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Abstract

! e fundamental aspects of diff use scattering from lattice defects within the coherent wave theory are 
reviewed, and the use of Huang and asymptotic diff use scattering for the determination of the size, 
type, and internal structure of clustered defects is discussed. ! e scattering amplitude for diff use scat-
tering from lattice defects is presented within the single defect approximation, and the physical inter-
pretation of the asymptotic diff use scattering from dislocation loops and precipitates is discussed in 
terms of local Bragg scattering. ! e importance of using detailed and accurate displacement fi elds for 
calculating diff use scattering cross sections for dislocation loops and coherent precipitates is empha-
sized, and examples of the measurement of size distributions for vacancy and interstitial loops and 
for coherent precipitates in Cu are revisited. In addition, the use of submicrometer-diameter X-ray 
microbeams to perform depth-resolved diff use scattering measurements of vacancy and interstitial 
loop distributions in 10 MeV self-ion-implanted silicon single crystals is discussed.

1 Introduction

! e analysis of diff use scattering near Bragg refl ections represents a powerful method for the study 
of defect clusters that induce lattice distortions in crystalline materials. Krivoglaz, Dederichs, and 
Trinkaus [1–6] were instrumental in analyzing the form and intensity of the Huang diff use scattering 
resulting from the long-range elastic distortion fi elds surrounding point defects and defect clusters. 
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140   BENNETT C. LARSON

! eir work further considered the scattering in the so-called asymptotic scattering region (beyond 
the Huang scattering region) that is characterized by local Bragg scattering from the relatively large 
distortions near defect clusters [5,7,8]. Although the asymptotic diff use scattering associated with the 
large lattice displacements near defect clusters cannot be fully specifi ed in closed form, the physical 
interpretation of asymptotic diff use scattering in terms of particle size- and strain gradient-broadened 
Bragg-like scattering from locally rotated or dilatated regions near defect clusters is clear. Fortunately, 
accurate diff use scattering cross sections can be obtained for this region through numerical integration 
of lattice sums and the use of numerically calculated elastic displacement fi elds for dislocation loops 
and precipitates [8–12].

! e ability to calculate accurate diff use scattering cross sections for defect clusters has been key 
for using diff use scattering as a quantitative tool to investigate defect clusters in crystals [8–11]. X-ray 
diff use scattering has been used in a large number of studies of irradiation-induced and intrinsic defect 
clusters in crystals, as discussed in original papers and reviews [13–27]. ! ermodynamic precipitation 
of coherent second-phase particles is of both fundamental and technological importance for advanced 
materials. Alloy precipitation and both electron and neutron irradiations produce defects distributed 
uniformly throughout bulk samples. However, ion irradiations typically involve penetration depths of 
only a few microns below surfaces, and because ion damage is strongly energy dependent, they produce 
defect distributions that are strongly depth dependent. Understanding the generation and annealing 
characteristics of ion irradiation-induced defects is important for simulating high-dose neutron irra-
diation damage, and ion damage has become increasingly important in relation to ion implantation 
processing steps incorporated into electronic device manufacture.

In this chapter, we discuss the fundamental concepts of diff use scattering, the information avail-
able on defect clusters from diff use scattering near Bragg refl ections, and the application of submicron 
spatial resolution X-ray microbeams for depth-resolved studies of ion implantation-induced defects 
in silicon. ! e results of depth-dependent diff erential diff use scattering measurements, made in cross 
sections on self-ion-irradiated silicon, are presented in terms of size distributions and point defect 
concentrations for vacancy and interstitial loops, and the relative merits of cross section and plan-view 
diff use scattering techniques are discussed.

2 Diffuse Scattering and Coherent Wave-Scattering Theory

X-ray scattering from lattice defects is generally quite weak; therefore, the cross section for scattering 
of an incoming plane wave    e

iko ir with wave vector ko into an outgoing wave    e
ik ir with wave vector k 

is usually written in terms of the kinematic or fi rst Born approximation with no provision for multiple 
scattering. In the fi rst Born approximation, the diff erential cross section for an ensemble of atoms is 
given by

 
   

dσ(K)
dΩ

= V (K)
2

,  (9.1)

where K = k – ko and    V (K) is the Fourier transform of the scattering potential 
   

V (r) = re f i (K)δ(r − ri
i

∑ ) . 

! e atomic scattering length for X-rays, 
   
re f i (K) , is given by the product of the classical electron 
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radius, re, and the atomic form factor
   
f i (K) . ! e lattice sites are specifi ed by 

  
ri = ri

o + si , in which 
  
ri

o  
represents the undistorted lattice site and 

   
si ≡ s(ri )  specifi es the displacement from the ith periodic 

lattice site. ! e scattering amplitude is then defi ned by

 

    

dσ(K)
dΩ

= re f (K) 2 A(K)
2 = re f i (K)

i

∑ eiK iri

2

. (9.2)

! is is the total elastic scattering cross section for the sample and so contains Bragg refl ections for 
average periodic ri expanded by image forces and diff use scattering components generated by deviations 
s(ri ) from periodic lattice sites (e.g., by phonons, point defects, clusters of point defects, second-phase 
precipitates, or dislocations) [1,3,17]. As pointed out by Krivoglaz [1], line defects such as dislocations 
are a special case in that they are not localized defects and their slowly decaying strain fi eld falls off  only 
as 1/r. ! erefore, the static Debye-Waller factor diverges for crystals with dislocations as a signature of 
the destruction of long-range periodicity. ! e remaining strain-broadened and particle-size-broadened 
scattering may be strongly peaked, but according to the strict defi nition of Bragg scattering from long-
range periodic structures, it represents diff use scattering that is often referred to as local Bragg-like or 
Stokes-Wilson scattering within the deformation microstructure [28]. Although dislocation loops will 
be addressed here in terms of point-defect clusters in otherwise long-range periodic crystals, diff use 
scattering from dislocation lines and tangles is fundamentally diff erent in origin from that of point 
defects, dislocation loops, and clusters and will not be considered here.

