2 J cmÿ2 per pulse, this time grows to
1 ms. As F increases, the maximum cooling rate of the melt at
the surface decreases from 109 to 108K sÿ1, and the velocity of
the wavefront drops from 2 to 1 m sÿ1. When a-Fe is

irradiated, the values of these characteristics amount to
1010 ± 109 K sÿ1 and 2 ± 5 m sÿ1, respectively. Thus, the
presence of a high-melting film substantially (by a factor of
four) increases the thickness and lifetime of the molten layer
of iron, which lowers the rate of quenching from the melt and
slows down the solidification process. Nevertheless, the
values of these characteristics are sufficient to ensure
effective trapping of impurities by the melt ± solid interface
and to largely prevent segregation of dissolved impurities in
the course of solidification.

Figure 12 depicts the energy spectra of RBS for the Ta ±
Fe system before and after LHEB irradiation. The decrease in
the height of the Ta peak and the smearing and shift of the
right edge of the spectrum to the left suggest that irradiation
leads to a mixing of the components at all values of F,
including F � 2:5 J cmÿ2 per pulse, when according to
calculations (Fig. 11b) the Ta film does not melt. When F is
large, the spectra acquire horizontal sections, which corrobo-
rates the formation of layers with a thickness of up to 100 nm
with a constant concentration of Ta. The decrease in the
height of the Ta peak as F decreases suggests that the mixing
is accompanied by a loss of themass of Ta,most probably due
to Ta spitting by the overheated vapors of the substrate. The
results of Auger electron spectroscopy (AES) show that the
initial film contains, in addition to Ta (about 60 at.%), a
sizable amount of carbon and oxygen. The maximum
concentration of oxygen is observed at the film ± substrate
boundary, which corroborates the formation of a tantalum
oxide layer. After irradiation, a redistribution of the elements
of the film and substrate occurs and they become thoroughly
mixed, a fact agreeing with the RBS data. There is also an
increase in the concentration of oxygen in the surface layer
with a thickness of to 50 nm accompanied by the formation of
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an oxide layer whose thickness decreases with increasing F,
while the depth of the mixed layer increases to 250 nm. An
analysis of the Ta profiles based on the RBS and AES spectra
shows that with increasingF the concentration of Ta strongly
decreases both at the surface and in the bulk and that at high
fluences, e.g., F � 5:5 J cmÿ2 per pulse, the major fraction of
the Ta film is carried away due to ablation.

The effective diffusivity of Ta in the liquid phase
calculated by Fick's equation amounts to �3ÿ8��
10ÿ5 cm2 sÿ1. These values are characteristic of diffusion in
such a phase [97, 105, 106]. We believe that the following
reasons explain themixing of Ta andFe atF � 2:5 J cmÿ2 per
pulse, when according to the results of calculations of thermal
fields the Ta does not melt. The calculations did not allow for
the existence in the Ta ±Fe system of the d-Fe�Fe2Ta
eutectic, which is formed at 7.9 at.% of Ta and melts at
T � 1440 �C [100], and for the presence in the initial layer of
Ta oxide, whose thermal conductivity is much lower than that
of Ta. These two factors can lower the melting threshold to
F � 2:5 J cmÿ2 per pulse, with the melting beginning not at
the surface but at the film ± substrate interface.

Figure 13 shows the morphology of the sample's surface
before and after irradiation [101, 107]. The initial coating is
inhomogeneous (Fig. 13a). After irradiation this inhomo-
geneity increases (Fig. 13b). The larger fraction of surface has
a structure characteristic of the eutectic. Three sections that
differ in contrast can be specified here, T1, T2, and T3, with T1

and T2 taking up 30 and 50% of all the area, respectively.
Microprobe analysis has shown that the dark sections T1

mainly contain iron, the light sections T3 mainly contain Ta,
and the gray sections T2 contain amixture of these elements in

comparable concentrations. Hence, the mixing process
effectively occurs only in the T2 sections, which amounts to
50% of the irradiated area. We believe that the inhomogene-
ity of mixing is due to the nonuniformity of the coating itself,
both along the surface and into the film (Fig. 13a), and also to
the ejection of some of the coating in the flashing (burst
boiling) of the substrate (at F � 5:5 J cmÿ2 per pulse the
temperature at the surface reaches 4000 �C).

The most interesting are the T2 sections, which contain
0.3-mm spherical particles of undissolved Ta and 30-nm
particles of the intermetallic compound Fe2Ta (Fig. 14a and
14b). The diffuse ring in the electron-diffraction pattern
(Fig. 14b) suggests that an amorphous Fe ±Ta phase has
been formed. Since at the surface the concentration of Ta is
high, we may assume that a substitutional solid solution
Fe(Ta) has also been formed. According to the intensities of
the reflections of Fe (Fig. 14b), the volume fraction of Fe(Ta)
is much smaller than the volume fractions of Ta and Fe2Ta,
with Fe2Ta being the main phase [100]. Observations show
that at a depth of 0.3 mm (Fig. 15d) there are grains of the
solid solution with an enhanced (8� 109 cmÿ2) dislocation
density (in the initial a-Fe this density is on the order of
108 cmÿ2) and 50-nm particles of Fe2Ta. No traces of an
amorphous phase were found. At depths larger than 0.5 mm,
randomly distributed grains of a-Fe with an enhanced
dislocation density were revealed. Such densities are created
by thermoelastic stresses generated by the rapid solidification
of the molten layer [108, 109]. Additional contributions are
provided by stresses caused by the transformation-induced
hardening in the process of the g! a transformation. This
fact is corroborated by the results of conversion-electron
MoÈ ssbauer spectroscopy [69, 101].

Figure 15 schematically depicts the structure of the mixed
surface layer. The diversity of structures and their layered
nature are due to the nonuniform depth distribution of Ta
and the difference in the rates of cooling at the surface and in
the deeper layers of the melt. The microhardness, measured
by a diamond nanoindenter, was found to be different in the
regions T1, T2, and T3. Maximum hardening was achieved in
T2, which also had the greatest resistance to brittle fracture.
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Figure 13. Morphology of the surface of Ta/Fe samples: (a) prior to

irradiation in the initial state; (b) after LHEB irradiation (3.5 J cmÿ2 per
pulse); (c) initial state (large magnification); (d) after LHEB irradiation
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The experiments determined the optimum regime of irradia-
tion, F � 3:3 J cmÿ2 per pulse, which corresponds to
maximum hardening. Figure 16 depicts the curves represent-
ing the dependence ofH on the load for the regions T1 and T2;
these curves were used to determine the depth of the hardened
layer, � 12 ± 15 mm, which is much larger than the thickness
of the mixed layer (0.1 ± 0.5 mm). The average increase in
microhardness with respect to the initial value reached
0.7 GPa for T1 and 2.7 GPA for T2. Processing in the
optimum regime also improved the corrosion resistance of
the system. A test in saturated water vapor for 36 h showed
that the loss of matter for irradiated samples was half that for
unirradiated samples. In longer tests (240 h) this difference
was found to increase by a factor of ten. Note that similar
results have been obtained for the Mo ±Fe system [101] and
the V ±Fe system. Hence, an increase in the mechanical
strength and corrosion resistance of steels and iron-based
alloys can be achieved by doping the steels and alloys with
high-melting elements such as Ta, Mo, and V combined with

LHEB irradiation of the surface rather then the entire bulk.
Thus, there emerges the possibility of realizing a new
resource-saving technology.

5. Mass transport due to a high-power pulsed
beams of charged particles

One of the possible channels of dissipation of HEB and HIB
energy is the intensive transport of atoms in matter. The
mechanisms of such transport differ and depend on the
thickness of the irradiated target. It is important to study
these mechanisms if we want to establish the nature of atom
migration in condensed media. While mass transport in the
surface layers is determined primarily by diffusion processes
due to temperature and pressure gradients, at large depths the
main contribution is provided by the shock wave. Here we
examine the two corresponding models.

5.1 Mass transport in surface layers
When a system of thin films of Al (0.8 mm) on a Nb substrate
and Ag (0.1 mm) on a Cu substrate were irradiated with an
HIB (0.5 MeV, 200 ns, 120 ± 170 A cmÿ2), it was found that
the film atoms penetrate the substrates to depths that
exceed the initial film thicknesses severalfold [110 ± 112]. It
was also found that the penetration gets deeper as the
number of irradiation pulses increases. If we take the
duration of the diffusion processes to be the time that the
liquid phases exists on the sample's surface, estimates of the
effective diffusion coefficients yield D � 10ÿ2ÿ10ÿ4 cm2 sÿ1

[112], which exceeds the value for liquid metals by several
orders of magnitude. In view of the low beam fluence
(< 1014 ion cmÿ2), this intensive mass transport cannot be
explained by the presence of ballistic processes. A report of
such an effect can be found in Ref. [113], while a similar effect
caused by laser and electron irradiation was reported in Refs
[114, 115].

Irradiation by HIB generates powerful nonequilibrium
temperature and pressure fields in the sample, whose
calculated gradients are as high as 109 K mÿ1 and
1014 Pa mÿ1, respectively [111]. In addition to the flux jC
caused by the concentration gradient, the two fluxes that are
usually ignored but can become substantial under these
conditions are the thermal � jT� and pressure � jP� diffusion
fluxes [116]. Estimates show that the jC-to-jT-to-jP ratio is
usually 1 :1 :10ÿ2. Therefore, Krivobokov et al. [111] con-
ducted a detailed study of diffusion in the presence of a
temperature gradient, to which end the thermal diffusion
equation for the concentration C of the diffusant,

qC
qt
� H

�
D

�
HC� KTHT

T

��
�5:1�

was solved together with the Stefan problem. Calculations
were made up to the moment when the sample became
completely solid. If the impurity present in the melt has
different solubility limits in the solid and liquid phases, it
segregates as the solidification front travels [68, 108, 116]. The
resulting profile of the impurity concentration is determined
by the segregation coefficient (which is the ratio of the
solubility limits) and the relationship between the melt
stirring intensity (e.g., as a result of diffusion) and the
velocity with which the solidification front travels. An
analysis of the kinetics of this process in the event of HEB
(and HIB) irradiation has shown that the segregation effect
can somewhat change the shape of the concentration profile
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of the impurity, but this effect does not explain the
penetration of the impurity into the bulk, at least when the
irradiation is a single act [111].

