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Radiation-dynamic effects.
Potential for producing condensed media
with unique properties and structural states

V V Ovchinnikov

1. Introduction

For some aspects of solid state radiation physics — the ‘low-
dose effect” (the influence of ionizing radiation on the
structure and properties of materials at an insignificant
number of displacements per atom [1, 2]) and ‘long-range
effects’! arising during the irradiation of condensed media by
heavy charged particle beams [3, 4] — classical models fail to
provide convincing explanations. Nor, as is quite obvious, are

! Ton bombardment experiments have shown that changes in the material
structure and properties occur at a depth several orders of magnitude
grater than the projected ion range.
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generation processes due to the irradiation of Frenkel pairs,
dislocations, and other defects of any help if taken alone
because the long-range scales involved are often many times
larger than the size of polycrystalline grains (whose bound-
aries serve as sinks or barriers for structural defects). The
overwhelming majority of proposed long-range mechanisms
neglect the response of the irradiated medium, even though
this response can be of crucial importance in some cases.

In this talk, various aspects of the effect of ionizing
radiation on a substance are briefly analyzed in relation to
the above problems. It is argued that the radiation-dynamic
(RD) effect of ionizing radiation on metastable media is of
particular importance.

In real life, the distribution of defects that form in a
material irradiated with particles heavier than electrons—
such as reactor neutrons, fission fragments, and accelerated
ions (with energies from 10°—10* eV to 107—10% eV)—
cannot be represented as a system of single Frenkel pairs
uniformly distributed over the volume of the material
(Fig. la), but is qualitatively different from this [5, 6]
(Fig. 1b—d, 2a).

The primary atoms that neutrons knock out of lattice
sites displace other atoms, and so on, thus producing one or
more dense cascades? of atomic displacements (Fig. 1b).
Each such cascade contains from hundreds to tens of
thousands of the target material atoms, many of which
(from several hundred to several tens of thousands) are
knocked out of their lattice positions. As a cascade
develops, all the atoms, including those not displaced from
lattice sites, change their kinetic energy many times in
collisions with neighboring atoms, until the so-called
thermal spike forms (see Section 2.1).

Interactions involving nuclear excitations and reactions
are relatively few and of little or no importance for the
analysis that follows.

The stopping of fission fragments, accelerated ions, and
fast recoil atoms in condensed matter is due not only to
elastic collisions with the atoms of the target but also to
some energy being inelastically transferred to the electron
system for the excitation and ionization of atoms (inelastic
losses).

As the fission fragments and high-energy ions are
stopped, the share of inelastic losses decreases, with the
result that the particles increasingly produce primary recoil
atoms (typically with energies in the range 10*—10° keV).
Each of these gives rise to one or more dense atomic

2 The term ‘dense’ refers to a cascade that has no branches in it, such that
all the atoms in a compact region participate in collisions.
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Figure 1. Damage types due to particle radiation: (a) electrons (single Frenkel pairs); (b) neutrons (passage zones for dense cascades of atomic
displacements (i.e., depleted zones) are shown in Fig. 2a, e—h); (c) heavy ions and fission fragments (ionization and dense cascade regions); (d) dense
cascade formation by a fission fragment in plutonium [7]. Panel c is a schematic not-to-scale diagram of high-energy (HE), medium-energy (ME), and
low-energy (LE) ion radiation scenarios (a conventional classification is given in Ref. [8]).

6962096%260006%09%0 3
05050, 0,0, o
0505050509080802020%26 -

090309690%62096 %
2050209090%
0902094
05030%030% 90!
090509050202
02093206302,

O,
00

Won

Thermal
spike region

Figure 2. Structure and dynamics of radiation damage regions. (a) Schematic of the depleted zone emerging after the passage of an atomic
displacement cascade [12]. (b) Results of a molecular dynamic modeling of a thermal spike [13]. (c) Schematic of how the focusing mechanism forms
plane wave segments from the original spherical wave (see, e.g., Ref. [14]). (d) Development of a dense cascade: Cu — Cu (supercomputer modeling
[15]). (e, g) Atomic resolution field-ion images of depleted zones in pure platinum irradiated by reactor neutrons with £ > 0.1 MeV (the flux density
3.5 x 10%22 cm~2) [16]; the images in panels e and g are separated by two atomic layers (the atomic layers were removed one by one with an electric
field). (f, h) The corresponding vacancy (white dots) and interstitial (black dots) distribution schematics.

displacement cascades, the same as with irradiation by
reactor neutrons (Fig. 1c).

For low and medium-energy (1 —100 keV [8]) ions, elastic
and inelastic energy losses are comparable in value and
mainly occur in the region of dense atomic displacement

cascades. The reader is referred to Refs [8, 9] for estimates of
the proportion of elastic and inelastic losses in a dense
cascade. Other possible stopping mechanisms contribute
negligibly at energies of interest here.
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due to particle irradiation
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2.1 Post-cascade shock wave formation during

the evolution of dense atomic collision cascades

As a cascade of atomic collisions develops, it takes about
10~12 s to ‘thermalize,’ i.e., to enter the ‘thermal spike’ state, in
which the velocity distribution of the particles becomes
Maxwellian [10]. (For comparison, the time scales of a
chemical and a nuclear explosion are 107> and 107% s,
respectively).

For a monoenergetic beam of heavy ions, the cascade
region typically has the shape of an ellipsoid of rotation, if
there are no channeling effects and the beam is normal to the
surface of a flat target [9, 11] (Fig. 3a). Estimates for ions that
are not very light are conveniently obtained by using the
effective cascade radius Ry, which is taken to be equal to AR |,
ARy, or (AR”ARf) 1/3 depending on the situation. For a dense
cascade produced by an ion or a recoil atom with the energy
E > 10 keV, the typical Ry value is ~ 5 nm.

Favorably, even for metals, the time needed to remove
heat from a region this size is sufficiently large, no less than
10~!! s according to Ref. [10], which exceeds the cascade
thermalization time by at least an order of magnitude.

The maximum temperature of the cascade region can be
estimated as the ratio of the energy E of a primary recoil atom
(or an accelerated ion) to the number of atoms of the
substance in the thermalized cascade.? This estimate agrees
quite well with Monte Carlo simulations [10, 11] and
experimental data [18, p. 90; 19]. For heavy ions, the
maximum temperature of the cascade region can exceed
5000—-6000 K. It is noteworthy that this temperature
increases as the energy of the primary atom (or accelerated
ion) decreases. The decisive factor here is how the volume of
the cascade depends on energy (as the data in Ref. [19]
confirm). Also, the cascade region can only be in a quasi-
equilibrium state, which becomes increasingly nonequili-
brium as the energy of the knocked out primary atom
decreases and the cascade size decreases.

The energy release rate in dense cascades is nearly the
same as in a nuclear explosion (with a nuclear plasma at
~ 108 K), although the specific energy release is more than
10* times lower.

The pressure limit in a cascade region, which can be
estimated as p = (E/V)(cp/cy—1) [20, 21], is at least
several tens of kilobars. When abruptly expanded, a strongly
heated cascade region can produce a shock wave of a nearly
spherical shape if the ions are not too light (Fig. 2b, 3a, b).
Due to the operation of mechanisms that focus the wave
energy into selected crystal directions [13—15], the transfor-
mation of the spherical wave into plane wave fragments is
possible (Fig. 2b—d).

The primary recoil atoms for the reactor ion subsystem
and heavy charged particles are most likely in the energy
range between tens and hundreds of kiloelectronvolts and
produce one or more dense atomic collision cascades over the

3 Strictly speaking, this is true only for dielectrics. In semiconductors and
metals with few structural defects and a large electron mean free path, the
energy (about 0.2F according to Ref. [8]) released in dense cascades into
the electron subsystem (electron slowdown) is carried away from the dense
cascade region [17] through the electron subsystem so fast that it has no
time to be ‘pumped’ into the energy of neutrons.
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Figure 3. Schematic nature of radiation-dynamic structure —phase trans-
formations. (a) Formation of a nanoshock wave at the final evolution
stage of a dense atomic displacement cascade. (b) Profile of the post-
cascade shock wave (relative change in the density of the medium) [22].
(c) Schematic change in the free energy of the system (/, metastable state;
2, stable state). (d) Irreversible phase transition in the hydrostatically
loaded FeeoNis; alloy. (¢) The solution of the equation de/dé = —2fe+
AF'/(kG) for a plane wave (solid lines) and a spherical wave (dashed
lines); lines /, 2 and 4 are an undamped, self-amplitude-modulated wave,
3 is a damped wave. (f, g) Numerical solutions of hydrodynamic equations;
(e) the wave profile as a function of time; (g) atomic density change at the
wave peak for different values of AF/ (AFj < AF| < AF; < AFJ), an
undamped phase-transition wave at AF’ > AF/. BCC and FCC stand for
bulk centered cubic and face centered cubic.

length of their range (< 1 pm). Thus, the emergence of
nanosize regions of explosive energy release with the emis-
sion of shock waves is common for various types of particle
irradiation (except for particles less massive than nucleons).

The same is true for the self-irradiation of fissioning
materials (Fig. 1d), which is a process involving the aging of
materials [7].