! e distinction between sharply peaked (coherent) Bragg scattering and the more smoothly vary-
ing (incoherent) diff use scattering is not easily defi ned within the kinematical fi rst Born approxima-
tion theory discussed above because Huang scattering from both thermal vibrations and lattice defects 
diverges at Bragg refl ections. On the other hand, the scattering processes are, in fact, well defi ned 
quantum-mechanically in terms of changes of any quantum number in the state of the sample, and, 
accordingly, the separation is well defi ned within the formal theory of scattering, which inherently 
includes multiple scattering. As discussed by Lax [29] and in more detail by Dederichs [5,17], the 
separation of the Bragg (coherent) scattering from the diff use (incoherent) scattering for crystalline 
samples containing localized defects is well defi ned in terms of the so-called coherent wave theory, 
which is based on the formally exact Lippman-Schwinger equation [17]. Although a rigorous and 
complete presentation of the coherent wave analysis is outside the scope of this chapter, it is instruc-
tive to recall the elegant arguments of the coherent wave theory that led intuitively to the so-called 
single-defect approximation, which forms the underlying basis of diff use scattering investigations of 
statistically distributed lattice defects.

In outlining the coherent wave approach, we follow Lax [29] and Dederichs [2,17] and consider 
a periodic assembly of atoms with a statistical distribution of point defects or point-defect clusters that 
generate frozen-in displacements by their elastic distortion fi elds. ! e separation between Bragg and 
diff use scattering within the coherent wave formalism is identifi ed by performing a formal (theoretical) 
interference experiment to determine what part of the scattered wave remains quantum-mechanically 
coherent within the scattering process and hence is able to interfere with the incoming wave. Defi ning 
ψ to be the solution to the scattering of an incoming wave, φ , by a particular statistical distribution 
of defects within the sample, the intensity (density) of scattered radiation is given by 

 
ψ*ψ = ψ 2 . ! e 
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experimentally observed scattering from a statistically random distribution of defects is given by aver-
aging 

 
ψ 2  over all possible lattice defect confi gurations. Denoting this statistical average by , the 

measured intensity is then given by 
 

ψ 2 .

! e formal interference experiment to determine what part of ψ  remains coherent with the inci-
dent beam and which part represents diff use scattering is defi ned by

 
 

φ + ψ 2 = φ*φ + φ*ψ+ ψ*φ +ψ*ψ ,  (9.3)

which, after performing the implied statistical averages and adding and subtracting 
 
ψ* ψ , leads 

to the important result that

 φ ψ φ ψ ψ ψ+ = + + −2 2 2 2
. (9.4)

Equation 9.4 indicates that only ψ  remains absolutely coherent with φ  and that the remain-
ing fraction ψ ψ2 2

−  is incoherent or, according to Lax [29], only relatively (i.e., not abso-

lutely) coherent with the incoming beam φ . We note that the symbolic form of the incoherent term 
ψ ψ2 2

−  is just the form that is associated with fl uctuation scattering (or departures from mean 

fi eld behavior). It is natural then to associate the coherent term with the Bragg scattering term, where 
ψ  indicates that the Bragg scattering that remains coherent is reduced by a Debye-Waller factor (as 

will be seen below) that is introduced by the averaging over statistically distributed defect distributions. 
Equation 9.4 then leads to the following intuitive separation of the diff use scattering (or fl uctuation 
scattering) cross section from the total scattering cross section by subtracting the Bragg scattering:

 
d

d

d

d

d

Diffuse Total

σ σ σK K( )











= ( )











−
Ω Ω

KK( )









d

Bragg
Ω

 (9.5)

Equation 9.4 assures this to be rigorously true in a quantum-mechanical sense and not simply 
by an empirically derived result. As will be mentioned later, however, separating coherent scattering, 
inelastic (Compton) scattering, and thermal diff use scattering from defect diff use scattering is not at all 
a simple or straightforward task experimentally, even though it is well defi ned theoretically.

Now, if one associates ψ with 

   

re f i
i

∑ eiK iri  and understands 
   
f i = f i (K)  for shorthand, the fol-

lowing expressions are obtained for the diff use scattering components:

 
    

ψ 2 = re f i
i
∑ eiK iri

2

= re
2 f i

i , j
∑ f j e

iK i(ri − rj )

, (9.6)
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ψ
2

= re f i
i

∑ eiK iri

2

= re f i
i

∑ eiK iri re f j
j

∑ e
−iK irj . (9.7)

If we further write K = H + q, where H is a reciprocal lattice vector and q is a vector within the 
Brillouin zone, and recall that 

  
ri = ri

o + si , we obtain with     Hiri
o = 2πn ,

 
d

d
r f f e

Diffuse
e i j

i j

i i
o

j
oσ K q r r( )











= ∑ −

Ω
2

,

( )!
ee e e

i i ii j i jK s s K s K s! ! !( )− −−





. (9.8)