Another possible factor of enhancement of migration of
the atoms is the mixing of matter in the molten layer in a
hydrodynamic regime. The reason for this lies in the fine
structure of the power of energy release along the surface of
the sample, which emerges as a result of either filamentation
of the beam (the effect was noted in Refs [117, 118]) or the
preferential flow of current along the roughness peaks of the
surface. In both cases the size of the energy-release inhomo-
geneities dj amounts to several microns. The distribution of
the current density along the sample's surface (the y axis) was
specified by the function

j�y; t� � �j�t�
�
1� cos

2py
dj

�
: �5:2�

Numerical solution of the system of equations for a
continuous medium by Euler's method in the case of an iron
target being irradiated by a high-current electron beam
(0.9 MeV, 70 ns, 10 kA cmÿ2) and partial evaporation of the
target made it possible to monitor the coordinates of the
moving surface of the condensed phase. Zhukov [119] used
the equations of state of the target's material. Point markers
were introduced into the surface layer of the sample. What
was monitored was the displacements of the markers `along'
the depth x, which were calculated in terms of mass units:

Dxm�t� � 1

r0

�xm�t�
xs�ym;t�

r�x; ym; t� dxÿ xm�0� ; �5:3�

where xm and ym are marker coordinates, xs is the coordinate
of the surface, r is the density, and r0 is the initial density. It
was found that at j � 104 A cmÿ2 a pressure as high as 109 Pa
developed in the sample. The velocity of mass transport along
the x axis reached 102 ± 103 m sÿ1, and along the y axis, 0.1 ±
1m sÿ1. In the surface layers,Dxm is proportional to the depth
of occurrence of the markers, xm, and the local gradient
dj=dy � dÿ1j . By the time the irradiation pulse has terminated
(200 ns), the displacements Dxm amount to several tenths of a
micron. An analysis of the velocity field in the calculation
region 04 x < 1 mm, 04 y < dj=2 indicated that there was a
finite value of angular momentum. It is natural to assume,
therefore, that the given vortex motion and the decay of the
pressure waves during the time in which there is a liquid phase
on the sample's surface (several microseconds) can lead to
substantial mixing of the surface layers. Hence, among the
mechanisms of intensifying the migration of atoms when
high-power beams of particles irradiate a solid, diffusion
and thermal diffusion in the molten layer and the mixing of
this layer in the hydrodynamic regime play an important role.
The segregation of the components of melt in the event of the
melt's directional solidification has only a small effect on the
shape of the impurity concentration profile.

5.2 Mass transport in an SW field
Olemsko|̄ et al. [120] employed a different approach to
determine the pressure gradient in the shock wave and used
the spatial pressure distribution [121]

P � P1 � P2

2
� �P2 ÿ P1� tanh�x=d�

2
; �5:4�

which was obtained from the laws of conservation of fluxes of
mass, momentum, and energy under the assumption that

P2 ÿ P1 is small compared to the values P1 and P2 before and
after the wavefront. The width of the wavefront is

d � 8aV 2

�P2 ÿ P1��q2V=qP 2�S
: �5:5�

HereV � rÿ1 is the specific volume; the kinematic coefficient

a � n� w�gÿ 1�
2C 3

L

�5:6�

is determined by the speed of sound CL, the kinematic
viscosity n � rÿ1

��4=3�Z� x
�
(with Z and x the coefficients

of viscosity of an isotropic medium), and the density r;
w � K=�rCP� is the thermal diffusivity, which is determined
from the thermal conductivity K and the constant-pressure
heat capacity Cp; and g � Cp=CV is the adiabatic exponent.
The drift flux Idr � rv is ensured by themovement of atoms in
the SW field with a velocity v � ÿmHP, where m is the
mobility. Using the explicit expression for the curvature of
the polytropic curve, �q2V=qP 2�S, we arrive at the following
expression for the effective diffusion coefficient D, which
links the total flux I � Idr � Idif (with Idif the diffusion flux)
and the concentration gradient HC:

D � D0 � rm
8

g� 1

g2
CL

n� w�gÿ 1�
C 2

L

PV

�P2 ÿ P1�2
P

jHC jÿ1 ;
�5:7�

where the initial diffusion coefficient is determined by the
Einstein ± Smoluchowski formula D0 � rmT=O (here O is the
atomic volume and T is the temperature in energy units). The
expression for the normalized diffusion coefficient is

DD
D0
� DÿD0

D0
� 1

8

g� 1

g2
rC 3

L

n� w�gÿ 1�
P2 ÿ P1

P 2

L

C0

O
T
: �5:8�

Here we have used the estimate jHC j � C0=L, with C0 the
concentration of tracer atoms at the surface and L the depth
of penetration of these atoms after the SW wave has passed.
According to (5.8), the increase in mass transport is ensured
not only by the pressure dropP2 ÿ P1 but also by the decrease
of the kinematic coefficient (5.6), a decrease caused by the
reduction of viscosity n and thermal diffusivity w under a rise
in pressure. For typical values of the quantities involved
(r � 1ÿ10 g cmÿ3, g � 5=3, O � 10ÿ23 cm3, C0 � 10ÿ1ÿ1,
L � 10ÿ5 cm, and T � 10ÿ14 erg), the condition DD4D0

yields the following inequality:

�P2 ÿ P1�2
P 2
2

4 �10ÿ2ÿ1��n� w�gÿ 1�� : �5:9�

Inequality (5.9) holds even for a small drop in pressure in
the SW, provided the wave substantially reduces the viscosity.
Actually, the factors that are important here are the
magnitude of the pressure and the pressure gradient, which
reduce the value of the kinematic coefficient. Hence, another
possible mechanism of mass transport, which in contrast to
the mechanism discussed in Section 5.1 is of an athermal
nature, is a shock wave. Such a wave is capable of causing an
enhanced migration of atoms at great depths, where thermal
diffusion processes contribute nothing. The intensity of mass
transport is determined not only by the pressure amplitude in
the SW but also by the spatial pressure gradient, which,

November, 1999 Metal modification by high-power pulsed particle beams 1153



depending on the initial profile of the shock wave (determined
by irradiation), may increase. This conclusion is in good
agreement with the kinetic model of defect formation in the
field of a shock wave (see Section 3.4).

6. Generation of elastoplastic waves
in metals due to high-power pulsed beams
of charged particles

The effect of HIB on solids is accompanied by solid-, liquid-,
and gas-phase processes. When the duration of irradiation is
roughly 100 ns, at intensities I4 108 W cmÿ2 solid-phase
processes dominate; at I5 1010 W cmÿ2, the gas-phase and
plasma processes dominate; and in the medium range of 108 ±
1010 W cmÿ2, all three processes run simultaneously. It is for
the medium range of intensities that we are forced to
determine the contribution of each process to the overall
interaction effect.

Detailed experimental and theoretical investigations into
the problem of generation of elastoplastic waves in alumi-
num, copper, and lead targets subjected to HIB irradiation
from a TONUS accelerator were conducted by Chistyakov et
al. [122], who also found some characteristics of ablation
plasma. The maximum intensity with targets 0.2 to 1 cm thick
reached �2� 108 W cmÿ2 for a 6 to 10 cm2 cross-sectional
area of the beam. The different sublimation energies of metals
lead to markedly different conditions of formation of a
plasma layer on the target's surface and, as a result, to
different values of the parameters of the generated waves. A
voltage pulse was detected by an aperiodic piezoelectric
transducer (with a resolution of �10ÿ8 s) placed at the rear
(unirradiated) surface. The recoil impulse was measured by a
ballistic pendulum, and the amount of mass carried away, by
weighing. The dynamics of plasma spread was recorded by an
optoelectronic camera. The amplitudes of the signals from the
piezoelectric gages were proportional to the beam's current
density. The pictures taken by a streak camera revealed that
the plasma spread velocity vpl increases with the irradiation
intensity. Table 3 lists the results of experiments and
calculations: the mass Dm carried away in the course of one
pulse, and the recoil impulse J. The values of vpl estimated by
the formula vpl � J=Dm varied within the interval
�1ÿ8� � 103 m sÿ1. Clearly, Dm correlates with the sublima-
tion energy Es of the metals: 0.96 kJ gÿ1 (Pb), 4.8 kJ gÿ1 (Cu),
and 9.8 kJ gÿ1 (Al), i.e., the smaller values ofEs correspond to
the larger values of Dm.