We note that until recently, the explosive energy release by
emitting solitary shock waves has not been considered in
studying the behavior of condensed matter, including media
with high stored energy under irradiation conditions.

2.2 Propagation of post-cascade shock waves

in stable media

The propagation of post-cascade shock waves in thermo-
dynamically equilibrium (stable) media has been the subject
of many studies, in particular, Refs [22—-24]. According to
some estimates (see Refs [22, 25]), the pressure at the front of a
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post-cascade shock wave in the case of irradiation with heavy
ions can exceed the yield strength limit of solids, not only the
real (due to stresses of unblocked dislocations) but also the
theoretical one. In the latter case, stresses at the front of a
shock wave are sufficient for a defectless material to start to
flow with mixing of atoms, giving rise to new dislocations and
other defects behind the wave front. Following the region of
increased pressure is an unloading wave [22].

The anomalous mass transfer [26] due to a large number
of solitary shock waves can be an alternative to diffusive mass
transfer. This process sharply increases the number of
displacements per atom in the bulk of the material (see, e.g.,
Ref. [27]), although the temperature can be insufficient for the
normal and radiation-enhanced diffusion to occur. The
difference in pair-interaction energies w;; for different atomic
species under the conditions of a ‘radiation-dynamic’ material
flow at the wave front can lead to a correlated rearrangement
of atoms [21] and, ultimately, to the occurrence in a
condensed medium of intraphase rearrangements and phase
transformations [21, 27] that produce the short- and long-
range atomic order normally controlled by diffusion pro-
cesses.

As shown in Ref. [28], a shock wave can overcome the
boundary of a grain, losing about 10—20% of its energy in the
process.

Due to their high front pressures, post-cascade shock
waves can also initiate diffusionless processes of the marten-
sitic transformation type (some features of a diffusionless
transformation initiated by ion irradiation can be seen in the
inverse oo — y transformation in the FeqoNi3; alloy [29]; see
also Section 4.1, Fig. 5a).

It is readily calculated that for Ry ~ 5—10 nm, a spherical
post-cascade wave in a stable medium travels at best several
tens of nanometers before being damped tenfold, making it
impossible to explain ‘long-range effects’ at distances of tens,
hundreds, or even thousands of micrometers (see Section 4).

2.3 Theoretical model of self-sustained (self-propagating)
radiation-induced structure — phase transformations

in metastable media

The author and his colleagues studied [29, 30] post-cascade
wave propagation in metastable media, that is, media that are
not at the absolute (global) minimum of energy but at a
certain intermediate, shallower local minimum separated
from the former by an energy barrier Af (Fig. 3c).

To overcome the energy barrier Af requires either an
energy fluctuation (after which, in a metastable medium, the
process develops spontaneously with an energy release) or a
sufficient external energy supply to a certain critical volume
of the material (for example, following the radiation-induced
formation of a thermal spike). The irradiation, ultimately
leading to the emission of shock waves, serves as a triggering
mechanism here.

Overcoming the potential barrier involves an energy
release that exceeds Af by the amount AF’' = —AF >0
(Fig. 3c). If the energy dissipation rate (i.e., the damping
rate) of a wave propagating in a metastable medium does not
exceed the energy release rate at the phase transformation
front, then this wave is expected to become self-propagating.

In Ref. [29], the propagation of a hard-profile soliton
wave in a metastable medium (Fig. 3b) is considered by
replacing the usual damping equation de/d¢ = —2fe¢ by the
equation de/d¢ = —2fe + AF'/(kG), which accounts for the
energy release at the wave front driving the structure — phase

transformation and in which ¢ is the energy at the wave profile
maximum (per atom/molecule of the medium), ¢ =x,
p=9/v for a plane wave and ¢ =r, f=0/v+1/r for a
spherical wave (x and r are the front coordinates, J is the
damping coefficient, and v is the wave velocity), and k and G
are the shape factor and the half-height width of the wave
profile (Fig. 3b) (for a Gaussian wave profile, k=
v/n/4In2 = 1.06 [29]). For a plane wave, the solution is
given by

£ €Xp {—L{}M)}, g0 < Af,

S(A) - 25()6 _ -XO) (1)

e*—(a*—so)exp{— ]7 & = Af,

v
where ¢* = AF'/(26kG).*

For ¢y < Af (Fig. 3e), a usual damped wave is observed.
The simultaneous conditions ¢y > Af'and ¢* > Af produce an
amplitude-self-regulated wave (a wave that restores its
amplitude when perturbed by medium inhomogeneities).
For other relations between the control parameters g, Af,
and ¢*, the solutions are also rather simple to analyze. Using
the damping rate estimate obtained above for a spherical
post-cascade wave in a stable medium (the corresponding
range radius ~ 100 nm) and noting that the half-height profile
width of a solitary wave is of the order of 1 nm according to
Ref. [22], we easily estimate that the condition &¢* > Af is
already satisfied at about AF,, > 0.02Af.

This means that a wave becomes undamped even if it is fed
very little in the course of structure—phase transitions. It is
only necessary that the energy of an accelerated particle that is
released in the cascade region (per cascade atom: E/N > &)
be confidently larger than the energy required to do the work
of overcoming the energy barrier Af between the stable and
metastable states, and that the characteristic size (radius) Ry
of the cascade significantly exceed the characteristic heat
conduction length (to not give heat enough time to ‘run
away’ from the cascade region before the cascade thermalizes
and emits a shock wave):

E 1/3
an< |t
(4/3)mpAf

where 1 is the cascade thermalization time, x is the thermal
diffusivity, and p is the atomic density of the material [cm~3].

In Ref. [30], we treated this problem with a more rigorous
hydrodynamic method based on the use of the Altshuler—
Bushman — Fortov equation of state

(2)
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4 The solution for a spherical wave is more complex but qualitatively
similar.
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(for notation, the reader is referred to Ref. [23], in which
another version of the equation is given). Specifically, the
problem was concerned with the alloy FegoNis;, in which
we had previously observed [31-35] an inverse
BCC (a) — FCC(y) phase transformation initiated by
20 keV Ar" irradiation and terminating in several seconds
of irradiation at a temperature lower than that for a similar
thermal transformation (see Section 4.1, Fig. 5a).

It is known [36] that applying static pressure of the order
of 20 GPa causes an irreversible BCC (o) — FCC (y) trans-
formation (Fig. 3d).

Importantly, the hydrodynamic equations were written by
noting that the material properties experience a sudden jump
at the transition from the BCC (o) to the FCC () state:

B
&E=¢& = grl:](p7p) )

Bo
e =¢r  (P,p)y  Po=p;, Bo=By, =T,
for o phase,
&= B ,
8“/:8F3(p7p)7 p0:pg7BOZB(;/7F:FV
for y phase
em ), B [T=273(p zm/3_(r+1)
T Ip 2+ 1/3 | 2I' = 2/3 \ p, ’
(10)
Gu:8y+AFl, (11)
B
p=ps=rr'(p),
pu:pﬁf(p) for o phase,
P = B! (12)
py=rpr, (p) foryphase,
B 2r+1/3
p=at [(2) T ] (13)
2r+ 173 [\ p,

where By is the zero-temperature hydrostatic compression
modulus, I' is the Grueneisen constant, p is the atomic
density, and s = a, y. The wave damping effect was taken into
account by introducing the pseudoviscosity of the medium in
accordance with the Neumann — Richtmyer equation [30].

The numerical solution of the above equations shows (see
Fig. 3f, g) that as more energy is released at the wave front in
the course of the phase transformation, a plateau develops
and steadily expands on the wave-amplitude-versus-distance
plot, and a regime where the transformation wave becomes
undamped is entered for AF’ > AF/. This, by and large,
confirms the modeling results mentioned above concerning
a hard-profile soliton wave propagating in a metastable
medium.

3. Various types
of radiation-dynamic transformations

Because of the extremely low diffusion rate of atoms at
T < T., where T is a kind of threshold for ‘defreezing’
diffusion processes, some alloys can exhibit a hysteresis for
direct and reverse structure — phase transitions (due to finite-
rate heating and cooling, respectively) and allow a high-
temperature state to be retained at lower temperatures by
means of a fast quenching. At any temperature 7' < T, the
alloy can be in either of two states, stable or metastable,
depending on its past history.

Metastable state Stable state

FCC
structure

BCC
structure

b

(Oversaturated
solid solution

Atomically
disordered state

Figure 4. Examples of stable and unstable states at room temperature.
(a) FeeoNis; alloy experiencing a BCC < FCC phase transformations
(o> v) on heating and cooling. (b) Oversaturated solid solutions
Al—4% Cu (with heating-induced formation of Guinier —Preston zones,
0’ and 0 phases [37], and Fe—8% Mn (with formation of a y phase) [38].
(c) Self-ordering alloys with a long-range (Fe—Al, Pd—Cu, Fe—Pd—Au)
[27, 29, 32, 33, 39—41] and short-range (Fe—Cr, Fe—Si) [21, 42] atomic
order. (d) Hardened and annealed industrial aluminum alloys [43 —46] (the
alloys shown are those in which, along with thermal annealing, the author
and his colleagues observed fast radiation annealing at lowered tempera-
tures). (¢) Domino effect.