Following Dederichs [2,3,17], after detailed consideration of overlapping defect displacement 
fi elds for statistically random defect sites and the implications of image forces, which implies that ri 
now refers to the average expanded (or contracted) lattice positions, Equation 9.8 yields

 

    

dσ K( )
dΩ













Diffuse

= re f ie
−L(K )eiqiri eiK is(ri ) −1





i

∑
2

. (9.9)

Including the scattering from the defect atoms located at position
  
rj

d (with respect to average lat-

tice positions) generating the displacements s(ri), Equation 9.9 becomes

 
d

d
r f e e

Diffuse
e j

d i i

j

n
j
d

j
d

d

σ K H r q r( )











= +∑Ω
! !

rr f e e ee i
L i i

i

i i− −



∑ ( ) ( )K q r K s r! ! 1

2

, (9.10)

where nd is the number of atoms in the defect/cluster and L(K) is the static Debye-Waller factor 
given by 

    
L(K) = c [1− cos(Kis(ri )]

i
∑ , with c representing the fractional concentration of defects (i.e., 

defects per atom) within the lattice.
Equation 9.10 corresponds to the so-called single-defect approximation for randomly distributed 

defects, where the fi rst term represents the direct or Laue scattering from the atoms in the defect cluster 
(i.e., dislocation loop, coherent precipitate, or loose aggregate) and the second term represents the scat-
tering from the surrounding atoms that are displaced s(ri) from their regular lattice positions by the 
elastic distortion fi eld surrounding the defect clusters.

As discussed above, the single-defect approximation refers to the specifi c case of a statistically large 
number of defects that are randomly distributed within an otherwise undistorted periodic crystal. ! e 
simplicity of the formula and the ability to consider only the distortion fi eld for a single defect in the 
calculation of the cross section are due to the fact that the cross-terms in the scattering between individual 
defects cancel identically for randomly distributed defect sites. It should be emphasized also that the scat-
tering formalism specifi cally assumes that the displacement fi elds of all defects overlap completely since 
their displacements fall off  as 1/r2 with no cutoff . Hence each defect impacts the positions of atoms in 
every part of the sample, and the forces at the edges of the sample lead to the expansion/contraction of 
the average periodic lattice. Implicit in the process is the assumption that the density and strength of the 
defects are low enough that they do not distort the crystal lattice so much as to preclude the notion of 
an average periodic lattice, which implies that within a dynamical diff raction extinction distance for the 
periodic average lattice there is a statistically random distribution of defects.
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3 Evaluation of Diffuse Scattering Cross Sections for Small q and Large q

In order to understand and interpret diff use scattering from lattice defects, methods to perform the 
lattice sums involved in the cross sections in Equation 9.10 have been the focus of considerable atten-
tion for more than half a century, both in closed form and numerically [1–8,10–12,20]. ! e direct 
(or Laue) scattering term in the amplitude is a rather straightforward Fourier transform of the atoms 
comprising the defects themselves, and so presents little diffi  culty [5,11]. ! e scattering amplitude 
associated with the distortion of the surrounding crystal (the second term in Equation 9.10) is more 
complex, however, and requires a combination of analytic and numerical tools for evaluation. For 
small q, the exponential inside the bracket in the distortion scattering function

 
    

eiqiri eiK is(ri ) −1





i

∑   (9.11)

can be expanded to obtain the so-called Huang scattering amplitude,

     AH (K) = iKis(q) , (9.12)

which can be evaluated analytically even for elastically anisotropic materials [3,5,11] and produces the 
well-known 1/q2 dependence of the Huang scattering intensity close to Bragg refl ections. ! e ability 
to evaluate this leading term analytically is critical for both large and small q because the Huang ampli-
tude is sensitive to the long-range elastic distortions and so converges very slowly in r. By removing 
the leading term from the sum and evaluating it analytically, the remaining portion of Equation 9.11 
is given by

 
    

eiqiri eiK is(ri ) −1





i

∑ ≡ iKis(q)+ eiqiri eiK is(ri ) −1− iKis(ri )





i

∑ , (9.13)

which in sine and cosine notation is given by

 
    

eiqiri eiK is(ri ) −1





i

∑ ≡ iKis(q)+ eiqiri cos Kis(ri )( ) −1+ i sin Kis(ri )( ) − iKis(ri ) 
i

∑ . (9.14)

! is form indicates immediately that only terms of order 
    

Kis(ri )( )2 and higher remain in the sum-
mation. ! erefore, after subtracting the Huang amplitude from the summation and evaluating it analyti-
cally utilizing double-force tensors and Fourier-transformed elastic Greens functions [5], the second term 
falls off  as 1/r4 or faster (s(r)∼1/r2) so that volume integrals converge as 1/r2 and so can be integrated 
without diffi  culty using numerically calculated displacement fi elds   s(r)  as discussed below.

! e Huang scattering amplitude, given in closed form by Equation 9.12, is of course very strong 
for small q due to the fact that the amplitude diverges as 1/q [2,6,11]. ! e high intensity and the 
ability to specify accurately the angular dependence of the Huang scattering for both point defects 
and point defect clusters (loops, precipitates) makes the Huang scattering component attractive for 
investigating the local symmetry of lattice defects. However, Huang scattering information is, in prac-
tice, most powerful for point defects or very small clusters [2–6,16,30], where direct imaging techniques 
such as transmission electron microscopy (TEM) are not applicable. ! is is because the Huang scattering 
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amplitude does not provide direct information on cluster sizes except through the often-used (but 

actually rather crude [1,11,18]) approximation of R ∼ 1/qc (or R ∼ 
  
1/ Hbqc( ) ), where b is the Burg-

ers vector for dislocation loops and qc corresponds to the crossover from the Huang scattering 1/q2 
dependence to the asymptotic scattering 1/q4 falloff  for larger q. Even then the determination is heavily 
weighted toward larger sizes in distributions—the fourth power of the radius for loops and the sixth 
power of the radius for precipitates. Moreover, because of the square of the amplitude, it does not pro-
vide direct information on the vacancy versus interstitial nature of loops when both types are present.