The process is described by a system of equations contain-
ing the kinetic equation of particle transport, the equations of
the continuummechanics, and awide-range equation of state.
When I4 1013 W cmÿ2, we can ignore electron and radiant
heat conduction [123]. In all cases the electrical conductivity
of themedium swas found to exceed 104Oÿ1 mÿ1, so that one

can ignore the effect of the electric field (whose strength is
proportional to j=s) on particle transport, while the Coulomb
force acting on the beam particles is much weaker than the
friction force, which determines the specific energy loss by the
particles. In order to solve the problem,Wood andGiles [124]
employed the elastoplastic model, in which the same equa-
tions describe processes within the region where energy is
deposited (where the matter can melt and evaporate) and
outside that region. The equations of the continuummechan-
ics for the case of one-dimensional geometry with bulk energy
release taken into account have the following form:

p
dz

dt
� qS

qz
; �6:1�

1

V
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dt
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�
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Here v, r, V, and u are the velocity, mass density, specific
volume, and the internal energy of the substance; z is the
spatial coordinate; S � Sz ÿ �p� q� is the total stress; Sx, Sy,
and Sz are the components of the stress deviator; m is LameÂ 's
constant; p is the hydrostatic pressure; q is the artificial
viscosity; dSz=dt � qv=qz is the deformation rate; and D is
the energy deposition function (the amount of energy released
in unit mass per unit time during the passage of particles
through matter). Plastic flow is described by the law of
conservation of the stress deviator at the yield point, whereby
the system of equations was augmented with the von Mises
yield criterion S 2

x � S 2
y � S 2

z 4 �2=3�Y 2
0 , where Y0 is the yield

stress in uniaxial tension. The system of equations incorpo-
rated the equations of state, which allowed for phase
transformations in the energy deposition zone [125] and was
solved by Wilkins's method [126] with linear artificial
viscosity. The program was tested on the existing self-similar
solutions of problems of a gas expanding into a vacuum,
sound propagation in a gas, collision of solids, and decay of
an arbitrary discontinuity in a gas.

The energy deposition function was calculated via the
differential flux density of particles in matter by the multi-
stage method [127]. The stopping properties of matter for
electrons were determined by the Bethe ± Bloch formula and
for ions, from tabulated data in [68]. The carried-away mass
and the recoil impulse were calculated by the formulas

Dm � lim
t!1

�
Sb

�z�
zq

r�z� dz
�
; �6:6�

J � lim
t!1

�
Sb

�z�
zq

v�z�r�z� dz
�
; �6:7�

where Sb is the beam's cross-sectional area, zq is the
coordinate of the plasma's free surface, and z� is the
coordinate of the plane bounding the fraction of the plasma
carried away. The results of computer simulation and the
experimental data are compared in Table 3. Since z� cannot be
found precisely by only solving equations (6.6) and (6.7), it

Table 3. Experimental and theoretical values of the mass Dm carried away
and the recoil impulse J when the target is HIB irradiated (0.2 ± 0.6 MeV,
100 ns, 1500 A cmÿ2).

Target Sublimation

energy

Experiment Theory

Es, kJ g
ÿ1 Dm, mg J, N s Dm, mg J, N s

Al

Cu

Pb

9.8

4.8

0.96

0.45

1.2

16.9

3 �10ÿ3
1.5�10ÿ3
1.3�10ÿ2

1.7

1.5

18.4

2.2�10ÿ3
1.9�10ÿ3
1.3�10ÿ2
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was assumed that that fraction of the target mass was carried
away that had a density r4r�z��. Analysis of the calculated
distributions r�z� showed that the mass density of the plasma
jet rapidly decreases as we move closer to the free surface and
that this region with a low density has a velocity that exceeds
themass velocity of themedium by a factor of ten if r > r�z��.
The value of z� was chosen from the condition that
r�z�� � 0:01r0, where r0 is the initial density of the sub-
stance. Then equations (6.6) and (6.7) yield values of Dm and
J close to the experimental values, which corroborates the
validity of the model.

The general laws that govern the generation of stress
waves in the solid fraction of the target irradiated either with
electron beams or with ion beams depend primarily on the
energy deposition function. For this reason we compare the
distributions D�z� normalized to a single incident particle for
differentmaterials. For particle energies of about 0.5MeV the
ion ranges are approximately a hundred times shorter than
the electron ranges, so that the width of the energy deposition
zone for ions is also smaller by a factor of 100 than the size of
the zone for electrons. Then, at equal HEB and HIB fluences
the amplitude of the stress waves may differ substantially.
Chistjakov et al. [128] studied the role of the plasma jet in the
generation of stress waves. For j4 1 kA cmÿ2, a compression
wave is generated in the solid portion of the target, while
directly behind the compression wave there is a rarefaction
wave, which is generated as a result of reflection of the
compression wave from the irradiated surface. As j
increases, matter in the energy deposition zone begins to
rapidly evaporate, and, as a result of the recoil impulse being
transferred to the target, the irradiated surface ceases to be
free. The result is a reduction in the magnitude of the tensile
stresses and their total disappearance. This result was also
corroborated by Chistyakov et al. [122]. In the event of
irradiation with ions with the same energy (0.5 MeV), due to
the high density of energy release, already at j5 20A cmÿ2 an
ablation plasma is produced, which generates only compres-
sion waves.

The possible mechanisms of generation of elastoplastic
waves clearly manifest themselves in HIB irradiation of
metals. At different moments in time, the stress fields exhibit
a two-wave structure, which can be explained by the
difference in the mechanism of generation of the components
of this structure. At the beginning of irradiation, a thermo-
elastic wave is generated in the solid phase of the absorption
layer. When melting is ceased, the stresses decrease, with the
result that the trailing edge of the wave is formed. Further
heating of the melt with the beam increases the pressure,
which `splashes' the substance in the direction of the free
surface accompanied by stress unloading in the direction of
the unirradiated solid fraction of the target. This unloading
generates a new compression wave in the solid. The two-wave
structure of the wave explains the complicated shape of the
oscillograms recorded by piezoelectric gages. No two-wave
structure is observed when the target is irradiated with
electrons, since due to the large width of the energy
deposition zone the thermoelastic wave has not enough time
to perceptibly leave the region where such a structure is
formed before the substance has melted.

With allowance for the mechanism of wave generation we
have just described, the estimate of the initial width of the
stress wave is

Dx0 � R0 � CLtp ; �6:8�

where R0, CL, and tp are the projected range of the particles,
the velocity of longitudinal sound, and the length of the
irradiation pulse, respectively. In the event of HIB irradia-
tion, CLtp 4R0, so that Dx0 is determined solely by the pulse
length tp. When a high-current electron beam irradiates the
target,R0 4CLtp, so that Dx0 depends on the energy E of the
beam electrons.We believe that the validity of estimate (6.8) is
corroborated by the results of computer simulation. For
instance, an increase in E by a factor of two doubles Dx0,
while in the event of HIB irradiation the width of the wave
changes insignificantly. Let us analyze the effect of the
parameters of HEB and HIB irradiation on the amplitude of
the compression stresses. For HEB irradiation, the energy
deposition zone is large, and stress unloading in the direction
of the solid fraction of the target proceeds within a time
t4 tp. Hence, the stress amplitude is determined only by the
values of j and tp. An increase in E does not lead to a sizable
increase in the wave amplitude. When ions are used, the
`splashing' of matter in the narrow energy deposition zone
proceeds simultaneously with the heating of the target,
whereby, notwithstanding the high energy release density,
the wave amplitude remains moderate. An increase in the ion
energy and, hence, in the width of the energy deposition zone
increases the plasma `splashing' time, which substantially
increases the wave amplitude.

The given results show that in the cases of both HEB and
HIB irradiation, in the given intensity range, the temperature
of the medium outside the energy deposition zone changes
insignificantly (4 10 K). Hence, in the unirradiated region all
the structural and phase transitions are initiated only due to
the propagation of stress waves. However, these results were
obtained for thick targets (�1 cm) and cannot be used to
extract information about the characteristics of the waves at
small depths (less than 1 mm), where the intensity of the
transitions is the highest.

7. Synthesis of thin films
and ultradisperse powders
using high-power beams of charged particles

One of the effects of the interaction of concentrated pulsed
radiative energy fluxes and solids is the ablation (ejection) of
matter, which is caused by the rapid heating of matter in the
radiation absorption region and the transformation of such
matter into a plasma ± vapor state. The effect was detected in
laser irradiation [127 ± 131] and in HEB [4] and HIB [29, 71]
irradiation. It has been observed with beams of nanosecond
and microsecond pulse lengths at intensities and fluences
exceeding certain threshold values. Ablation plasma (AP) is
successfully used for manufacturing thin films and coatings
by depositing the plasma on special substrates, in the
synthesis of nanosized ultradisperse powders, and in a new
method of diagnosing the characteristics of concentrated
energy fluxes. Hence, the study of the laws governing AP
formation is of great scientific and practical interest.

7.1 General laws of the ablation process
The characteristics of ablation plasma generated by applying
pulsed light from a laser to metals have been thoroughly
studied over a broad range of intensities (up to 1014 W cmÿ2)
[129 ± 134]. However, the theoretical description of the
phenomenon and the very method of producing such plasma
encounter formidable difficulties, a fact noted by Steverding
et al. [4], whowere the first to observe and studyAP in the case
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of HEB irradiation of metals. There are two advantages of
using HEB in comparison to lasers:

(1) The possibility of irradiating large areas (several tens
of square centimeters) with a beam with a uniformly
distributed intensity up to 1011 W cmÿ2 and the fact that
electron ranges are considerably shorter than the diameter of
the beam spot make it possible to formulate and solve a one-
dimensional problem, while for narrow beams of laser light
this can hardly be done.

(2) It is much more easy to analytically describe electron
absorption than the absorption of low-energy photons. To
the first approximation, the cross section of electron scatter-
ing in the target can be assumed constant for HEB pulse
lengths of several tens of nanoseconds, while due to the rapid
increase of the scattering cross section for low-energy photons
directly in the course of laser action, the photon penetration
depth decreases by several orders of magnitude. Since the
deposited-energy profile determines the subsequent hydro-
dynamic flow of the plasma-vapor matter, the precise knowl-
edge of this profile is important if we want to develop
quantitative theories.