In Figs 4a—d, the stable and metastable states of metal
alloys at room temperature are illustrated for alloys in which,
in addition to thermal annealing, fast radiation annealing was
observed by the author and coworkers at a lowered
temperature (Fig. 4d).

If a system of N domino pieces (Fig. 4e) structured in a
certain way is taken (as it can be) as a model for a metastable
medium, then heating the medium into a stable state can be
likened to simultaneously toppling N pieces and imparting N
energy units to them (which corresponds to imparting energy
to the entire volume of the substance). The triggering of a self-
propagating process through the toppling of a single domino
piece by imparting a single energy unit to it is analogous to a
radiation-dynamic transformation.

4. Material treatment
using radiation-induced effects

In all the experiments described below, we chose metastable
media with increased stored energy as the objects affected by
the action of accelerated ion beams (N, Ar™, Fe™, Cu™).

In each experiment, the irradiation temperature was
monitored and the observed effects were compared with
those produced by a purely thermal influence (in the
absence of irradiation) when the ion beam heating regime
is exactly reproduced. In some cases, up to 100% of the ion
beam power density was steadily replaced by light radiation
such that the stationary temperature of the irradiation (and
hence the intensity of thermostimulated processes) remained
unchanged. The irradiation temperatures that were typically
used were extremely low, much below the threshold for
‘defreezing’ diffusion (above the threshold, thermostimu-
lated diffusive phase transformations occurring in very short
times are already possible).
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4.1 Modifying the resistive properties of alloys

In Figs Sa—b, results of the effect of accelerated ion beams on
the resistive properties of the alloy systems Fe—Ni [29],
Fe—Pd—Au [27, 29, 41], and Pd—Cu [39, 40] are presented
and compared with those from a usual thermal treatment.

All three alloy systems share the feature that because of an
RD component? in the particle (corpuscular) irradiation
effect on a substance, the merastable-to-stable transition (see
the caption to Figs Sa—c) has a much lower temperature
threshold (by 50 to 165 K, depending on the alloy) compared
to the thermostimulated transition.

For high-resistance FePd,Au, a virtually zero tempera-
ture coefficient of electric resistivity (TCR) was achieved
(Fig. 5b) due to a special type of a long-range order forming
in the bulk of the material under the irradiation conditions
[27, 41].

The reasons expounded in Section 2.2 underlie a sharp
increase in the low-temperature mobility of atoms in the bulk
of disordered alloys FePd,Au and PdssCuss (in samples
100 um thick studied) under their surface® irradiation by
Ar™ and Cu" ions (Fig. 5b,c) and, accordingly, a decrease
in their ordering temperature when heated by an ion beam.
This is confirmed by a detailed X-ray diffraction analysis [27,
39, 40].

The change in the electric resistance and TCR of the
FeeoNis; alloy (Fig. 5a) can also occur because a short-range
order forms on it at anomalously low temperatures.

That a phase transition is complete to a degree depending
on the radiation dose can be due to the focusing effect of the
vibration energy of the lattice [14], resulting in the initially
spherical post-cascade wave transforming into plane-wave
fragments (Fig. 2b—d). Another possible reason is that each
separate post-cascade wave increases the degree of transfor-
mation only partially when it passes [27, 29].

4.2 Changing the magnetic properties of alloys

A major discovery is that radiation treatment strongly affects
the magnetic properties of FegoNiz; [29, 32—34] and the
atomic [42] and magnetic [47—49] structure and electrical
engineering properties of transformer steels, permalloy, and
amorphous and nanocrystalline magnetically soft materials
(finemets).

The effect of the heating of a material concomitant to its
irradiation by high-intensity ion beams was eliminated by
using an intermittent or a low-frequency pulse-repetitive
irradiation regime.

It was demonstrated in [32—34] that irradiation by N*
and Ar™ ions in a continuous or pulse-repetitive regime
significantly affects (in a regime-dependent way) the super-
fine magnetic structure of the Mdssbauer spectrum of the
FeeyNi3; alloy, presumably because ion irradiation acceler-
ates atomic rearrangement processes and produces a short-
range order within foils 30 pm thick. The foil temperature did
not exceed 200 °C. Earlier, it was only at superhigh pressures
that atomic nuclei showed a similar change in superfine
magnetic fields in this alloy. The spectrum does not change
shape if the material is heated in the usual way to the
temperature 200 °C.

In Ref. [47], the damaging (formation of defects in a
surface layer tens of nanometers thick) and the radiation-

5 In Refs [21, 38], the contribution of the RD effect was separated by
replacing up to 100% of the ion beam power density by light radiation.

6 In solids, the mean range of heavy accelerated 10— 100 keV ions does not
exceed 1 pm.

dynamic effects of accelerated ions were taken into considera-
tion to optimize irradiation regimes for the formation in
anisotropic transformer steel 3424 (Fe—3% Si) of a special
atomic structure [42], defect structure, and magnetic domain
structure much finer than the original ones shown in Fig. 5d.
With this radiation treatment, losses due to magnetization
reversal in the working frequency range (400 — 5000 Hz) were
reduced by 6% to 20% at the induction 1.5 T. The magnetic
domain structure changes to a depth of 5 to 10 um, several
orders of magnitude larger than the projected range of
accelerated Art ions.

The anisotropic steel improves its electrical engineering
properties because of a complex combination of factors, such
as an increase in the perfection of the alloy atomic structure
due to the radiation-annealing-induced ordering [47] and the
formation of a unique, multilayer magnetic domain structure
consisting of narrow domains (Fig. 3d) perpendicular to the
easy magnetization axis [001].

A detailed study [47, 48] of how amorphous ribbons of the
Fe73.5Cu;NbsSi3.5Bg alloy change their electrical engineering
properties when irradiated by beams of accelerated Ar™ ions
after first being subjected to standard finishing treatment
(0.5h annealing at 530°C to provide a nanocrystalline
structure and the best ribbon properties) enable an addi-
tional (on average) 10% reduction in remagnetization losses
in the frequency range from 50 Hz to 10,000 Hz due to a more
perfect structure obtained.

Importantly, a patent on the combined ion-beam/thermo-
magnetic treatment of permalloy (Fe—70% Ni) and transfor-
mer steel (Fe—3% Si) [50] was obtained. The radiation-
dynamic influence of an accelerated ion beam prior to the
thermomagnetic treatment results in the structure of these
materials being deeply refined with respect to impurities and
defects [49], thus improving their electrical engineering
properties. The reduction in the coercitive force compared
to the purely thermomagnetic treatment is 27%. An addi-
tional reduction in the loss due to magnetization reversal in
transformer steel is about 15%.

4.3 Radiation annealing of industrial aluminum alloys

The Institute of Electrophysics, Ural Branch of the Russian
Academy of Sciences, and the Kamensk-Uralsk Metallurgical
Works (KUMW Corp. Ltd) joined the efforts in developing
radiation annealing technologies in place of the furnace
annealing of rolled aluminum products (a labor and energy-
consuming industrial process used to remove cold work ’) and
looking for methods for improving the intermetallic composi-
tion and mechanical properties and other performance
characteristics of finished products.

Detailed studies [43 —46, 51] of the dislocation, grain, and
intermetallic structure of cold-rolled aluminum products
have allowed optimizing the regimes of the fast (a few
seconds) radiation annealing of industrial aluminum alloys
of various compositions and developing basic technologies
for this process.

The practical results of the study, together with the
radiation regimes, are presented in Table 1 and in Figs Se
and 5f.

In the most general and fundamental terms, these studies
have shown that the radiation effects (in this case, ion

7 ‘Cold work’ refers to an increase in internal stresses and strength of a
material as it undergoes cold plastic deformation. This makes the material
crack-prone and its further rolling impossible without intermediate
furnace annealing at increased temperatures.
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Figure 5. Examples of long-range RD effects and their radiation treatment applications. (a) Reduction in the phase transition temperature and changes in
p and TCR for FegoNis; (line 3) irradiated by Ar* ions (E = 20 keV, j = 80 pA cm~2) compared to the same for usual heating (lines 7, 2) [29]. (b) In situ
electric resistance of the FePd>Au alloy disordered by quenching under heating and cooling (line /) and under irradiation (lines 2—6) by Ar™ ions
(E =20 keV, j=80—100 pA cm~2); the required irradiation temperatures were provided by using a heater and varying the ion current density.
(c) Temperature of the Al — B2 phase transition in the disordered Pd4sCuss alloy under usual heating at 2 K min~! (73) and under irradiation by Ar*
ions (T) (AT = T> — T1 = 135°C) [39]. (d) The magnetic domain structure and domain closure pattern in silicon iron Fe—3% Si upon irradiation by
Ar™ ions [40] (the right-hand part of the surface was masked from the irradiation; the arrows indicate domain magnetization directions). (¢) Radiation
and furnace annealing results for industrial alloy AMg6 (see Table 1) [43]. (f) Plasticity of the AMg6 alloy for various radiation annealing regimes.