For clustered defects such as dislocation loops or precipitates, Huang scattering measurements 
provide symmetry information [3,18], but if combinations of loops and precipitates or other types of 
structural deformation are present, symmetry information on individual types of defect clusters is not 
available. For sizes above R ∼ 10 Å, TEM measurements are, of course, able to provide detailed infor-
mation on defect cluster symmetry, morphology, and size for deformed and polycrystalline samples 
as well as for samples containing a mixture of defect types. On the other hand, when both vacancy 
and interstitial loops are present (such as in neutron-, electron-, or ion-irradiated materials), obtaining 
size distributions for each type of loop separately from TEM measurements becomes a very tedious 
process [14,15]. Moreover, when defect clusters are too small to be imaged defi nitively by TEM or for 
investigations such as cluster nucleation and sequential thermal growth studies, where nondestructive 
measurements are desired, X-ray diff use scattering in the so-called asymptotic (large q) region beyond 
the Huang scattering region provides critical information not available by TEM [7,14].

Although scattering cross sections cannot be calculated in closed form for the large q asymptotic 
scattering regime, accurate numerical calculations can be made using Equation 9.13 [2,7,8,10,11,14,32]. 
As discussed originally by Stokes and Wilson in connection with straight dislocation distributions 
[28] and as shown for clustered defects by Trinkaus [5,7,8] within the infi nitesimal distortion center 
approximation (i.e., assuming lattice displacements increase as ∼1/r2 down to zero r), diff use scattering 
from the strongly deformed volumes close to defect clusters can be characterized as Bragg-like scatter-
ing from locally dilatated and rotated regions. Detailed cross section calculations using Equation 9.13 
for both dislocation loops and coherent precipitates have verifi ed the local Bragg scattering interpreta-
tion [8,10,11]. However, the numerical calculations further showed that it is critically important to 
use the actual deformation fi elds near dislocation loops and inside precipitates rather than to assume 
a ∼1/ ˆr2 dependence for all r. ! is is because not only do the actual distortion fi elds depart markedly 
from 1/r2 for r less than the radius R but also the form of the actual displacement fi elds yield constant 
or nearly constant lattice parameters for r < R, which in turn introduces strong distortions in the 1/q4 
dependence predicted by the infi nitesimal distortion center approximation [5,7–11].

Accordingly, it is imperative to use accurate (numerically calculated) scattering cross sections 
based on actual defect cluster displacement fi elds for quantitative diff use scattering investigations of 
defect cluster concentrations, sizes, and size distributions. As discussed in detail in the next section, the 
strong intensity distortions in the 1/q4 dependence are very informative; in fact, they provide direct 
size information for both dislocation loops and precipitate particles, and they also make it possible to 
extract separate size distributions for interstitial and vacancy loops. Moreover, the information on clus-
ter size obtained from scattering derived from lattice positions r < R is far more detailed and far more 
accurate than information on sizes determined using the above discussed transition from the Huang 
scattering (1/q2) to the asymptotic scattering (1/q4 or faster) regime.
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As mentioned following Equation 9.5, the separation of Bragg scattering, electronic inelastic (i.e., 
Compton) scattering, and quasielastic thermal diff use scattering from defect diff use scattering experi-
mentally is in reality a rather subjective process and, if not carried out properly, can have profound 
eff ects on the smallest q and largest q forms of the measured defect diff use scattering patterns. At small 
q (close to the Bragg refl ection) the defect diff use scattering is overwhelmed by thermal diff use scat-
tering and by the Bragg tails, and at large q the defect cluster diff use scattering is again dominated by 
thermal diff use scattering and Compton inelastic scattering as the defect diff use scattering falls off  as 
1/q4 or faster. For irradiation-induced defect clusters, it is possible to perform detailed measurements 
before the irradiation in most cases, and for precipitation from alloys, it is possible to perform such 
measurements before and after the precipitation process. However, for samples with intrinsic defect 
clusters in which the sample does not exist without the clusters, the background subtraction must be 
done with care, and in general, measurements at very small q and very large q should not be allowed to 
dominate the analyzed results in terms of very large clusters or very small defect clusters, respectively.

4 Asymptotic Diffuse Scattering

! e distortion fi elds surrounding coherent precipitates and prismatic dislocation loops are depicted 
schematically in Figure 9.1. ! e illustrative lattice models in the Figure depict the distorted regions 
surrounding and within a spherical coherent precipitate for atoms that are undersized compared to the 
host and the distorted region near a planar interstitial loop. ! e precipitate model illustrates specifi -
cally that the lattice distortions associated with an undersized, coherent, second-phase particle (such 
as Co in Cu [31]) correspond to a smaller (and uniform) lattice parameter inside the particle. ! e 
precipitate model shows further that the coherency strain related to the smaller precipitate volume 
pulls the surrounding lattice inward toward the particle and thus produces a positive strain in the sur-
rounding host lattice.