HEB irradiation (2MeV, 30ns, fluencesFup to400 J cmÿ2

per pulse) of thin (0.03 ± 1 mm) copper plates is accompanied
by ablation of copper in the plasma-vapor state [4]. The
dynamics of the process was recorded by a high-speed
camera. The main results of the observations are as follows:
the ejection of matter from the surface occurs in a compact
manner (in the form of a plate), and the rate of ejection is
constant under irradiation but exceeds the thermal velocity of
the particles (the difference increases withF). No gap between
the ejection matter and the target was observed. Finally, the
ejection occurs along the normal to the surface, irrespective of
the direction of the beam. As F increased from 40 to
250 J cmÿ2 per pulse, the ejection rates increased from 1800
to 5000 m sÿ1, and for equal fluences a large spread was
observed in the values of these rates, which the researchers
explained by the nonuniform radial distribution of energy in
the beam (the 1=r2 law) and by energy fluctuations, which
reached 15% of the average value. At fluences higher than
60 J cmÿ2 per pulse, ejection of matter from the back of the
target (i.e., the unirradiated part) was also observed and the
process was found to have the same characteristics as that on
the irradiated surface. This process was also accompanied by
brittle fracture of the sample, in which a main longitudinal
crack developed. The thickness of the ejection was found to
increase with T, and the rate of expansion of the plasma
cloud, v, was found to depend on the plasma temperature
according to the law v � T 1=2.

The rate of ablation of the particles was calculated in the
followingway.Due to the very short length of the pulses in the
beam and the inertia of target's material, the rapid heating of
this material in the irradiated region creates a compression
pulse, whose initial profile corresponds to the distribution of
the absorbed dose with a peak at a depth of roughly 0.2 mm.
This pulse propagates in the form of a shock wave into the
bulk of the target and toward the irradiated surface. When it
is reflected by this surface, it is transformed into a pulse of
tension. As a result of a linear combination of these pulses, the
surface layer is under a double load and starts to move with a
velocity that is approximately twice the particle velocity in the
compression pulse, u. Using the equations for SW propaga-
tion, the GruÈ neisen equation, and the equation of state and
estimating the mean thermal velocity of the particles v by the
well-known formula of statistical thermodynamics, Steverd-

ing et al. [4] found that

u2

v2
� pmcV

4R
; �7:1�

where R is the gas constant, m is the molar weight, and cV the
specific heat capacity at constant volume. As the temperature
rises, cV rapidly increases, and u4 v. This explains the
following experimental fact: although laser irradiation gen-
erates a temperature of several electronvolts, the velocity of
injected ions in the AP reaches several kiloelectronvolts [4].
The given theory provides a good description of the
characteristics of the AP produced by laser light and HEB.

Metals irradiated with high-power ion beams revealed the
same general laws governing the ablation process as in laser
and electron irradiation. However, for equal fluences and
intensities of HIB and HEB and equal particle energies, the
ion ranges are several orders of magnitude shorter than
electron ranges, with the result that the heating rates are
higher in the case of ions, and this intensified ablation.

In their research, Yatsui et al. [30, 32, 34, 35, 82, 135]
obtained, via experiments and theoretical studies, reliable
formulas linking the AP parameters and the characteristics of
thin films. The entire process was found to consist of two
consecutive stages: the evaporation ofmatter from the surface
in the form of an expanding dense plasma-vapor cloud
interacting with the beam, and the subsequent adiabatic
expansion of the plasma into vacuum and its deposition
onto the substrate. The thickness of the evaporated layer
was assumed to be equal to the thickness of the layer heated
by HIB at a constant rate of evaporation of that layer. The
behavior of the plasma was described by a one-dimensional
hydrodynamic model, which incorporates the continuity
equation (7.2), equations (7.3) and (7.4) for the momentum
and energy (respectively), and the equation of state (7.5):
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P � �gÿ 1�re ; �7:5�
where r, v,P, e, x�5 0�, t, and g are themass density, velocity,
pressure, specific energy, coordinate, time, and the ratio of
specific heat capacities, respectively. The constants e and a
were chosen in such a way that the right-hand side of (7.5)
represented the instantaneous absorbed power per unit mass
of the expanding material: e � I=�Rr0�, where I is the
irradiation intensity, R is the ion range, and r0 is the initial
density. If a � ÿ1, no energy is absorbed (the case of
adiabatic expansion) when t > tp, where tp is the length of
the irradiation pulse; a � 0 corresponds to absorption of
energy at a constant rate; and at a � 1, this rate linearly
increases with time. The solution of equations (7.2) ± (7.5)
leads to expressions for the functions r�x; t� and v�x; t�, the
density of the ion current in the plasma IB�x; t� � rv, and to
estimates of the temperature T0 corresponding to the
maximum value of IB.

Irradiation was done on an ETIGO-II accelerator with
protons (> 80%) and carbon ions (1.2 ± 1.6 MeV, 70 ns,
1000 A cmÿ2, 108 W cmÿ2, 25 J cmÿ2 per pulse). The Ti and
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Al targets were positioned at an angle of 45� with respect to
the beam axis at a distance of 37 mm from the substrate. It
was found that T0 � 1:6ÿ2 eV; IB;max � 500 A cmÿ2 for Ti
and 400 A cmÿ2 for Al. The experiments showed that the
plasma density n and temperature strongly depend on time
(for t < tp) and position and vary within broad limits from
1018 to 5� 1022 cmÿ3 and 0.3 ± 20 eV, respectively, with
n / T. The calculated values of T0 and IB also strongly
depend on the rate of energy absorption and tp and weakly
depend on a. The degree of plasma expansion near the target's
surface under irradiation is much smaller than for adiabatic
expansion. The different experimental and calculated func-
tions IB�t� at the substrate surface for different accelerating
voltages (energies) of the beam ions are in good agreement
(Fig. 17), which is proof of the validity of the adopted model.
The observed increase in the discrepancy between them at
earlier stages is probably due to the recombination of ions in
the plasma, which is ignored by the model. More recent
experiments of Kang et al. [136] established that the
temperature T0 and the energy Ed per evaporated atom are
linear functions ofF (up to 80 J cmÿ2 per pulse; hereEd � 3 ±
15 eV per atom).

The same researchers established the dynamics of the
conversion of the thermal energy of the AP into the kinetic
energy of the AP by calculating the time dependence of the
plasma temperature at the target surface, T�t; x � 0�, the
dynamic and static pressures, Pd � rv2=2 and P [see (7.5)], at
different distances x from the targets [137]. They used the
same equations in the case of a linear input of energy by the
beam �a � 0�, which is closest to the real irradiation regime,
for I � 109 W cmÿ2. The calculated dependence T�t; x � 0�
for the Ti target shows that in the first stage of heating and
evaporation the temperature very rapidly (in about 70 ns)
reaches its maximum Tmax � 1:6 eV. Then, in the second
stage of adiabatic expansion, the plasma is rapidly cooled
(to Tmax=2 � 0:8 eV in roughly 1 ms), with a fraction of the
thermal energy of the particles converted to their kinetic
energy. The maximum value of Pd at x � 3 cm amounted to
roughly 1:4� 107 Pa and was reached in t � 2 ms. This value

is approximately ten times larger than the static pressure, i.e.,
the kinetic energy of the plasma is much higher than the
plasma's thermal energy.

7.2 Production of thin film
To produce thin films (TF), the plasma was deposited on
special substrates without heating them to any noticeable
extent, which allowed the exclusion of unacceptable tempera-
ture changes in the structure and composition of the film and
substrate materials. The use of HEB and HIB to produce AP
with irradiation of nonradiative targets has certain advan-
tages over the use of laser beams:

(1) The large coefficient of beam absorption.
(2) The fact that the radiation is absorbed in the bulk of

the target, which makes it possible to avoid unacceptable
overheating of the target material and to produce a more
uniform depth distribution of temperature, which excludes
intense absorption of the radiation in the thin melted layer of
the target leading to flashing, a feature characteristic of laser
irradiation. The bulk nature of absorption also makes it
possible to substantially increase the mass of the AP (say,
for HIB irradiation the average amount of the material
removed is 1000 times larger than for laser irradiation [138,
139]). This allows using deposition rates (� 1 cm sÿ1) that are
several orders of magnitude higher than those attained by all
other methods.

(3) Large areas of irradiation.
(4) The possibility of developing a one-dimensional model

of the process and of providing amore exact description of the
particle±target interaction.

(5) Essentially higher efficiencies, in view of which the cost
per unit energy with HIB irradiation is smaller than with laser
irradiation.

Estimates also yield low costs of producing 1-mm thick
films (US$5 per square meter) [17]. These beams found wide
(and successful) use in the technology of TF synthesis. The
Japanese technology known as Ion Beam Evaporation (IBE)
makes it possible to manufacture thin films with special
properties, including multilayer films of high-temperature
superconducting materials for the microsystems of the
electronic and optical industries [32, 34]. IBE provides the
possibility of producing thick films, including films manu-
factured from high-melting metals, of forming amorphous
and crystalline layers with a given structure, of sputtering
ceramic materials onto metals, and of synthesizing nanosized
ultradisperse powders. IBE has been used as a base for
producing diamond-like coatings [17, 32, 140, 141]. The IBE
technology could be used in medicine to deposit thin films on
the surfaces of implanted fasteners with aluminum, e.g., films
of hydroxylapatite, the main inorganic component in the
bones of humans and animals [142].