Table 1. Mechanical properties of industrial sheets of AMg6, 1441, and BD1 aluminum alloys following thermal and radiation annealing.

Treatment Alloy

AMg6 1441 BDI1

OB, MPa g0.2,5 MPa 5, % OB, MPa g0.2,5 MPa (S, % 0B, MPa 00.25 MPa 5, %

Cold deformation 445 407 9 315 296 3 255 246 6
Industrial annealing (2 h) 328 178 28 245 134 20 182 86 25
Radiation annealing by Ar* ions 335 174 26 218 130 19 200 81 23

(5-305)
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Figure 6. Changes in the BD1 alloy (Al—Cu—Mg) structure in the course of radiation annealing (a—h). (a—d) Rolling-plane microstructure of the BD1
alloy: (a) Initial post-cold-rolling state, cellular dislocation structure; (b) after-furnace annealing (250 °C, 2 h), uniform subgrain structure; (c) after-

irradiation by Ar* ions (E = 20 keV, j= 150 pA cm~2, D = 10" cm

~2, exposure time 1 s), subgrain structure; (c) the same with D = 10" cm~2

recrystallized state. (e—h) Cross-section microstructure of a BD1 alloy sheet: (e) in the original state; (f—h) after irradiation by an Ar* ion beam with
D = 10'° cm~? (near the irradiated surface, in the bulk, and near the nonirradited surface, respectively).

bombardment) offers an alternative to furnace annealing, an
alternative that historically has never existed in the fields of
production and treatment of metals and alloys. The phenom-
enon of radiation annealing is due to the RD effect of particle
radiation, which is described in Sections 1 - 3.

Radiation annealing in aluminum [43—46, 51] and other
alloys [27, 29, 31—33, 39—41] requires much lower tempera-
tures (200 K less for aluminum alloys) and takes less time and
much less energy than its thermal treatment.

Among entirely new findings, it is noteworthy that
accelerated ion beams extend their influence very deep (3 mm
or more for aluminum alloys) into a one-side-irradiated
material; this is well confirmed by metallographic and
electron microscope sheet cross section studies (Fig. 6).

In a cold-rolled state, the aluminum alloy systems
studied, Al-Mg [43, 51], Al-Cu—Mg—Mn [45] and
Al—Li—Cu—Mg—Zr [44], exhibit a well developed cellular
dislocation structure, with dense dislocation entanglements as
cell boundaries.

In the course of radiation annealing, the following
processes were observed in the entire bulk of alloys (in the
form of 3 mm thick sheets): polygonization with the forma-
tion of subgrains (for doses of 10'3—10' cm~2, the corre-
sponding irradiation time is ~ 1—10 s), dissolution
(10 cm™2) and formation (10'°—10'7 cm~2) of new
phases,® and the recrystallization and growth of grains
(5% 10°-3 x 10" cm™?) (see Fig. 6). In addition, as the
radiation dose increases, the crystallographic rolling texture is
steadily removed (Fig. 7) via a process similar to but distinct
from furnace annealing [46]. The fast polygonization process
involving the formation of grains is presumably due to the
radiation-induced explosive rearrangement of the dislocation
structure [44].

Using regression analysis techniques, the strength limit
op, the yield strength o>, and the unit elongation é were
obtained as (multidimensional) functions of the radiation

8 In furnace annealing, the intermetalilic composition of aluminum alloys
remains unchanged.

PO /p\

MMN

Figure 7. How the 1441 alloy (AL—Li—Cu—Mg) changes its crystal-
lographic texture in the course of radiation annealing. (200) pole figures:
(a) post-cold-rolling state, (b) after furnace annealing at 370 °C for 2 h,
(c) after irradiation by Ar* ions (D = 5.6 x 10'® cm~2).

parameters (the energy E, the ion current density j, and the
dose D) (Fig. 5f).

To realize radiation annealing technology, special facil-
ities and equipment have been developed (Fig. 8), including a
service model of a ribbon source of ions with the beam cross
section 20 x 1200 mm for the radiation annealing of sheet-
rolled products [52] (Fig. 8c); a facility for the two-side
treatment of moving sheets of aluminum alloys by counter
beams of accelerated ions (with a special source for industrial
applications [53]) (Fig. 8a,b); and a facility for the crystal-
lization of alloys under irradiation (Fig. 8d).

5. Conclusion

To summarize, there is, in fact, no alternative to the
radiation dynamic action as a way to initiate self-propagat-
ing structure —phase transformations in metastable media in
order to modify their properties. Using a chemical explosion
with the characteristic time 7 = 107> s requires, in accor-
dance with Eqn (2), increasing the zone of volume energy
release (dy = 2Ry) to several centimeters and increasing the
energy release rate to about that produced by a meteorite or
a military propellant, which is clearly unacceptable given
our purposes. Furthermore, other similarity aspects of
influences under considerations should be given a detailed
analysis.
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Figure 8. Equipment for the radiation treatment of materials by ion beams. (a) Ion implanter for the bilateral treatment of moving alloy sheets by counter
ion beams [52]. (b) Counter ion beams photographed through the chamber window. (c) Service model of a ribbon source of accelerated ions with the cross
section 20 x 1200 mm for the treatment of sheet rolled products [53]. (d) Facility for the radiation treatment of melts.

Based on the above, the following conclusions can be
drawn.

(1) Various particle radiations, except for the radiation of
particles lighter than a nucleon, produce zones of explosive
energy release in condensed media, emitting shock waves in
the process. The energy density in such a zone can exceed
0.5eV per atom. The energy carried away by the shock wave is
sufficient to initiate a transition in metastable media into a
state with a lower free energy.

(2) Even for a relatively small positive balance of the phase
transition (AF’ ~ (0.01—0.1)Af), the particle irradiation can
initiate self-sustained (self-propagating) phase transforma-
tions at the fronts of post-cascade nanoshock waves. Such
transformations explain the nature of the low-dose effect and
of dynamic long-range effects observed under irradiation.

(3) Hydrodynamically described irradiation-induced
shock wave processes and phase transformations, as well as
structural chain-reaction-type rearrangements initiated by
the propagation of waves (related to the unblocking of
dislocations, annihilation of various types of defects [44],
etc.), have been termed radiation-dynamic effects, as opposed
to the well-studied radiation-stimulated migration processes.

(4) The plastic flow of material at the front of a post-
cascade wave can be an alternative to diffusive mass transfer
in condensed media. The mobility of atoms also increases
with a decrease in the activation energy for atomic migration
(all the way to making the process activationless) due to the
lattice being radiationally ‘shaken’ by the emitted waves.

(5) Experimental data suggest that processes most
affected by RD are those not requiring long-range mass
transfer, such as massive (martensite) transformations,
atomic disorder —order transformations, the aging of over-
saturated solid solutions with the precipitation of disperse
phases, and explosive dislocation rearrangements, etc.

(6) The concept of the radiation-dynamic effect of
radiations on metastable media suggests the radiation anneal-
ing of condensed media as an alternative to furnace annealing.
The efficiency of radiation annealing has been demonstrated
by the improvement in the electric and magnetic properties of
materials and by the increase in the plasticity of aluminum
alloys (the removal of cold work). States that can be achieved
with radiation annealing may differ widely from those
occurring with furnace annealing, offering new possibilities
for controlling the material properties. Radiation annealing
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consumes much less energy, takes less time, and allows a
reduction of 50 to 200 K in temperature.
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Critical properties of frustrated spin
systems on a stacked triangular lattice

A K Murtazaev

1. Introduction

One of the fundamental problems in statistical physics is the
study of phase transitions and critical phenomena in fru-
strated spin systems. Despite the achievements in this area of
research, the question of building a rigorous and consistent
microscopic theory remains central to the modern condensed
matter physics [1]. The modern theory of phase transitions
and critical phenomena is based mainly on the ideas put
forward in the hypothesis of scaling and universality and in
the renormalization group theory [1—4]. Analysis of the
results obtained from studies of frustrated systems and spin
systems with quenched nonmagnetic disorder has shown that
many of these results go far beyond the modern theory of
phase transitions and critical phenomena [3, 5, 6].

Most of the traditional theoretic and experimental
studies of frustrated systems encounter serious difficulties
in attempts to calculate the critical parameters and to
determine the features, nature, and mechanisms of critical
behavior [7, 8]. Therefore, phase transitions and critical
phenomena are currently studied by Monte Carlo methods
[7—13]. Only lately did the study of the immediate vicinity
of the critical point by Monte Carlo methods become
possible. The achievements in this field are not only due to
the sharp increase in computing power but also a result of
new ideas and methods being developed. In particular,
special algorithms, known as replica algorithms, for Monte
Carlo calculations have been developed to study frustrated
systems.

Currently, the magnetic, thermal, and critical properties
of frustrated spin systems are being carefully studied [12, 13,
15-20], and the reason is that frustrated systems have
remarkable magnetic properties and a rich variety of phases
and phase transitions caused by strong degeneracy and a high
susceptibility of such systems to various perturbing interac-
tions [21, 22]. Moreover, it is still unclear whether frustrated
spin systems belong to a new universality class of critical
behavior and its dependence on various factors, such as the
type and magnitude of the interlayer exchange coupling, the
next-nearest-neighbor interaction, anisotropy, and external
magnetic field.