! e interstitial loop model emphasizes that interstitial loops have compressed regions (negative 
strain) above and below the loop plane and only small expanded regions near the dislocation line that 
defi nes the edge of the loop. Of course, vacancy loops are just the opposite; they generate an expanded 
region normal to the loop plane as the surrounding lattice planes relax into the vacant loop area and 
only a small compressed region just inside the dislocation line at the circumference of the loop. ! e 
fact that interstitial loops are extrinsic defects in which the defect atoms occupy nonlattice positions 
and vacancy loops are intrinsic defects in which the missing atoms are on lattice sites leads to an 
asymmetry between vacancy and interstitial loops [8,11]. In addition, the compressed region at the 
circumference is inside the dislocation line for vacancy loops and the expanded region is outside the 
dislocation line for interstitial loops, which leads to a slight asymmetry in the cross sections for vacancy 
and interstitial loops as well.

Considering fi rst the case of dislocation loops, the local Bragg scattering interpretation [7,8,14,32] 
of scattering from the asymptotic region contains direct information on the vacancy/interstitial nature 
of loops through sensitivity to the sign of the lattice strain in the direction normal to the loops. 
Numerical calculations of the lattice distortions around loops in elastically anisotropic cubic crys-
tals have shown that the loop normal displacements depend nearly linearly on r within a volume of 
radius R [33] and that the strain (given by the gradient of the displacements) in regions normal to the 
plane of edge-type loops is given by   ∆d / d ≈ −b / 4R  for metals [14,33], where b is the magnitude 
of the Burgers vector of the loop, taken to be positive for interstitial and negative for vacancy loops. 
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! erefore, for loops oriented normal to H, there is a positive modulation in the ∼1/q4 falloff  of the 
asymptotic scattering at the position   q = bH / 4R , which is followed by a falloff  more rapid than 1/
q4 in the intensity for larger q values. Since it is the 1/r2 dependence of s(r) closer and closer to defect 
cluster centers that gives rise to the 1/q4 intensity for larger and larger q values in the asymptotic scat-
tering region, the local Bragg scattering pileup of the intensity is due to a nearly uniform lattice param-
eter inside the circle containing the loop in Figure 9.1, which is caused by the displacements reaching 
a limiting value of    s(r) = b / 2  as r goes to zero (i.e., at the loop plane) [33].

Figure 9.2 shows numerical calculations of the diff use scattering cross section for both vacancy 
and interstitial loops in Cu using Equation 9.13 [11,14,33], with lattice displacements calculated using 
anisotropic elasticity [33]. Since the cross sections are scaled by q4/R2, the lack of an extended fl at region 
indicates the lack of an extended 1/q4 falloff  region, and the nearly equal peak heights independent of 
size indicate that the scattering is proportional to the number of point defects contained in loops (i.e., 
loop volume =   bπR2 ). In this form, it is possible to see directly the departure of the scattering from an 
extended 1/q4 dependence [14] to a local Bragg scattering peak at a loop radius-dependent position of 

  q = bH / 4R , as discussed above. ! e fact that vacancy loops scatter predominantly at negative q and 
interstitial loops scatter predominantly at positive q is also a direct result of the local Bragg scattering 
nature of the scattering, for which the compressive strain near interstitial loops puts the scattering at q 
higher than that of the average lattice and the expansive strain near vacancy loops puts the scattering 
at lower q than the average lattice Bragg position. ! is result is very signifi cant for the asymptotic scat-
tering region because the sign of b (i.e., vacancy or interstitial type) can be determined by the direction 

Figure 9.1. Schematic view of the lattice distortions around coherent precipitates and intersti-
tial loops. The precipitate lattice parameter is smaller than the host, yielding displacements that 
expand the surrounding lattice. The dislocation loop introduces a compressive strain normal to 
the loop plane in the surrounding host lattice. The circles enclose regions of nearly constant lat-
tice parameter.
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of q relative to H, and the radius R can be inferred from the magnitude of q. Because there are no large 
regions with expanded lattice parameters for interstitial loops, there is no signifi cant scattering for nega-
tive q values associated with interstitial loops, and vice versa for vacancy loops [14].

Turning now to asymptotic diff use scattering for coherent precipitates, one fi nds that diff erent 
but entirely analogous local Bragg scattering eff ects occur. As depicted schematically in the model of 
a precipitate lattice at the top of Figure 9.1, the ∼1/r2 form of the distortion fi eld terminates abruptly 
at the radius of the precipitate; inside the precipitate, the displacements fall linearly to zero as a direct 
result of the fact that coherent precipitate lattices have a (constant) lattice parameter diff erent from 
the host. Of course, regions with a constant lattice parameter generate local Bragg scattering at a radial 
position q = –εH relative to the host Bragg position, where ε is the fractional diff erence between the 
lattice parameter of the precipitate and the host [10,12]. In contrast to the case for dislocation loops, 
however, the departure from 1/r2 for precipitates does not simply redistribute the intensity within the 
1/q4 region. ! e strain of the precipitate is of the opposite sign to that generated in the host lattice, 
which puts the local Bragg scattering from the precipitate particle on the opposite side of the host 
Bragg position from the local Bragg scattering from the highly distorted region of the surrounding host 
lattice. ! ese eff ects have long been appreciated in general [1,23,24], but they have been analyzed in 
more detail and discussed quantitatively in connection with numerical diff use scattering calculations 
for precipitates in an isotropic elastic material by Iida et al. [10]. Figure 9.3 shows diff use scattering 
cross section calculations for the (400) reciprocal lattice point for 25, 50, and 75 Å precipitates with 
internal strain ε = –1.5%. Scaled by q4/R3, the form of the cross sections appears rather similar to those 
in Figure 9.2 for interstitial loops. In the sense that the q4-scaled asymptotic scattering has a single peak 
on the positive q side for both precipitates and interstitial loops, it is a direct indication that they are 
both characterized by regions with lattice parameters compressed compared to the host lattice. How-
ever, in the case of interstitial loops, the compressed region is a result of distortions in the host lattice 
generated by the insertion of a single extra plane of atoms and represents a local Bragg scattering pileup 
of the 1/q4 scattering due to the loss of the 1/r2 displacement fi eld near the loop. In the precipitate 
case, the compressed lattice is the intrinsic lattice structure of the second-phase precipitate, and the 
1/q4 scattering from the (expanded) distorted host lattice is on the opposite side of the reciprocal lattice 