It was found that the characteristics of thin films
produced by irradiation differ from those produced by
vacuum deposition or sputtering. By properly selecting the
material of the sputtered target, the irradiation regimes, the
composition and parameters of the irradiation medium, the
substrate material, and the subsequent thin-film annealing, it
became possible to produce films with elevated mechanical
strength and special electric, magnetic, and optical properties.
Here, we analyze the experimental results of studies of the
laws governing thin-film formation that we believe to be the
most important. Beams of light ions (protons, carbon,
nitrogen, etc.) were used for irradiation, since, first, such
ions have ranges that are longer than those of heavy ions and,
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Figure 17. Time dependence of the ion current of the ablation plasma

produced as a result of HIB irradiation (protons > 80% and carbon ions;

1.2 ± 1.6 MeV; 70 ns) of a Ti target for different values of the accelerating

voltage across the diode: the solid curves correspond to the experimental

data and the dashed curves, to the results of calculations.
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second, they can be produced more easily. To date, the IBE
technology has been used to synthesize films from various
materials: metals (Al, Pb, Mo, W, Ti, Au, Fe, Zn, Cu, and
Nb), ceramic materials (BN, SiC, YBa2Cu3O7ÿx, ZrO2, and
AN), and insulators (B, C, ZnS, ZnS�Mn, and BaTiO3),
including apatites. Figure 18 depicts two schemes of thin-film
deposition on a substrate for frontside (FS) and backside (BS)
configurations. The latter came into use only recently and will
be examined later. The high-power ion beam struck the target
at an angle of 45� (Fig. 18a). The substrate was mounted on a
holder below or above the target in such a way that its surface
was kept parallel to the irradiated surface of the target, which
ensured uniform deposition (with respect to depth) of the
film.With the geometries used in these experiments, one-third
(on average) of the sputteredmaterial landed on the substrate,
with a fraction of the material passing around the substrate,
as photographs of the process clearly indicate. Deposition
was done in vacuum (10ÿ4ÿ10ÿ5 Torr) with an insignificant
amount of impurities in the residual gases. Then, with the low
concentration of these impurities in the substrates, the purity
of the films was extremely high.

Davis et al. [36] used HIB (350 ± 50 keV, 30 kA, 0.4 ms)
containing H�, C�, C��, and O�� ions to produce thin films
by irradiating titanium and graphite. They found that there is
a threshold in the absorbed energy density corresponding to a
definite fluence, which for Ti and graphite amounted to 5 and
12 J cmÿ2 per pulse, respectively. The energy spectrum of the
beam particles was assumed constant during irradiation. The
temperature field in the target was determined by numerically
solving a one-dimensional heat conduction equation for a
constant density of thematerial and varying values of the heat
capacity and thermal conductivity. The equation incorpo-
rated a heat source, which reflected the real input of energy
determined from the oscillograms of the beam's current and
voltage. The hydrodynamic flow of thematerial and the losses
to radiation were ignored. The target temperature in the

ablation process was assumed equal to the boiling point.
Only the solid ± vapor phase transition was taken into
account, which is a fully valid approach only for graphite.
Strictly speaking, in metals one must take into account the
latent heat of both melting and evaporation, but the latter is
much larger than the former (say, for Ti by a factor of 15). At
the threshold value of F, the ablation mass changes suddenly
from zero to the mass of the layer corresponding to the range
of the beam ions. The following functions of F have been
found through experiments: (a) the ratio of the ablation layer
thickness to the beam absorption depth, (b) the ratio of the
energy spent on ablation to the incident energy, (c) the
threshold absorption energy Ea per atom needed for ablation
to begin (4 eV for Ti and 7 eV for graphite), and (d) the depth
dependence of Ea in the beam absorption region.

Specific features characteristic of the production of films
of ZnS, YBa2Cu3O7ÿx, BaTiO3, ZrO2, and Al involving the
use of the same accelerator (ETIGO-II) have been noted by
Yatsui et al. [16, 32], Shimotori et al. [29], Muller and
Schultheiss [142], Sonegawa et al. [143], and Kamihata et al.
[144]. In the plasma deposition using a target of ZnS with a
cubic structure onto a glass substrate, a thin film formed had a
hexagonal structure. The thickness of this film was found to
linearly increase with the number of irradiation pulses [16,
29]. After Mn was added as a color center, it became a
component of the multilayer produced by consecutive
deposition from the plasma of layers of BaTiO3, ZnS :Mn,
Ta2O5, HfO2, and Al onto the indium± titanium oxide (ITO)
covered by glass [16]. This multilayer was used in electro-
luminescent devices andproduceda strong (up to105 cd cmÿ2)
orange yellow color.

When YBa2Cu3O7ÿx and MgO(100) were used as target
and substrate, respectively, no crystallinity in the film was
discovered [16, 32]. However, after annealing (2 h at 985 �C
followed by 10 h at 485 �C in oxygen), crystallinity with awell-
defined orientation along the c axis emerged. Oxygen pressure
had a strong effect on the resistance of the film and on the
temperature dependence of that resistance.

Changes in crystallinity and stoichiometric composition
were observed in thin films produced by irradiating a target
that had the composition (mol %) of 92.7 BaTiO3, 4.5 TiO2,
2.6 Nd2O3, 0.1 Bi2O3, and 0.1 MnCo in the event of
deposition on an Si(100) target covered by aluminum. The
structural and phase composition was determined mainly by
the Ti/Ba concentration ratio, which depended on the number
of pulses [16, 32]. The film deposited on an Si(100) substrate
from a BN target with a hexagonal structure (h-BN) retained
this structure at low irradiation intensities, while at elevated
intensities an additional cubic structure was found to emerge
[16, 32]. The addition of Y2O3 to a target of monoclinic ZrO2

in the formation of thin films on the Si(100) substrate was also
found to affect the structure of the film. If its content
amounted to 1.1 ± 4.5 mol%, a tetragonal structure
emerged, while if the content was 7 ± 12 mol%, the structure
became cubic [32].

Kamihata et al. [144] were able to establish some of the
elementary processes responsible for the formation of
ablation plasma produced using Pb, Cu, Mo, Ti, Fe, and W
targets (which have different sublimation energies). They
used an EDIDATRON high-current accelerator (80% H�,
20% C�, 400 keV, 50 ns, j � 20ÿ100 A cmÿ2, energy per
pulse up to 5 kJ). The angular distribution of the fluence of
particles in the ablation plasma has the shape of a cosine curve
for all metals. The dependence of the thickness of the
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Figure 18. Deposition of a thin film produced by HIB irradiation:

(a) frontside (IBE/FS) and (b) backside (IBE/BS) configurations.
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evaporated layer Ta on the normalized absorbed energy Eabs

is of a threshold nature, with Eabs defined as the ratio of the
energy absorbed along the range of the beam particles to the
energy needed for heating the target to the boiling point. The
sudden increase in Ta at Eabs � 1 discovered for all metals
shows that the sublimation energy is the threshold quantity
for ablation. This result is in good agreement with those
discussed in Section 6, where the contribution of ablation to
the generation of elastoplastic waves was studied. There is a
strong correlation between the functions Ta�Eabs� and Ta� j�.
The observed sudden increase in Ta as a function of j for
j > j1 � 30 A cmÿ2 is an indication that j1 can be assumed to
be a threshold value. The function Ta� j� for Pb has a
maximum of roughly 0.3 mm at j � 100 A cmÿ2, which is
much smaller than the range of the beam particles (�2 mm).
For j > 100 A cmÿ2, the value of Ta decreases. The lead ion
velocities were varied within a broad interval, 8� 103 ±
6� 104 m sÿ1, at j � 240 A cmÿ2 and were found to be
much smaller than in the plasma generated by the light from a
KrF laser [145].

Rej et al. [139] achieved high rates of deposition of thin
films:� 30ÿ300 nm per pulse (5 ± 50 cm sÿ1) were reached by
irradiating Cu, Y, Ba, Ag, Al, and carbon on an ANA-
CONDA accelerator (� 50% H�, � 50% C�, 150 kJ,
600 keV, 600 ns, and 10 ± 25 J cmÿ2 per pulse). The values
were 1000 times larger than those achieved by employing laser
light, for equal fluences and intensities of the beams. As the
number of pulses increases, nonuniform burst deposition of
the film occurred, with the film surface becoming rougher.
The researchers explain this fact by impact strain hardening
of the target due to the repeated effect of pulses and by the
nonuniform distribution of the current density over the
beam's cross section, which causes nonuniform heating of
the target surface.

Yatsui et al. [32] used a plasma of light ions produced in
the irradiation of a target consisting of 90% BN, 5% CaO,
andB2O3 on anETIGO-I accelerator (1.2Mev, 240 kA, 50 ns)
for high-dose implantation in Ti of 99.7% purity. For a
plasma current density of roughly 1 kA cmÿ2, the dose of
the ions implanted into the target per pulse was roughly 1%of
the initial atomic density of Ti, in which formation of the TiN
compound was observed. After approximately 20 irradiation
pulses, the surface hardness of Ti increased with the number
Np of pulses, and atNp � 70 the hardness became larger by a
factor of 1.6 in comparison with the initial hardness.

Two key issues in the technology of film deposition are the
possible heating of the film and the presence of impurities. To
attain high deposition rates, the substrate is positioned near
the target. In the condensation time (�10 ms), a layer of about
1 mm thick is formed. The still hot, dense plasma can heat the
film through neutralization of the plasma ions and the heat of
condensation. This heating has been detected in the deposi-
tion of the plasma, produced on an ANACONDA accel-
erator, onto thin-film metallic resistor substrates. The
maximum film temperatures (up to 2000 �C) were reached in
depositing carbon on glass [146].