In this report, we consider the results of a Monte Carlo
investigation of the critical properties of the model of a 3D
Heisenberg antiferromagnet on a triangular lattice.

The interest in this model stems from the fact that
antiferromagnets on a triangular lattice constitute an exam-
ple of frustrated systems. By studying this model, we may
hope to resolve the question of whether frustrated systems
belong to a new universality class of critical behavior, which is
still open for discussion [6—13]. Furthermore, many impor-
tant physical properties of frustrated systems strongly depend
on the lattice geometry (on the degree of frustration). These
features may narrow the possible universality classes of
critical behavior, but there is still much to be done in this
respect.

The question of the dependence of the critical properties
of frustrated systems on the magnitude of the interlayer
exchange coupling is especially interesting. The critical
exponents, which are highly sensitive parameters, may serve
as indicators of the spatial crossover from the 3D critical
behavior to the 2D one (and back). The data that are
currently at our disposal are not sufficient to uniquely
determine how the critical behavior of frustrated systems
depends on the interlayer exchange coupling parameter, and
the problem has yet to be solved [8, 9, 12, 13].

In addition, the dependence of the critical properties of
frustrated systems on the type and magnitude of the interlayer
exchange coupling is not described in the available literature.

In this review, within a single method, and using a reliable
scheme based on a special algorithm for the Monte Carlo
methods (the replica algorithm), we attempt to determine the
values of the critical parameters of models of frustrated 3D
Heisenberg antiferromagnets on a triangular lattice with the
highest possible accuracy.

2. The model and the method

The Hamiltonian of a 3D Heisenberg antiferromagnet on a
triangular lattice can be written as [3]

H=-7>"8;8;-J'Y"S:S;, (1)
@ @

where S; = (S7, S7, S7) is a three-component unit vector, and
Jand J' are the exchange coupling constants. Summation is
over the nearest neighbors. The lattice consists of 2D
triangular layers packed along the orthogonal axis. The first
term in the right-hand side of Eqn (1) accounts for the
intralayer exchange coupling J and the second term accounts
for the interlayer coupling J'.

We use three models, called Dy, D», and D3, to establish
the effect of the type and magnitude of the interlayer exchange
coupling on the nature of the critical behavior:

model Di: J <0, J' >0, |J]|=|J'|;

model D> J <0, J' <0, |J]|=1|J'|;

model D3: J <0, J' >0, |J]| # |J'].

Frustrated spin systems are complicated objects, even for
studies by Monte Carlo methods. As is known, near a critical
point, Monte Carlo methods encounter what is known as the
critical-slowing-down problem; this problem is even more
acute with frustrated systems [7]. Moreover, a characteristic
feature of frustrated systems is the problem of multiple valleys
of local energy minima. Ordinary Monte Carlo methods are
usually ill suited for solving this problem. Hence, many new
variants of these methods have recently been developed that
focus on studies of frustrated systems. Among these, the
replica algorithms have proved to be the most powerful and
effective in the studies of critical phenomena in frustrated
systems [14].

In our investigation, we used the highly effective replica
algorithm [14] of the following type:

(i) Two replicas X and X’ with different temperatures T
and T’ are modeled simultaneously.

(i1) After one hundred Monte Carlo steps per spin have
been completed, the replicas exchange data in accordance
with the Metropolis scheme with the probability

1, 4<0,

5 N —
M'(X_)X)_{exp(—zl), 450,
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where 4 = (T—T')(U—- U’), with U and U’ being the
respective internal energies of the first and second replicas.

In the replica exchange algorithm, a random walk along
the ‘temperature interval’ is implemented for each replica,
with each random walk stimulating a random walk in the
potential energy field. This facilitates the solution of the
problem of the system ‘sticking’ in many states with local
energy minima.

The calculations were carried out for systems with
periodic boundary conditions and with linear dimensions
L x L x L =N, where L =9-30 for the D; and D3 models
and L = 12—42 for the D, model. For the D3 model, the ratio
of the interlayer to intralayer exchanges varied in the interval
R =1J'/J| =0.01—-1.0. To take the system out of the state of
thermodynamic equilibrium, a section of 7o = 4.0 x 10°
Monte Carlo steps per spin, which is several times longer
than the nonequilibrium section, was cut out. The thermo-
dynamic quantities were averaged along a Markov chain
T = 2579 long. To increase the accuracy, the data obtained
from ten different initial configurations were averaged.

3. Simulation results

To monitor the temperature behavior of the heat capacity and
susceptibility, we used the expressions [1, 23 —25]

C=NK*((U?) - (U)?), 2)
. {NK((m2) —m?), T<Tx, )
v 2
NK (m?), T>1Tn,
_ NK(<m<,2h> - <mch>2) ) T < Ten s
Keh = {NK<m3h , T> Ta, @)

where K= |J|/kgT, N is the number of particles, m is the
magnetic order parameter, mg, is the chiral order parameter,
and y, is the chiral susceptibility.

The order parameter m of the system is given by [9]

_ 3 [ MR+ Mg+ M)

where Ma, Mp, and Mc are the magnetization of the
sublattices A, B, and C.
The magnetization of a sublattice is given by [9]

(M) = (\/sz+s2+52), r=ABC. (6)

To calculate the chiral order parameter mgy, of the system,
we use the expressions [10, 11]

2 P
Mehy = —F—= SiXS‘zv 7
v =35 28] U
1
Mch = sz:mchp ) (8)

where the subscript p labels the triangular plaquettes.
Figures 1 and 2 show the temperature dependence of the
heat capacity C and the susceptibility y for models D; and
D,. Here and in what follows, the errors in the data do not
exceed the size of the symbols in the figures. We note the
distinct maxima in the critical region for both models, with

C/kyg
—e— D,
3
—o0— Dy
2 L
1 -
0 L L L L
0.5 1.0
ksT/|J|

Figure 1. The heat capacity C/kp as a function of the temperature kg 7/|J |
for models D; and D,.

30

20

5 2.0
ks T/|J|

Figure 2. The susceptibility y as a function of the temperature kg 7/|J | for
models D; and D,.

the maxima occurring at the same temperature (within
error).

To determine the critical temperature 7 more accurately,
we use the method of fourth-order Binder cumulants Uy,
which are [26]

U =1- - 9)

According to the finite-size scaling theory, the critical point
is the point where all the temperature curves Up(T)
intersect [25].

Figure 3 depicts the characteristic temperature depen-
dence of U for model D,. The inset shows the accuracy with
which the critical temperature was determined. Clearly, the
critical temperature at R =1 is Ty = 0.957(1) (here and in
what follows, the temperature is given in units of |J|/kg). In
determining the chiral critical temperature 7Ty,, we used the
cumulant crossing method, which is considered more accu-
rate and reliable [11-13, 26, 27]. Similar calculations were
done for models D; and Ds.
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Figure 3. The Binder cumulant U; as a function of the temperature
kg T/|J | for model D,.

Figure 4. Dependence of the parameter V; on the linear size L at T = Ty
for model D,.

To calculate the static chiral and magnetic critical
exponents of the heat capacity (a), of the susceptibilities (y
and y.,), of the magnetizations (f and f), and of the
correlation radii (v and ve,), we used formulas from the
finite-size scaling theory [24, 26 —29].

It follows from the KPC relations that the following
relations hold in a system with the dimensions L x L x L at
T = T\ for sufficiently large L [11, 24, 28 —31]:

mo L7 (10)
Mep < L Pen/ven , (11)
¥ o )R (12)
Lep X L 7ch/ven , (13)
V,=L"gy (14)
Vchn = LI/VCthn ) (15)
where gy, is a constant and V,, and V¢, can be taken as
(m'E) )
i = <m,> _<E>7 l:17273747 (16)
I E
Vch,.:<mchl_ >—<E>, i=1,2,3,4. (17)
<mch>

These relations were used to determine f3, B, 7» Yehs V> and vep.
In approximating the temperature dependence of the heat
capacity on L, we used the expression [9—11, 32]

Coax(L) = Ay — AL (18)
where 4| and A, are some coefficients.

Figure 4 shows the characteristic curves representing the
dependence of the parameters V; for i = 1,2, 3 on the lattice
size L for model D, in the log-log scale. Clearly, points in the
diagrams land on straight lines (within error). The diagrams
in Fig. 4 obtained by the method of least squares are parallel
straight lines, and their slopes determine the value of 1/v.
The value of v calculated in this manner was used to
determine the critical exponents of the heat capacity («),
susceptibility (y), and magnetization (f8). The chiral critical

exponents were also determined through this scheme. Similar
calculations were carried out for models D; and Ds.

All the values of the exponents thus obtained are listed in
Table 1. The data in Refs [6, 7, 9—11] are also listed for
comparison.

Of special interest is the procedure that was used to
determine the Fisher exponent #. Starting from the relation
between the susceptibility y and the correlation radius & [33],

poc & (19)

and using the relation n = 2 — y/v between the exponents 5
and v, we obtain

lng{—zzc—nlnﬁ, (20)

where ¢ is a constant. For a finite-size system at 7' = Ty, we
have ¢ = L. This yields

lné:c—nlnL. (21)

Using this formula, we determined the Fisher exponent #.
The same approach was used to determine the magnetic and
chiral critical Fisher exponents for models D; and D,, which
are also listed in Table 1.