Figure 9.2. Diffuse scattering cross sections calculated for vacancy and interstitial loops scaled 
by q4/R2 as a function of the loop radius for q values radial along the [111] direction at the (222) 
reciprocal lattice point for Cu.
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point. We comment that in the infi nitesimal defect approximation for asymptotic diff use scattering 
[5,7,10], there is no direct scattering from the defect cluster itself, and only a smooth 1/q10/3 falloff  is 
predicted. Although this is a major shortcoming of the infi nitesimal defect approximation in terms of 
analyzing experimental measurements, the physical insight provided by the model is very useful.

We note that in both the precipitate and dislocation loop cases, diff use scattering radial along 
H contains local Bragg scattering with particle size-broadened shapes in the sense that larger clusters 
have smaller widths in q. ! e correspondence between particle size and the peak width can be only 
approximate, of course, because the diff use scattering distribution is not solely Bragg scattering. In the 
second-phase particle case, the position of the peak, the width of the peak, the strength of the peak, 
and the frequency of the oscillations on the opposite side of the Bragg position all provide important 
information on the size and the lattice parameter of the particle, and hence on the strength of the 
distortions. For dislocations, the position and the width of the q4-scaled asymptotic scattering peak 
provide whatever information is available on the loop size and the vacancy/interstitial nature of the 
loops, since the scattering on the opposite side of the periodic lattice Bragg position is relatively weak 
and unstructured due to the lack of signifi cant volumes with strains of the opposite sign for loops.

5 Asymptotic Diffuse Scattering Measurements

! e thrust of this chapter is to present an overview of the underlying formalism and the measurement 
and analysis techniques associated with X-ray diff use scattering investigations of clustered defects. 
Accordingly, the remainder of the presentation focuses on selected examples of asymptotic diff use scat-
tering measurements and analyses for the cases of coherent precipitates and dislocation loops. A review 
of asymptotic (or Stokes-Wilson) diff use scattering applications is not attempted; rather, illustrative 
examples of measurements performed radially along H will be selected.

Figure 9.4 shows diff use scattering measurements made near the (400) refl ection using 1.39 Å 
X-rays at the Cu absorption edge (to minimize Cu scattering compared to Co) on Cu(1%)Co single 

Figure 9.3. Diffuse scattering cross section calculations scaled by q4/R3 for spherical precipitates 
with three different radii and a strain of ε = –0.015; the calculations were made for q along the 
[100] direction at the (400) reciprocal lattice point for isotropic elasticity [9].

imo-barabash-09.indd   149imo-barabash-09.indd   149 2/13/09   8:00:20 AM2/13/09   8:00:20 AM



150   BENNETT C. LARSON

crystals after thermal aging at 600°C for 600 seconds and 6000 seconds. Cu-Co is a prototype system 
known to form coherent spherical precipitates that increase in size by a ripening process that has been 
the subject of extensive investigation [35], including both X-ray diff use scattering and small-angle 
neutron diff use scattering [12,34] on a similar sample annealed for 61200 seconds at 570°C. Figure 
9.6 shows diff use scattering profi les for samples annealed for 600 and 6000 seconds compared with 
anisotropic elasticity calculations [12] based on face-centered cubic Co precipitates with ε = –1.4% for 
20 Å radius precipitates and for an average <R> of 70 Å (i.e., weighted for equal volumes of 65, 70, 
and 75 Å precipitates) for the short and long anneals, respectively. Although the cross section calcula-
tions in Figure 9.4 do not represent fi ts to the measured intensities, they show that by using accurate, 
numerically determined scattering cross sections, remarkable agreement with measured diff use scatter-
ing profi les can be achieved.