Remnev et al. [147] andRej et al. [148] analyzed impurities
in films produced by irradiating high-purity (99.99%) W and
Au with a proton±carbon beam (350 ± 500 keV, 60 ns,
�0:7ÿ1:5� � 108 W cmÿ2). Deposition was carried out in a
high vacuumwith a pressure of the residual gases C, N, and O
less than 5� 10ÿ5 Torr. The concentrations of the same gases
in the high-purityGaAs substrate did not exceed 10ÿ5%. Film
thicknesses were determined by X-ray fluorescence analysis,

and the concentration of carbon and nitrogen in the films was
determined by the method of nuclear reactions with 3.1-MeV
deuterons and by SIMS. The best results were obtained with
predeposition of the films and the use of special cold nitrogen
traps [148]. The maximum surface density of the W films was
sW � 1:3mg cmÿ2, with the densities of the impurity elements
being sC � 9:7 mg cmÿ2 and sN � 0:62 mg cmÿ2, and the
contents of these elements were (in wt%) fC � 0:75% and
fN � 0:75%. For Au these values are sAu � 1:3 g cmÿ2,
sC < 0:2 mg cmÿ2, sN < 0:1 mg cmÿ2, fC � 0:1%, and
fN � 0:05%. The overall amount of C increased with the
number of irradiation pulses (their frequency amounted to
8 ± 10 minÿ1), which suggested that the films became con-
taminated by residual gases in the deposition process.
Contamination also occurs between the pulses. Remnev et
al. [147] and Rej et al. [148] also studied the angular
distribution of the fluence of particles in the plasma
produced as a result of irradiation of 1-cm2 disk targets of
ZnS, Nb, W, Au, and Pb on a TEMP accelerator (60 ns,
250 A cmÿ2, 9� 107 W cmÿ2, 5 J cmÿ2 per pulse). The
distribution was determined by measuring the surface
density of these elements on the surface of very thin (0.2 ±
400 nm) films. As in other experiments, the shape of this
distribution is close to that of a cosine curve. However, the
angular distribution of the film thickness proved to be
extremely narrow; the function exp�ÿmy� is a good approx-
imation of it, with y being the angle between the chosen
direction and the direction normal to the target's surface, and
the parameter m varying between 3 and 4.3 for different
materials. This shape of the distribution is in sharp contrast to
the cosine-curve distribution of the fluence of particles in the
evaporated plasma.

Another method that has proved its potential is diamond-
like coating (DLC) [17, 32, 140, 141]. For instance, when
graphite targets are irradiated with a mixed H=C=O beam
(350 keV, 400 ns, 30 J cmÿ2 per pulse) and the plasma is
deposited at room temperature on silicon or glass substrates
placed at distances of 150 to 225 mm from the targets, the
highest rate of film growth is about 25 nm per pulse.
Investigation of these films showed that the films consisted
of spherical diamond particles about 100 nm in diameter and
that the electrical resistance of the films varied from 1 to
100 O cm; this is several orders of magnitude higher than the
resistance of graphite but ismuch lower than that of diamond.
The use of such films increases the mechanical strength and
durability of working pairs in friction units, which makes the
application of such films in, say, the aerospace industry
effective.

A new method of producing films by the IBE technology
has recently been developed in Japan. In contrast to the
standard IBE/FS technology (Fig. 18a), in which the injected
plasma is deposited on the front side of the substrate, in the
IBE/BS technology (Fig. 18b) the plasma is deposited on the
back side of the substrate located behind the holder [143]. The
film deposition occurs in the diffusion of the plasma through
the thin holder. The surface of a YBa2Cu3O7ÿx target was
irradiated on an ETIGO-II accelerator (� 90% protons,
1.1 MeV, 70 ns, 500 A cmÿ2, 30 J cmÿ2 per pulse,
4� 108 W cmÿ2). Si(100), MgO(100), SrLaGaO4(100) sub-
strates were positioned 60mm from the target.When the IBE/
FS method was used, droplike bumps no smaller than 1.5 mm
in diameter of yttrium and copper (in the form of an orange
peel) were observed on the surface of the film. These bumps
appear due to the ejection of drops of themelt from the target.
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No such bumpswere observedwhen the filmwas deposited by
the IBE/BS method. Here, the average roughness of the film
was 10.35 nm, which is five times smaller than that measured
in the IBE/FS method (55.47 nm). Although the deposition
rate in the IBE/BS method is roughly 30 nm per pulse, which
is ten times lower than in the IBE/FS method, it nevertheless
substantially exceeds the deposition rate achieved by laser
irradiation. Several differences in the crystallinity of the films
have been recorded, which depended on the composition and
structure of the substrate material. There are also two other
important advantages of the IBE/BS method. First, this
method makes it possible to avoid bombarding the film's
surface with highly energetic plasma particles (such bombard-
ment reduces the quality of the surface). Second, it increases
the purity of films; in particular, it substantially lowers the
content of residual gases. The above results corroborate the
potential of the IBE/BS technology.

7.3 Synthesis of ultradisperse (nanosized) powders
Ultradisperse powders with grain sizes in the nanometer
range can be used in the production of fuel for space
vehicles, magnetic plates of Fe, Ni, and Co, magnetic
memory devices of huge capacity, substrates for integrating
contours manufactured from AlN, high-strength ceramics,
and Al2O3-based catalysts [30, 136, 149]. In industry such
powders are produced primarily by chemical reactions in the
liquid phase, but this leads to problems with the composition
and chemical purity of the products.

The synthesis of nanosized aluminum powders was
investigated by Yatsui et al. [30, 135] and Rej et al. [148].
Plasma produced on an ETIGO-II accelerator is deposited on
a steel collector with fine cells, which is placed at different
distances from the target, L � 270 ± 330 mm, in a chamber
containing oxygen under a variable pressure (from 1 to
10 Torr). When the pressure is 1 Torr, the produced powder
consists of nanosized spherical aluminum particles with a low
content of g-Al2O3, produced as a result of the reaction
between Al and O2. As the pressure increases to 10 Torr, the
g-Al2O3 content becomes predominant, while the fraction of
Al is small. Varying the temperature of the subsequent
annealing between 800 and 1200 �C, the researchers pro-
duced powders with different size distributions of particles
(5 ± 65 nm) andwith different fractions of a-Al, d-Al, and g-Al
[30, 135, 148].

The same researchers produced ultradisperse TiO2 and
TiN powders (see the report in Ref. [150]). The size
distribution of the TiO2 particles was found to depend on L
(Fig. 19). For small L � 100 mm, the vapor in the plasma is
too hot for condensation to occur, with the result that the
particles are large (up to 2 mm). For large distances
(�300 mm), the vapor cools off, which means that there is
enough time for the vapor to become supersaturated, with the
condensation of the vapor into fine particles (2 ± 50 nm)
beginning in the space between the target and the collector.

An analysis of these results prompts the conclusion that
notwithstanding the different compositions of the target
materials and the different types of irradiation, the produc-
tion of ablation plasma is characterized by the following
general features:

(1) The process occurs under laser, electron, and ion
irradiations and exhibits a threshold in the intensity and
fluence per irradiation pulse.

(2) The rate of the process is high, with the dynamics
represented by two consecutive stages: the ejection of the

plasma from the target, and the expansion into vacuum. The
velocity with which the plasma is ejected depends on the
irradiation regime and is much higher than the thermal
velocities of the ions. The concentration and the temperature
of a dense (up to 5� 1022 cmÿ3) ablation plasma are
proportional to the irradiation intensity and fluence.

The process of formation and the structure of thin films is
determined by (a) the type of irradiation and the irradiation
regime, (b) the composition and parameters of the medium,
(c) the composition of the materials and the structure of the
materials of both target and substrate, and (d) the regime of
the subsequent annealing of the films. The same factors affect
the characteristics of the synthesized ultradisperse nanosized
powders.

Of course, problems related to raising the quality of the
surface, improving the morphology of the films, increasing
their purity, and achieving uniform thickness remain. The
IBE/BS technology developed at the Laboratory of Beam
Technologies of the Nagaoka University of Technology
(Japan) has made it possible to solve some of these
problems. Recently, good results have been obtained with
special plasma reflectors placed between the target and
substrate prior to irradiation, and with special geometric
constructions that confine the plasma to the space near the
substrate. Another solution is to reduce the mass of the
ejected plasma, which can be done by reducing the irradia-
tion fluence and the target thickness. As pointed out byMelic
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et al. [151], the same can be achieved (for equal fluences) by
the use of heavier ions in the beam, say, Ne�, which have
shorter ranges and reduce the thickness of the ablation layer.

8. Improving the operating characteristics
of metals, alloys, and products manufactured
from them, using electron and ion beams

An applied problem in studying the modification of materials
subjected to high-power beams of charged particles is the
improvement of the operating characteristics of end products.
In the present review, we describe the basics of, and the
prerequisites for, some new radiation technologies. However,
there are several reasons why not all of these technologies
have been used in industry. Therefore, in this section we
present some typical examples of realizing such technologies.
When the type and energy of the particles have been chosen,
the desired technology can be realized by using a certain
combination of intensities and fluences. For instance, when
using HIBs whose pulse lengths are about 100 ns to modify
the mechanical and tribologic properties of metals, the
fluences should not exceed 10 J cmÿ2 per pulse, while in
evaporation technologies the fluences are usually 10 ±
50 J cmÿ2 per pulse. In some cases, to increase the processing
productivity, special types of accelerators and vacuum
chambers were developed. Such devices made it possible to
irradiate large areas (up to 1000 cm2) and, at the same time, to
process large number of products [146, 148, 150].