The values of the magnetic and chiral critical tempera-
tures for models D; and D, coincide, to within error, with
each other and with those obtained in [9—11]. A comparison
of the values of the critical exponents for model D; and the
results for a similar model in [9, 11] shows that our data are
close to those in the more recent paper [11]. Some of the
critical parameters for model D, coincide, to within error,
with the results for the same model in Ref. [10]. Table 1 shows
that our data for model D; are closer to the experimental
results (see the references in [6]) for the antiferromagnet
CsMnBrj; with a triangular lattice than to the data for model
D,. We note that this is the first time that the values of the
Fisher exponents 1 and 7, for models D; and D, have been
calculated.

Table 1 clearly shows that our results are in good
agreement with the data from laboratory experiments and
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Table 1. Values of the critical parameters for a 3D Heisenberg antiferromagnet on a stacked triangular lattice.

Critical Our data Monte Carlo method Experiment Pure model
parameter o o o o " (see references in [6]) | (see references in [7])
T 0.956(1) 0.957(1) 0.954(2) 0.955(2) 0.9577(2) — 1.443
Ta 0.956(2) 0.957(2) — 0.958(2) 0.9577(2) — —
v 0.59(1) 0.64(1) 0.533) 0.59(2) 0.586(8) 0.573) 0.706(9)
% 0.26(2) 0.052) 0.4(1) 0.24(8) — 0.40(5) ~0.117(2)
B 0.26(1) 0.30(1) 0.25(2) 0.30(2) 0.285(11) 0.25(1) 0.364(7)
y 1.232) 1.36(2) 1.1(1) 1.17(7) 1.185(3) 1.10(5) 1.390(23)
Veh 0.59(2) 0.64(2) — 0.60(2) 0.60(2) — —
Ben 0.43(2) 0.52(2) — 0.552) 0.50(2) 0.44(2) —
e 0.87(3) 0.93(3) — 0.72(2) 0.82(2) 0.84(7) —
n ~0.09(3) ~0.06(3) — — — — 0.031(7)
Nen 0.50(4) 0.63(4) — — — — —

Table 2. Values of the magnetic critical parameters for model Ds.

Table 3. Values of the chiral critical parameters for model Dj;.

R T~ v o B y a+2+7y=2 R Ten Veh o Ben Ve %+ 2Beh Y =2
1 0.956(1) | 0.59(2) | 0.26(3) | 0.26(2) | 1.23(4) 2.02 1 0.956(2) | 0.59(2) | 0.26(3) | 0.43(2) [ 0.87(5) 1.99
0.8 0.872 0.60 0.24 0.26 1.26 2.02 0.8 0.872 0.60 0.24 0.42 0.96 2.04
0.7 0.829 0.61 0.22 0.28 1.29 2.07 0.7 0.829 | 0.61 0.22 0.48 0.96 2.14
0.6 0.783 0.59 0.22 0.29 1.22 2.02 0.6 0.783 0.59 0.22 0.46 0.85 1.99
0.4 0.677 0.60 0.24 0.27 1.27 2.05 0.4 0.677 0.60 0.24 0.43 0.90 2
0.3 0.619 0.60 0.26 0.29 1.23 2.07 0.3 0.619 0.60 0.26 0.48 0.81 2.03
0.1 0.468 0.59 0.24 0.28 1.17 1.97 0.1 0.468 0.59 0.24 0.47 0.82 2
0.075 0.442 0.55 0.26 0.24 1.23 1.97 0.075 | 0.442 0.55 0.26 0.42 0.87 1.97
0.05 0.413 0.55 0.15 0.22 1.11 1.70 0.05 0.413 0.55 0.15 0.31 0.60 1.37
0.01 0.353 0.48 0.09 0.27 0.82 1.45 0.01 0.353 0.48 0.09 0.40 0.52 1.41

with most results of numerical experiments by other research-
ers, but differ from the results for a nonfrustrated 3D
Heisenberg antiferromagnet (see the references in [7]). This
suggests that the 3D Heisenberg frustrated antiferromagnet
on a stacked triangular lattice (model D;) constitutes a new
universality class of critical behavior.

Moreover, most of the critical exponents of model D,
differ significantly from the critical exponents of model D,.
This suggests that the type of interlayer exchange coupling
plays an important role in the formation of universality
classes of such systems. It is obvious that models D; and D,
belong to different universality classes and each has its own
set of critical exponents.

The question of the dependence of the critical exponents
on R is also of considerable interest. Furthermore, for the
majority of real materials, the values of J and J' do not
coincide [15—17, 20]. This question was studied for different
values of R. Using a relation from the finite-size scaling
theory and the above procedure, we were able to calculate
all the main static chiral and magnetic critical exponents for
J < 0andJ’ > 0 with R ranging from 0.01 to 1.0. The values
of the exponents obtained in this way are listed in Tables 2
and 3.

The data in Tables 2 and 3 show that for the values
R > 0.075, the exponents coincide (within error) and scaling
relations between the critical exponents hold with high
accuracy. When R < 0.05, the critical exponents vary sub-
stantially and scaling relations are no longer valid. Appar-
ently, R = 0.075 is the limit beyond which a crossover from
the 3D critical behavior to the 2D critical behavior occurs.

4. Conclusion

The study of the critical properties of the 3D Heisenberg
frustrated antiferromagnet on a stacked triangular lattice,
whose results are presented in this report, has been done using
the highly effective Monte Carlo replica algorithm. We have
calculated the main static chiral and magnetic critical
exponents. The critical exponents of heat capacity (o),
susceptibilities (y and y,,), order parameters (f and f,),
Fisher exponents 5 and #,, and correlation radii (v and vcp)
were calculated using relations from the finite-size scaling
theory within a single method and a single investigation. The
values of the Fisher exponents  and n, for this model were
calculated for the first time. Our results suggest that the 3D
frustrated Heisenberg model antiferromagnet on a stacked
triangular lattice belongs to a new universality class. The
results of our investigation imply that the universality class of
the critical behavior of the Heisenberg antiferromagnet on a
triangular lattice depends on the type and magnitude of the
interlayer exchange coupling.

This work was supported by the Russian Foundation for
Basic Research (grant 07-02-00194 and the South Russia
grant 06-02-96602) and the Russian Science Support Foun-
dation.
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Petawatt lasers based
on optical parametric amplifiers:
their state and prospects

E A Khazanov, A M Sergeev

1. Introduction

A review of current state-of-the-art femtosecond lasers with
the currently record power of the order of 1 PW is presented.
Based on an analysis of the advantages and drawbacks of
parametric amplification in comparison with laser amplifica-
tion in a neodymium glass and sapphire crystal, it is shown
that the use of parametric amplifiers is a promising approach
to overcoming a petawatt barrier. Other concepts concerning
multipetawatt lasers, including those based on the unique
properties of laser ceramics, are also discussed.

Several nanojoules,
tens of femtoseconds

ﬂ(spectrally limited pulse)

Several nanojoules,
about 1 ns
(chirped pulse)

_

Femtosecond
pulse
generator

—

Stretcher

0.01-10017J,

tens of femtoseconds

spectrally limited pulse

(spectrally pulse) 0.01-1001,
about 1 ns
(chirped pulse)

CPA or OPCPA
amplifiers

Compressor

Figure 1. General drawing of powerful femtosecond lasers.

Since the creation of the first laser, one of the main goals
of quantum electronics has been an increase in the peak power
of laser radiation. The term ‘high peak power’ is continuously
changing, and we are currently speaking of a power about
1 PW (10° W). The key milestone that allowed obtaining
such a power was the invention [1] of a fundamental principle,
the amplification of chirped (stretched in time, frequency-
modulated) pulses, CPA (chirped pulse amplification). The
idea (see Fig. 1) is that prior to amplification, a femtosecond
pulse is stretched to a duration of approximately 1 ns, which
reduces its power and allows amplifying it to high energy
without self-focusing and breakdown. Then the pulse is
compressed to the initial duration using diffraction gratings
with a high breakdown threshold, because light is only
reflected from the gratings, not passing inside a material
medium. The CPA principle is used without exception in all
lasers with the power 1 TW or greater.

Petawatt power was first obtained in 1996 on the basis of
CPA in neodymium glass [2]; the pulse duration was 440 fs
and the energy was 600 J. The invention of sapphire crystal
(corundum with titanium) [3] allowed obtaining considerably
shorter pulses and resulted in the creation of a petawatt laser
[4] with the much lower pulse energy of 28 J at the duration
33 fs. In Ref. [5], it was suggested to use the parametric
amplification (optical parametric chirped pulse amplifica-
tion, OPCPA) instead of the conventional laser amplifica-
tion. The first petawatt OPCPA laser was created [6] in 2006
on the basis of a nonlinear DKDP crystal (Deuterated
Potassium Dihydrogen Phosphate).