Figure 9.5 shows a plot of these Cu(1%)Co measurements scaled by q4 to emphasize experimen-
tally the fact established by the cross section calculations in Figure 9.3 that the local Bragg scattering 
from the precipitate particles themselves dominates the scattering in the asymptotic diff use scattering 
region. ! e plots in Figures 9.3 and 9.5 show that scaling diff use scattering measurements from clus-
tered defects by q4 provides a natural weighting for performing least-squares fi tting analyses to extract 
defect cluster size distributions from the scattering. With the q4 scaling, the parabolic form of the 
Huang scattering (which is often distorted either by imperfect/mosaic host crystals or by the lack of 
suffi  cient detector resolution both perpendicular to and in the scattering plane) that does not contain 
direct size information is present but not heavily weighted, while the Laue scattering containing direct 
size and strain information is enhanced. Results of small-angle scattering, as well as asymptotic diff use 
scattering, and also references to other types of investigations of size distributions for this system are 
discussed elsewhere [12,31,34,35] and will not be discussed further here except to emphasize that the 

Figure 9.4. Diffuse scattering measurements (dots) made for the wavelength of the Cu K-edge at 
the [400] refl ection of Cu(1%)Co crystals after aging for 600 and 6000 seconds at 600°C to grow 
spherical coherent Co precipitates. The thick gray lines represent diffuse scattering calculations 
made using ε  = –0.014 for 20 Å (left) and a combination of 65, 70, and 75 Å radius precipitates 
(weighted to contain equal volumes for each radius) in the right panel.
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size-dependent scaling of the intensities makes it important to obtain high-precision data and to use 
accurate cross sections when detailed information is desired for both large and small sizes.

! e above measurement and analysis considerations hold in general for dislocation loops and 
other types of clustered defects as well as for coherent precipitates. Accordingly, Figure 9.6 shows the 
results of asymptotic X-ray diff use scattering investigations of high-energy ion irradiation-induced 
dislocation loops in a Cu single crystal [14,32]. Diff use scattering intensities measured in symmetric 
Bragg geometry along the [111] direction near the (222) Bragg refl ection are shown scaled by q4 out to 
q valu`es of 0.3 Å–1. In contrast with the form of the scattering from coherent precipitates (Figure 9.5 
above), we note that the q4 scaled diff use scattering intensity is of comparable magnitude for negative 
and positive q. ! is is, of course, due to the fact that displacement damage produces both vacancy 
and interstitial defects, and, as is well known, distributions of both vacancy and interstitial loops are 
formed in room-temperature irradiations. As discussed in connection with the loop cross section cal-
culations in Figure 9.2, it is possible to determine qualitatively just from the positions of the peaks in 
the scattering that the interstitial loops have larger radii because they peak at a smaller q value. It is 
further possible to surmise that the total number of vacancies and interstitials condensed into loops 
in their respective size distributions is approximately equal, judging by the nearly equal intensities 
for positive and negative q, again as discussed in connection with Figure 9.2 above. While we only 
referenced detailed size distribution analyses for Co precipitates in Cu(1%)Co [12,34], it is of interest 
with respect to the nonuniform depth distribution for ion irradiated materials to discuss methods for 
determining absolute cluster concentrations as well as their sizes.

As is well known [14], diff use scattering measurements made in the symmetric Bragg geometry in 
samples with uniform distributions of defects are related quantitatively to the scattering cross sections 
for a distribution of defect cluster sizes through
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Figure 9.5. Plots of the diffuse scattering measurements in Figure 9.4 scaled by q4. The arrows indi-
cate the full width at half maximum of the positive-q peaks, which are dominated by the direct 
(or Laue) scattering from the precipitates.
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Figure 9.6. Diffuse scattering measurements (scaled by q4) made at the (222) reciprocal lattice 
point along the [111] direction for Cu irradiated with 1.3 × 1013 Ni-ion per cm2 (left). The solid line 
represents a fi t to the measurements with the concentrations of 10, 20, 30, 40, and 60 Å radius 
loops as parameters. The histograms in the right panel show the concentrations of vacancy plus 
interstitial loops (light shade) and the concentrations of interstitials only (dark shade). In addition, 
TEM measurements made on these samples show that nearly all of the vacancy loops were missed 
by the TEM measurements.

where Io is the incident beam power, µo is the linear absorption coeffi  cient, ci(Ri) is the volume con-
centration of defect clusters of radius Ri, and ∆Ω is the solid angle subtended by the detector. For 
the case of ion irradiations, the defect distribution is uniform in the plane of the surface but is highly 
nonuniform in depth, with penetrations generally on the order of a few microns. Ion irradiation 
damage is strongly energy dependent and is dominated initially by electronic excitations that produce 
relatively small amounts of atomic displacements, but as the ion energy decreases, the displacement 
damage increases dramatically near the end of the range of the ions in the sample. Without the benefi t 
of spatial depth resolution as discussed in the next section, it is possible to use damage energy calcula-
tions to model the profi le of the displacement damage, from which the diff use scattering intensity can 
be related to damage at particular depths under the assumption that the nature and type of damage is 
not a function of depth. Equation 9.15 then yields [14]
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where t is the depth in the crystal, 
  
ci (t ,Ri ) is the depth dependence of the concentration of loops 

of radius Ri, and 
  
ci (to ,Ri )  is the concentration at the reference depth to of interest. Although this 

assumption has been shown to be reasonable for ion damage in metals (as discussed in the next section 
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on spatially resolved diff use scattering using microbeams), this is not the case for self-ion irradiation of 
perfect crystal semiconductors.