Processing by high-power ion beams improves the
electroerosion durability of hermetically sealed reed relays
(ferreeds) [152]. The usual way of ensuring low and stable
electrical resistance of the contacts in medium- and low-
power gas-filled sealed reed relays and resistance to electro-
erosion is to use gold-based electroplating (the alloys Au/Co,
Au/Ni, and Au/Ni/Rh). The report on the results of
processing MKA-2701 ferreeds with a double plating of Ni
(2-mm thick) andAu (0.5-mm thick) can be found inRef. [152].
A cartridge containing 250 ferreeds was HIB irradiated
(�50% C�, �50%�, 300 ± 400 keV, 100 ns, 20 ±
100 A cmÿ2). Elemental and phase analysis of the ferreeds
showed that the gold layer was mixed with the nickel layer to
form a multiphase structure in the surface layer. On±off tests
of the ferreeds under a switching voltage Us � 60 V and a
current Is � 0:08 A showed an increase in theminimum life of
the devices by a factor of four to five in comparison to the case
when electrochemical plating was used. The number of
switching cycles increased to 107, with the ferreed electrical
resistance not exceeding 0.05 O (in the microwatt switching
regime, Us � 2� 10ÿ2 V and Is � 10ÿ2 A). It was found that
all the electrical parameters of the ferreeds agreed with the
specifications and that the yield of rated devices after
processing corresponded to international standards.

Goncharenko [153] analyzed the behavior of the stainless
steel 12Kh18N10T in acid media (a 1% solution of hydro-
chloric acid HCl) at room temperature after LHEB irradia-
tion with different numbersN of pulses (from 1 to 100). With
a single pulse, craters were found to appear at the location of
sulfide and carbide inclusions capable of forming low-melting
eutectics. Repeated irradiation, with these detrimental inclu-
sions evaporating, was found to refine the surface, a process
accompanied by the formation of a subgrain structure with a
grain size of about 100 nm. For F � 5 J cmÿ2 per pulse and
N � 100, the surface frees itself completely of impurities and
smooths out, and the craters disappear. The characteristics of

the anode polarization curves are improved with increasing
F, since the evaporation rate goes up substantially (Fig. 20a).
As N increases, the anode dissolution current decreases with
increasing stationary potential. When the latter becomes
positive, the dissolution current decreases by a factor of 100
in comparison with the initial current. No substantial
redistribution of the impurities (Cr, Ni, and Ti) was detected
in the irradiation region. Hence, what is crucial in increasing
the corrosion resistance is the cleaning of the surface from
detrimental impurities and the formation of a microstructure
with a high degree of chemical homogeneity.

Such an effect was accomplished when the surface of the
same steel was first coated with a 0.1-mmTi film and subjected
to an LHEB pulse (Fig. 20b). The reason for the increase in
corrosion resistance lies in the mixing of titanium and iron
accompanied by the transformations described in Section 4.
The best processing regime was with a fluence of 3.5 J cmÿ2

per pulse. An increase in the strength properties and
corrosion resistance to water vapor was achieved by first
applying thin (0.1 mm) high-melting films of Ta, Mo, and V
onto the iron surface and then irradiating the new surface
with single LHEB pulses [101, 107]. The same results were
observed after multiple �N > 50� irradiation (F � 5 J cmÿ2

per pulse) but without coating the iron surface with a Ta film.
As is known, pure tantalum forms a stable, dense, solidly
attached oxide layer in oxidizing acids, but its solubility in
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iron is too low (less than 0.5%) for a protective layer to form
when ordinary methods of fabricating alloys are employed.
Mixing, via LHEB irradiation, of Ta with iron produces an
amorphous film, which boosts the corrosion resistance.

The study of the effect of HEB and HIB on a-Fe (the base
for most types of steels and alloys) has made it possible to
determine the optimum processing regimes, which ensure a
maximum increase in strength and tribologic properties (see
Sections 2 and 3).

An increase in wear resistance upon dry friction has been
revealed not only on the surface of HIB irradiated samples of
steel, copper, and beryllium but also at depths exceeding the
range of the beam ions by several orders ofmagnitude [10, 69].
The effect occurs because of the formation of a defect
structure in the shock wave and the generation of residual
compression stresses.

Rej et al. [148] obtained reliable data on the processing of
AISI-4620 steel (composition: > 96:3 wt.% Fe, 0.2% C,
0.55% Mn, 1.8% Ni, 0.3% Si, 0.25% Mo, < 0:04% S,
< 0:04% P), used in the production of gear transmissions,
by varying the values of F and N on an ANACONDA
accelerator (ions of H, C, and O; 350 keV, 30 kA, 100 ns,
one pulse every three minutes). Two inhomogeneous zones
were found to form in the surface layer: the melting zone with
a thickness of 0.2 to 1 mm and the thermal-affected zone with
a thickness of 1 to 1.5 mm. After processing (F � 5 J cmÿ2 per
pulse, N � 10), the Knoop hardness increases by a factor of
1.4, to 466� 30 kgf mmÿ2, which is caused by grain
refinement and dislocation formation. The same researchers
detected changes in Vickers microhardness after HIB proces-
sing of the fast-cutting tool steel R18 (wt.%: 75 Fe, 0.7 C,
4 Cr, 1.8 W, 1 Mo, 1.2 V) used in the manufacture of cutting,
boring, and milling tools, on a TEMP technological accel-
erator (carbon ions, 300 keV, 20 kA, 50 ns, 0.3 Hz). Prior to
processing, the samples were quenched from 1270 �Cand then
tempered at 570 �C in order to produce the martensite phase
with the Fe3W6C carbides. Rapid annealing by irradiation
increased the concentration of point defects and dislocations
at the surface. Subsequent treatment (at 455 �C for one hour)
was carried out to stabilize the phases. The optimum
processing regime, which corresponded to maximum micro-
hardness, was achieved at F � 1:5 J cmÿ2 per pulse and
N � 2. The irradiation (F � 1:2 J cmÿ2 per pulse, N � 5) of
rivets made of U10A steel (> 98% Fe, 1% C, 0.25% Ni,
< 0:15%W, < 0:35% Si, < 0:02% P, < 0:02% S) was found
to lead to polishing of the rivet surface and to an increase in
their service life by a factor of 4.5 [148].

Cutting tools manufactured from tungsten carbide (WC
bonded with 5 ± 8% Co) were processed on the TEMP
accelerator (1.6 J cmÿ2 per pulse, N � 1). As a result, surface
roughness decreased from 1.8 to 1.3 mm, but it increased with
N. The best processing was achieved in a complex irradiation
regime, which consisted of the following stages: (a) a single
pulse (� 0:4 J cmÿ2 per pulse) to clean the surface, (b) several
subsequent pulses (� 0:9 J cmÿ2 per pulse) to reduce crystal-
lization, and (c) several concluding pulses (� 0:04 J cmÿ2 per
pulse) to polish the surface. The best effect was obtained for
drillsÐ their service life increased and the quality of the holes
was higher. The increase in resistance to wear is due to the
increase in the content of the solid solution of W in Co in the
surface layer. It was also found that processing by a high-
power ion beam increases the resistance to wear of the
titanium alloy T14K8 (WC with 14% TiC and 8% Co),
which is due to the formation of regions containing

nanophase particles of Co3Ti with grain sizes ranging from
20 to 30 nm [148].

A large-scale technology of HIB processing of cutting
tools manufactured from the alloys T5K8 and T5K10 (WC
with 5% TiC and 8 and 10% Co, respectively) has been
adopted at the automobile plant in Nizhni|̄ Novgorod
(Russia). Ninety-six cutting tools, which were attached to a
turntable placed in the vacuum chamber of the TEMP
accelerator, were irradiated simultaneously. Then they sub-
jected to annealing, after which their resistance to wear
increased by a factor of 2:8� 0:4 [148].

Surface treatment via HIB irradiation of high-melting Ti
and Fe ±Ni ±Cr-based alloys (used in the fabrication of the
compressor blades for turbojet engines) [98, 148, 154, 155]
was done on TONUS, VERA, TEMP, TEMP-M,MUK, and
LUCh accelerators, where the last four were designed for
technological purposes. The accelerators ensured irradiation
regimes with the following parameters: ions of carbon and
30 ± 40%protons, 100 ± 300 keV, 40 ± 500A cmÿ2, 50 ± 100 ns,
pulse frequency 0.2 ± 10Hz, and processed area 60 ± 1000 cm2.
The titanium alloys VT18U,VT9, VT8M,VT25U, andVT33,
the nickel alloy EP718ID, the steel EP866Sh, and compressor
blades manufactured by the standard technology were tested.
After irradiation was completed, the samples and the blades
were annealed to achieve structural and phase stabilization of
the material in the surface layer. Modifications occur due to
the following processes: (a) formation of a gas-plasma cloud;
(b) surface melting, gas-dynamic separation of the plasma
components, and propagation of a shock wave (for
j > 100 A cmÿ2); (c) absorption of the gas into the liquid
phase in the course of cooling, high-rate solidification (107 ±
109 K sÿ1), and the deposition of the ablation plasma
components onto the surface after irradiation. The thickness
of the layer ejected in the ablation process amounted to 0.2 ±
0.4 mm, while the remaining surface layer of thickness 0.2 ±
0.3 mm contained fine inclusions of carbides and oxycarbides.
With the thickness of the melted layer being 1 ± 2 mm, defects
were observed at a depth of more than 10 mm. After
irradiation with a series of pulses �N � 100� had been
completed, a redistribution of the elements was observed,
which resulted in a change in the composition and in a
refinement of the strengthening phases. Selection of a proper
irradiation regime proved to be important here (this was
especially true with respect to F and N). For instance, at
F � 1 J cmÿ2 per pulse, some alloys developed craters and
surface cracks, which reduced the fatigue strength of the
material. The researchers were able, by using a certain
combination of F and N, to cure such defects and obtain
processing regimes that substantially reduced the roughness
of the blade surfaces (from 0.20 ± 0.25 mm to 0.06 ± 0.1 mm).
This improved the quality of the surface, which is one of the
main factors determining the corrosion resistance and erosion
durability of the material. It was also discovered that thermal
treatment at 300 ± 600 �C after irradiation leads to annealing
of defects and reduces residual tensile stresses, while the
precipitates formed strengthen the material.