Thus, all existing petawatt lasers and those under
development can be divided into three groups by the
amplifying medium: (1) neodymium glass [2, 7-14],
(2) sapphire (corundum with titanium) [4, 13, 15—17], and
(3) parametric amplifiers on KDP (Potassium Dihydrogen
Phosphate) and DKDP crystals [6, 18 —25] (see Table 1). In all
the groups, energy (in the form of population inversion) is
stored in neodymium ions in a glass. In the first case, this
energy is directly converted to the energy of a chirped pulse,
which is then compressed. In the second and third cases, the
stored energy is converted into the energy of a narrow-band
nanosecond pulse, which is converted into a second harmonic
and serves to pump the chirped pulse amplifiers. This
pumping either provides the population inversion in a
sapphire crystal or decays parametrically into two chirped
pulses in a nonlinear crystal.
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Table 1. Comparison of petawatt lasers concepts. Symbols ‘+’, ‘—’, and ‘0’ indicate characteristics that are above average, below average, and average,
respectively.
Amplifying medium Nd:glass Ti:sapphire DKDP Cr:YAG-ceramics
Energy source Nd:glass Nd:glass Nd:glass Nd:glass
Pumping no (+) 2w Nd* (-) 2w Nd (-) loo Nd** (0)
Pumping duration, ns no (+) > 10 (0) 1 (-) > 10 (0)
Amplifier aperture, cm 40 (0) (=) 40 (0) > 50 (+)
Minimal duration, fs 250 (=) 25 (+) 25 (+) 25 (+)
Efficiency (1w Nd — fs)*** 9% 80 (+) 15 (0) 10 (=) 25 (0)
Number of petawatts from 1 kJ 1o Nd 3.2 (3)**** 6 (1.5)**** 4 10
Power obtained, PW 1.36 2] 0.85[4] 0.56 [23] —
* Second harmonic of a neodymium laser.
** First harmonic of a neodymium laser.
*** From the first-harmonic pulse of a neodymium laser to a femtosecond pulse.
**#% Resistance of diffraction gratings and sapphire crystals limit the maximum power at the respective levels of 3 PW and 1.5 PW.

The peak power is determined by the duration and energy
of a compressed pulse. The maximal energy is obtained in
neodymium glass lasers because the energy stored in the form
of population inversion is directly converted into a chirped
pulse. However, a narrow-band gain of neodymium glass
limits the duration of the compressed pulse to several hundred
femtoseconds. As a result, the optical resistance of diffraction
gratings hinders extension into the multipetawatt range.

In contrast to neodymium glass lasers, sapphire lasers
provide wide-band gain, which allows compressing a pulse
down to 10—-20 fs. But the aperture of sapphire crystals is
below 10 cm. In attempting to surpass the petawatt level, so
small an aperture would limit the energy of a chirped pulse
due to optical breakdown and self-focusing.

2. Advantages and drawbacks
of parametric amplification

Parametric amplifiers have none of the drawbacks of sapphire
and neodymium glass mentioned above because the aperture
of modern nonlinear KDP and DKDP crystals is 40 cm,
which is comparable to the dimensions of neodymium glass
elements, and the gain width is close to that of sapphire.
Moreover, the OPCPA approach has unquestionable advan-
tages compared to CPA.

First, OPCPA provides a very high single-pass gain, up to
10*, compared to 10 for CPA. Second, in the case of OPCPA,
the amplification is directed, which eliminates enhanced
spontaneous luminescence and self-oscillation of amplifiers
in transverse directions, removing the substantial limitation
of CPA lasers. Third, the low level of amplified spontaneous
luminescence in the longitudinal direction provides a high
temporal contrast of the compressed pulse. Fourth, in the
case of OPCPA, in contrast to CPA, the energy difference
between the pump and the signal quanta is not released in the
crystal in the form of heat because it is withdrawn by an idle
wave. This provides low thermal load and, as a consequence,
diffraction beam quality even in the pulse-repetition mode.
Finally, the spectrum of a chirped pulse is less distorted by
gain saturation in the case of OPCPA than for CPA because
the effect of the population inversion reduction at the end of
the pulse is absent. Hence, the use of parametric amplifiers is
rather promising for overcoming the petawatt barrier.

Nevertheless, OPCPA has drawbacks. First of all, there is
the requirement of a short (about 1 ns) duration of the
pumping pulse, because a parametric amplifier, in contrast
to a laser amplifier, cannot acquire energy due to population
inversion. Due to the same reason, a high accuracy (of the
order of 100 ps) is needed in synchronizing the pumping and
chirped pulses. In addition, in the case of OPCPA, it is
actually impossible to use several lasers for pumping a single
amplifier, which is easily realized in the case of CPA.

It follows that all the advantages of OPCPA are directly
related to the amplifier, whereas its drawbacks are related to
the pumping laser, where the requirements are higher than for
CPA.

3. Choosing the nonlinear crystal for OPCPA

The most promising pumping for powerful parametric
amplifiers is the second-harmonic radiation of neodymium
glass lasers with the wavelength A, = 527 nm. At this
wavelength, the widest gain band is observed for LBO
(lithium borate), BBO (barium metaborate), KDP, and
DKDP crystals [26, 27]. The first two types of crystals have
large nonlinearity; but the modern growing technology is
capable of producing such crystals with the transverse
dimension of at most several centimeters. Hence, LBO and
BBO crystals can only be used in the first cascades of OPCPA.
KDP and DKDP crystals with lower nonlinearity can be
produced with the dimension that provides the aperture of
40 cm and more, which allows using them in final stages of
petawatt OPCPA lasers.

Of key importance for wide-band parametric amplifica-
tion are the dispersion dependences of the refractive index,
which determine the wave-vector mismatch Ak. The mis-
match be presented in the form of a Taylor series with respect
to the deviation Q from the central frequency of three-wave
synchronism,

dky  dki
Ak(Q) = Ak(0) — (@ + o ) Q

1 (dky A%k -, ;
‘§<m+dwz)9 - 0@,

where k; is the wave vector of the signal wave propagating
along the z axis and k;. is the projection of the idle-wave
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Figure 2. Absorption coefficient for the ordinary wave and the gain
bandwidth full width at half maximum at the pumping intensity |
GW cm~2, wavelength 4, = 527 nm, and crystal length 70 mm [27].

vector onto the z axis. Depending on the number of zero terms
in the series, we are dealing with phase matching (only the first
term is zero), group phase matching (the first two terms are
zero), or ultra-wide phase matching (the first three terms are
zero). The last case requires the fulfillment of three condi-
tions. At a prescribed wavelength of the pumping radiation
Ap, there are three free parameters: two angles (between the
optical axis of the crystal and the wave vectors of pumping
and signal radiation) and the signal wavelength As. The
analysis in [27] shows that for crystals with 1* > 24, there
exists a set of three parameters such that the three conditions
for ultra-wide synchronism are fulfilled, and for crystals with
A" < 27, these three conditions never hold and ultra-wide
phase matching is absent. Here, A" is the wavelength at which
the second derivative of the wavenumber for an ordinary
wave vanishes: d*k/dw? = 0.

At 1" < 2/,, the maximum bandwidth of gain is achieved
when the interaction degenerates (4s = 24,). To such crystals,
we can assign KDP, which was considered the only candidate

for high-power OPCPA lasers in [18, 19, 26, 28 —31]. Never-
theless, as can be seen in Fig. 2, the maximum band of gain in
KDP does not exceed 1000 cm~! and occurs at A5 =
2Jp = 1054 nm, i.e., in a range where no lasers exist with the
duration 30 fs or less.

In Ref. [32], it was suggested to use DK DP crystals instead
of KDP. In Refs [27, 32, 33], reliable dispersion functions
were determined for DKDP and the influence of the degree of
deuteration was considered. It was also shown that for
DKDP, we have A" < 24, and the conditions of ultrawide
phase matching hold at 4, = 910 nm. In this case, the gain
band is twice as wide as that in KDP (see Fig. 2), which allows
amplifying pulses with the duration ~ 15 fs. It is important
that at both the signal (910 nm) and idler (1250 nm)
wavelengths, there are sources of femtosecond pulses with
this duration, namely sapphire and cromium —forsterite
lasers [34, 35]. In addition, DKDP crystals have a noticeably
lower absorption (see Fig. 2).

Thus, the most promising architecture of petawatt
OPCPA lasers is the amplification of a chirped pulse with
the central wavelength 910 nm in a DKDP crystal. In
Section 4, an OPCPA laser with this architecture and the
power 0.56 PW is considered [23].

4. 0.56-petawatt OPCPA laser
on a DKDP crystal

The general schematic of the laser created at the Institute of
Applied Physics (IAP) of the RAS is shown in Fig. 3. As was
mentioned in Section 3, a signal wave (sapphire laser,
As =910 nm) or idler wave (cromium —forsterite laser,
As = 1250 nm) can be injected into a DKDP crystal. The
second variant was used in [23], where the master oscillator
was a cromium —forsterite laser emitting pulses with the
duration 40fs and energy 3 nJ. Before amplification, the
pulses were extended in a stretcher.