The above is corroborated by the fatigue curves that
follow from the results of the tests. A number of such curves
for the alloy VT18U are depicted in Fig. 21. With a broad
range of loading cycles (106 ± 109), the fatigue strength
increases by 30 ± 180%. Such processing also increases the
corrosion resistance of samples in air by a factor of two to
three and the resistance to salt attack in seawater by a factor
of six to eight. Figure 22 depicts the test diagrams for three
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groups of blades (70 blades per group): unprocessed,
processed with HIB, and processed with HIB with subse-
quent annealing. Research has resulted in knowledge about
the optimum regimes of irradiation and annealing for alloys
of the following composition (in wt.%): EP866Sh (72 Fe, 16.5
Cr, 5.5 Co, 2.1 Ni, 1.6Mo, 1.0W, 0.6 Si, 0.3 Nb), VT8M (89.9
Ti, 5.9 Al, 3.7 Mo, 0.28 Si, 0.18 Fe), VT9 (86 Ti, 7 Al, 3.8 Mo,
2.5 Zr, 0.35 Si, 0.25 Fe), VT18U (Ti as base, 6.3 Al, 3.4 Mo,
0.2 Fe, 4.5 Zr, 1.5 Nb, 0.25 Si, 3.0 Sn). Hence, this technology
has a promising future in the production of aircraft engines.

Recently a new application for HEB has been found,
namely, the removal of nitrogen oxides from gas mixtures
[156]. As a result of irradiating a mixture of NO (< 2 mol%)
and N2 with an HEB (4 160 keV, 700 ns, 2 A cmÿ2,
12:6� 0:4 J cmÿ2 per pulse), a high effectiveness of removing
NO was achieved (up to 1100 nmol Jÿ1). The results of such
research could be used in metallurgy for removing residual

gases in the process of high-purity metal melting and
smelting.

9. Conclusion

In this review we have discussed a new and promising
direction of development of solid state physics and radiation
materials science, the effect of concentrated energy fluxes of
high-power pulsed electron and ion beams on solid materials.
Such beams generate superdense collective excitations of the
electronic and atomic subsystems of solids. In the process of
conversion of the energy of these excitations, unique
structural and phase transitions occur, impossible in other
types of action such as ion implantation and laser irradiation.
The physics of high energy densities has developed a
convenient mechanism for conducting fundamental studies
in new areas, such as detection and investigation of the
properties of a dense plasma; nonequilibrium phase transi-
tions of the first and second orders that occur in high-power
radiative, thermal, and mechanical fields; and computer
simulation of processes in the tracks of heavy charged
particles. The results of experiments facilitated the formation
of new ideas concerning the physical nature of the interaction
of high-power particle beams and matter. Some of these form
the basis of new experimental methods of analysis, for
instance, the diagnostics of the characteristics of strong
radiation by the parameters of the generated ablation plasma.

The limited spectrum of properties of solid materials is the
main reason why the progress in developing the technology of
processing such materials is so slow. High-power beams
ensure successful modification of the already existing proper-
ties and also create some new unique properties. A broad class
of metals, alloys, and products manufactured from them has
demonstrated real improvement in the operating character-
istics, such as resistance to wear, fatigue strength under
prolonged cyclic loads, and corrosion and erosion resis-
tance. The improvement of these characteristics increases
the reliability and service life of the products. Good results
have been achieved by combining thermochemical methods,
ion implantation, and intense irradiation. For instance, our
preliminary studies in what is known as duplex treatment of
Ti ±V ±Al alloys included preimplantation of ions of Fe and
Zr on their surface and subsequent irradiation by a high-
power electron beam [157]. We found that the microhardness
and durability increase severalfold as a result of such
treatment.

We predict a good future for some new resource-saving
technologies, including preliminary doping of the surface
layers of the processed materials with amorphous materials
[71, 92], high-melting metals [101], and precious metals [92].

Special methods of deposition of ablation plasma have
been used to produce thin films with good electrical,
magnetic, and optical properties, high-hardness diamond
coatings, and ultradisperse nanosized powders. We believe
that in the near future this area of research will develop very
fast.

The fairly high reproducibility of the experimental results
combined with the productivity and effectiveness of the
modification process and the fairly low production cost have
stimulated the development of new methods of processing
materials, with some of these methods finding their way into
industrial technologies. This provides a satisfactory solution
of some of the problems of radiation materials science, such
as the fabrication of materials for nuclear power engineering,

1
2
3

420

400

380

360

340

320

300
100 101 102 103

Number of cycles

S
tr
es
s,
M
P
a

Figure 21. Fatigue curves for blades manufactured from the alloy VT18U

after a run for 660 h on an engine at a load frequency of 3300 Hz and a

temperature of 500 �C: 1, initial state; 2, after LHEB irradiation (140 ±

150 A cmÿ2, N5 3) and annealing (at 550 �C for two hours); and 3, after

LHEB irradiation without annealing.

Initial state

After HIB processing

and annealing

0.8

0.6

0.4

0.2

0
VT8M VT9 EP866Sh

A
b
la
ti
o
n
,
m
g
cm
ÿ2

j, cmÿ2 120 ± 240 60 ± 80 60 ± 80

Number

of pulses

3 3 3

T, �C 500 500 600

Number of cycles

in seawater

150 150 200

Figure 22. Effect of processing with a high-power ion beam on the

resistance to salt attack in seawater for EP866Sh steel and VT8M and

VT9 titanium alloys.

November, 1999 Metal modification by high-power pulsed particle beams 1163



the aerospace industry, mechanical engineering, microelec-
tronics, etc. [158, 159]. Therefore in some cases HEB andHIB
may be a good alternative to ion implantation and laser
irradiation.

Here we have attempted to give a complete picture of all
the relevant problems both from the scientific viewpoint and
from the viewpoint of industrial applications. We base our
reasoning on our investigations and on the studies done by
highly acclaimed scientists in this field. The physics of the
interaction of high-power beams and metals is treated, where
possible, on the atomic, micro, and macro levels. The
structural and phase transitions that cause the observed
modifications of all the properties of solid materials have
been analyzed on the basis of a unified concept of the
transformation of the radiation energy in matter. This
transformation depends on three main factors: (a) the type
and parameters of the high-power beams of particles, (b) the
initial characteristics of the matter, and (c) the parameters of
the irradiation medium. By using certain combinations of
these factors, the necessary modification can be achieved.

Today hit-or-miss (to a certain extent) experiments have
been replaced by systematic investigations, and worldwide
studies in this area are highly intensive, a fact corroborated by
the reports presented at international conferences on the
subject.

Notwithstanding the broad class of the materials being
studied and the types and regimes of irradiation, it is still
possible to classify the general features of the observed effects
and processes:

(1) The observed effects and processes are determined by
the collective excitation of the electronic and atomic sub-
systems of the solid.

(2) Most of these effects and processes are observed at
intensities and fluences exceeding certain critical values
(brittle fracture of solids under HEB, anomalous bulk strain
hardening of metals irradiated with HIB, ablation of matter
under irradiation, etc.).

(3) The features of these effects and processes are
determined by the combined action of the generated intense
radiation, thermal, and mechanical fields that cause essen-
tially nonequilibrium phase transitions of the first and second
orders to occur.

(4) They proceed at high rates, since the characteristic
times of the important processes amount to 10ÿ8ÿ10ÿ5 s.

(5) They take place both in the irradiated region and in the
unirradiated region, where in the latter region the observed
long-range effects are related to the specific action of elastic,
elastoplastic, and shock waves on the structure.

Recently in many areas of physics attention has been
focused on long-range effects. Some of these effects repre-
sented in this review belong to structural and phase transi-
tions of materials at large depths. Their existence is corrobo-
rated in the works of international research centers done for a
broad class of materials and involving irradiation on many
accelerators. Here, we believe, it is important (from the
theoretical viewpoint) to separate the contributions of the
radiation energy: the part that is spent for ablation, and the
part that is spent for the generation of waves in the target.
These processes are described by the same equations of
propagation of waves but by a different equation of state for
the plasma and the solid. An analytical description is
hindered here by the absence of a satisfactory theory of
nonequilibrium phase transitions that incorporates irradia-
tion.

What are the main drawbacks of the work we have
discussed in this review? If we compare the level of the
experimental work with that of the theoretical interpreta-
tion, we will see that the physical picture of the observed
phenomena is far from completion. Often, in developing
various models, fairly crude assumptions are made, which
often lead to substantial discrepancies between the experi-
mental and theoretical results. And although the choice of the
assumptions is justified fairly well, the problem is still there.
We believe that there are several factors responsible for this
situation.

First, the complexity, diversity, and interrelationship of
phenomena that occur simultaneously, which substantially
hinders the representation of these phenomena in the form of
elementary actions and processes. Already at the first stage of
interpreting these phenomena one must know the initial
profile of the absorbed energy, which in all calculations is
estimated by the total energy contribution of individual
particles. For well-known reasons it is difficult to justify
such an approach when high-power beams are involved.

Second, the uniqueness of these phenomena makes the
choice of analogs and suitable models for their description
extremely difficult.

Third, studies in this area have begun only recently and
only at a few research centers.

The first two factors are very important.
In this review we limited ourselves to problems of the

modification of properties of metallic materials. However,
high-current electron beams are successfully used, say, to
improve the electrical properties of insulators, to cut and
crush hard-rock, to drive tunnels through rock mass, to
sterilize medical instruments, and to treat water and food.
This is additional proof of the importance of such studies and
makes it necessary to find a broader interpretation of the
results of these studies and a fast solution to the problems
mentioned above.

We attempted to reflect the important trends in the given
area of research, which has great potential both in the
scientific aspects and in the accompanying new technologies.
We expect that the interest in these problems will only grow in
the future.
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