Stretching a pulse at one wavelength (idle) and compres-
sing it at another (signal) wavelength requires a nonstandard
dispersion characteristic of the stretcher. Calculations show

Synchronization Cr:forsterite

CW Yb pumping laser

, [
| |
! system fs laser 10 W, 4 = 1077 nm !
' 4= 1250 nm !
I | 2nJ !
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Figure 3. Drawing of an OPCPA laser with the power 0.56 PW [23]. (PA is the parametrical amplifier).
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Figure 4. Autocorrelation function for the output pulse (photo and points)
and for a Fourier-limited pulse with the duration 33 fs (solid curve) [23].

that such a characteristic is provided by a compressor with
two prisms having similar vertex angles [36, 37]. Such a
nonstandard stretcher based on a holographic diffraction
grating (1200 mm~') extended a 40 fs pulse to the duration
0.6 ns with the transmission band 1000 cm~".

Two parametric amplifiers were first pumped by a single-
mode Nd:YLF-laser with the energy of the second harmonic
(4p = 527 nm)up to 1 J[38], synchronized with a Cr:forsterite
laser to an accuracy of 50 ps [39]. The third parametric
amplifier was pumped by the second harmonic of a
neodymium glass laser with the energy 180 J and pulse
duration 1 ns. Such high parameters were obtained due to
the following key features of the pumping laser: high-
efficiency amplifiers [40]; specific construction of spatial
filters [41]; a system for radiation input to the amplifier,
which provided the fill factor 0.8 for the output cascade; the
use of circular polarization for two output amplifiers in
order to suppress small-scale self-focusing [43]; and a
frequency doubler with the first-type interaction, which
provided a 70% conversion efficiency at the thermo-
induced depolarization above 2% [44].

The first parametric amplifier was a two-pass one. On the
first pass, it converts pulses with the wavelength 1250 nm into
those of 910 nm, and on the second pass, it amplifies radiation
at the wavelength 910 nm. The second amplifier was single-
pass and had an efficiency ~ 15%, which corresponds to
numerical simulation results. The width of the spectrum of
the amplified pulse was approximately 30% less than that of
the injected signal. Upon further compression, pulses with the
duration ~ 80 fs were obtained at the power 0.44 TW [20].

Due to saturation of the third parametric amplifier (with
the DKDP crystal length 80 mm and the aperture 120 mm),
the spectrum of a chirped pulse broadened, the energy of the
pulse reached 38 J, and the amplifier efficiency was above
20%. Two diffraction gratings (1200 mm~') with the
dimensions 24 x 35 c¢cm were used in a compressor. The

maximum energy of compressed pulses was 24 J. The
autocorrelation function (see Fig. 4) corresponds to a 43 fs
pulse duration full width at half maximum; thus, the peak
power was 0.56 PW, which is 35 times greater than the power
obtained earlier [19] in OPCPA lasers (see Fig. 5).

Due to the use of OPCPA and a compact pumping
neodymium glass laser, the petawatt laser with all infra-
structure elements resides in a laboratory with the area less
than 80 m?.

5. Prospects for expanding
to the multipetawatt range

As mentioned in Section 4, one of the advantages of OPCPA
lasers on DKDP crystals is the simplicity of scaling, which is
now limited only by the pumping pulse energy. Four large
projects are presently being implemented, which are aimed at
obtaining multi-petawatt power for OPCPA lasers.

First of all, there is the Russian project [45] of the Russian
Federal Nuclear Center (Sarov) with the participation of AP
RAS. This project directly continues the research in [23]. In
addition to the laser, which is similar to that used in Ref. [23],
one more parametric amplifier was created on a DKDP
crystal with the diameter 200 mm. The system was pumped
by one of the channels of the Luch setup [46] (the energy of the
second harmonic radiation pulse was 1 kJ and the duration
was 2 ns). The master oscillator for the channel of the Luch
setup was the specially designed laser, which provided the
synchronization of the pump with both a femtosecond laser
and a laser that pumped previous cascades of the parametric
amplifier [47]. The maximum energy of a chirped pulse after
the output cascade of the amplifier was about 100 J [45]. The
efficiency of a four-grating compressor was 68%. It is
assumed that the work on pulse compressing will be finished
in 2008 —2009 with the output power about 2 PW.

In 2011, it is planned to finish the construction of a 10-
petawatt OPCPA laser at the Rutherford Laboratory (Great
Britain) [24]. For pumping two final amplifiers, two channels
of a Vulcano neodymium glass laser are used with the pulse
energy 600 J each. Similarly to [23, 45], ultrawide phase
matching is used in a DKDP crystal at the chirped pulse
wavelength 910 nm. This project is special in that the chirped
pulse is very long (3 ns).

Recently, two large Pan-European laser projects have
started up: HiPER (High Power laser Energy Research) [48]
and ELI (Extreme Light Infrastructure) [49]. The HiPER
project is aimed at investigating laser fusion at a relatively
moderate radiation energy that presses a laser target: less than
0.4 MJ for the second harmonic, in contrast to 1.8 MJ for the
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Figure 5. OPCPA lasers and petawatt CPA lasers.
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third harmonic using the NIF (National Ignition Facility)
setup [50]. Such energy ‘saving’ is reached due to the use of
shorter pulses (of the order of 1 ps) with the energy from 150
to 2000 PW, in addition to nanosecond pulses, for igniting a
thermonuclear target. The ELI project is aimed at the
creation of a superhigh-power (50—1000 PW) femtosecond
laser for carrying out unique scientific investigations. In these
Pan-European projects, similarly to the project in [45], the
architecture of a femtosecond laser used in [23] (parametric
amplification of chirped laser pulses with the central
wavelength 910 nm in a DKDP crystal) is considered optimal
for further scaling.

The OPCPA design is not the only scheme intended for the
future creation of multipetawatt and exawatt lasers. It is
probable that sapphire crystals will be created with an
aperture of 30—40 cm, or several types of neodymium glass
will be used for expanding the gain spectral width. There is a
very interesting concept concerning laser ceramics, a new
optical material that combines the advantages of glass and
single crystals. Laser ceramics has already made a substantial
contribution to lasers with high average power [51]. There are
numerous publications on femtosecond low-power ceramic
lasers. In high-power lasers, ceramics has not been used in
practice yet. However, ceramics-based lasers may compete
with neodymium glass lasers, sapphire lasers, and OPCPA
lasers.

In particular, a concept was suggested [52] for creating
ultrahigh-power femtosecond lasers based on Cr:YAG
ceramics, which combines the traditional principles (the
energy source is nanosecond pulses of a neodymium glass
laser, CPA) and new possibilities opened due to the use of
laser ceramics. It can be seen from Table 1 that Cr:YAG
ceramics has three key properties: a wide gain band, which
provides amplification of pulses with the duration down to
20 fs; a large aperture, which allows amplifying chirped pulses
to the multi-kilojoule level; and high conversion efficiency for
the narrow-band radiation of a neodymium glass laser. These
properties open up the possibility of creating a unique laser
with the peak power 100 PW at the pumping energy 10 kJ.
Although elements from Cr:YAG ceramics have not yet been
used as active elements, they are widely used [53, 54]in passive
Q-switches.

In addition to a wide aperture, a very important
advantage of ceramics is the possibility of producing active
media that cannot be grown as a single crystal. These are, for
example, sesquioxides of rare earth elements doped with
neodymium and ytterbium: Nd:Y,03 [55], Nd:Lu,Os3 [56],
(Nd,YDb):Sc,03 [57], Yb:Y205 [58], and so on. In Ref. [59],
generation on Yb:Lu,O3 and Yb:Sc,Oj3 crystals was obtained
with the respective durations 65 and 70 fs. This suggests one
more variant for creating a multipetawatt laser: CPA in wide-
aperture (Nd,Yb):Lu,O3 or (Nd,Yb):Sc2O3 ceramics pumped
by flash lamps similar to neodymium glass lasers, which
exhibit a substantially longer pulse duration. Excitation is
transferred from neodymium ions to ytterbium ions, which
provides a wide band (direct pumping of ytterbium is only
possible by diode lasers, which hinders the possibilities of
scaling). Even wider spectral bands can be obtained by using
several oxide crystals (Sc,O3, Y203, LuyOs3, and so on)
simultaneously, similarly to the case of the simultaneous use
of different types of neodymium glasses [12, 50] or several
garnets with chromium ions [52]. Thus, new petawatt and
multipetawatt projects based on CPA in laser ceramics may
arise in the immediate future.

6. Conclusion

Petawatt lasers created all over the world will soon become
instruments for studying a new branch of knowledge, the
physics of extreme light fields [49]. In the future, petawatt
lasers may be used as accelerators of charged particles in
fundamental investigations and in military, technological,
and medical applications. Examples of the last one are
isotope facilities for positron-emission tomography and
compact, cheap sources of ions for hadronic therapy.

These and other potential applications, along with the
noticeable progress in petawatt laser technology, interest
commercial companies in expanding to the petawatt range,
which accelerates laser technology development. It is hoped
that in 5— 10 years, petawatt lasers (including OPCPA lasers)
will no longer be exotic and will become accessible in many
laboratories throughout the world.
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