Making use of Equation 9.16 for Cu irradiated to a dose of 1.2 × 1013 Ni/cm2 with 60 Mev Ni 
ions and fi tting the measurements with scattering cross sections for prismatic vacancy and interstitial 
loop radii of 10, 20, 30, 40, and 60 Å, the dislocation loop size distributions (for to = 5.6 µm, the depth 
of the damage peak near the end of range of the Ni ions) shown at the right-hand side of Figure 9.6 
were obtained. Since the units on the concentrations are expressed as loops/cm2/Å, the area under the 
distributions provides the total number of loops. As discussed in more detail elsewhere [14], the aver-
age size of the vacancy loops is 12 Å, the average size of the interstitials is 22 Å, and the total number 
of defects in the form of loops is 6 × 1019 cm–3, in which the number of vacancies and interstitials were 
found to be equal within ∼6% (interstitials/vacancies = 47/53). Considering the logarithmic scale for 
the loop concentrations in Figure 9.6, we note that there are more interstitial loops than vacancy loops 
for the 30, 40, and 60 Å size bins, but there are approximately twice as many 20 Å vacancy loops as 
interstitial loops and ∼15 times more 10 Å vacancy loops than interstitial loops. ! is trend is observed 
for irradiation-induced defects in metals in general [14] and is apparently a result of greater mobility 
for interstitial loops providing a mechanism for coalescence.

Finally, it is of interest to compare the TEM results in Figure 9.6 with the X-ray diff use scatter-
ing results. Although the TEM results reported in the study by Narayan and Larson [22] are in good 
agreement with the X-ray results for loops 30 Å or more in radius, the TEM study reported no loops 
below a 20 Å radius. Although it is known that electron microscopy techniques are capable of imaging 
dislocation loops down to ∼5 Å radius, it seems clear that the TEM size distribution is not complete, 
even at 20 Å in this case. It is possible that this is due to nonideal sample imaging conditions in the 
preparation of cross section samples, vacancies not fully collapsed into loops (i.e., stacking-fault tetra-
hedral), or a preferential loss of small loops to the surface of the thin foil sample. As discussed previ-
ously, in cases where TEM measurements separated the vacancy and interstitial loop components, it is 
not unusual to fi nd a sizeable imbalance in the total vacancy and interstitial in dislocation loops [15]. 
! e X-ray measurements in Figure 9.6 do not prove that the vacancy component is in dislocation loop 
form, but they do demonstrate that the vacancy component is present in the form of collapsed clusters 
with net distortion fi elds similar to vacancy loops. As mentioned above, separating the size distribu-
tions of vacancy and interstitial loops is tedious using TEM, and this is one area in particular in which 
asymptotic diff use scattering represents a very attractive tool. ! is will be an important attribute in the 
spatially resolved diff use scattering measurements of Si-ion-implanted Si, to be discussed below.

6  Spatially Resolved Diffuse Scattering Measurements on 
High-Energy, Self-Ion-Implanted Silicon

In the diff use scattering techniques and examples discussed above, the incident X-ray beams were of 
the order of millimeters in size, so spatial resolution was not a consideration. In this closing section, 
we discuss spatially resolved diff use scattering measurements of vacancy- and interstitial-type defect 
clusters as a function of depth dependence in high-dose self-ion-implanted Si single crystals. ! is sys-
tem is of interest technologically in connection with the so-called vacancy implanter eff ect observed in 
high-energy ion implantation processing of electronic devices [36]. ! e underlying science is integrally 
connected with a fundamental understanding of energetic particle displacement of atoms in crystalline 
materials and the subsequent evolution and interactions of the displaced atoms.
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Figure 9.7 shows a schematic of the scattering geometry for depth-resolved diff use scattering 
measurements using X-rays focused to 0.7 µm by a Fresnel zone plate [37] on the XOR/UNI ID33 
beamline at the Advanced Photon Source. ! is cross section geometry makes possible depth-depen-
dent measurements of defect clusters in Si irradiated with 9 × 1016 10 MeV Si ions at a temperature 
of 300°C. By cleaving the implanted Si normal to the implanted surface, diff use scattering measure-
ments were made as a function of depth at the (220) refl ection with a monochromatic X-ray micro-
beam [27] by translating the crystal along the [001] surface normal direction. In this cross section 
geometry, used recently for depth-resolved measurements of strain in MoN coatings on Si [38], not 
only is it possible to make submicron-resolution depth-resolved measurements on the defect distribu-
tions, but also the scattering intensity comes from sample volumes that are ∼10–100 µm along the 
beam, which enhances the defect scattering intensity signifi cantly (∼10–100 times) depending on the 
photoelectric absorption length. In plan-view geometry, where the incident beam is directed into the 
surface, submicron-resolution measurements would collect diff use scattering from only submicron 
lengths along the beam.

Figure 9.8 shows a crystal translation scan monitoring the total diff use scattering at q = 0.04 Å–1 in 
the [220] direction as a function of depth for the implanted Si crystal. A weak plateau of diff use scat-
tering is present in the fi rst two to three microns below the surface. ! e plateau is followed by an order 
of magnitude higher peak in the diff use scattering centered at a depth of 4.25 µm, which corresponds 
to the end of range of the implanted silicon ions. TEM measurements [39] readily identify a dense 
band (0.3–0.4 µm thickness) of interstitial clusters at the implanted ion end of range, but they do 
not see the vacancy clusters that, from indirect measurements [31], are believed to be present near the 
surface. It is understood that the implanted ions constitute an excess supply of interstitial atoms that 
do not have corresponding vacancies with which to annihilate. In addition, there is strong evidence 
that the forward momentum of the interstitials (as they are created by the impinging implanted ions), 
combined with an increasing damage density with depth, leads to a local imbalance in the number 
of vacancies and interstitials in favor of vacancies near the surface. Because vacancy-rich regions give 
rise to strongly enhanced thermal diff usion, these issues are critical for device manufacturing consider-
ations; unfortunately, they have been diffi  cult to understand quantitatively because of the diffi  culty of 
identifying directly the presence of vacancy clusters.

Figure 9.7. Microbeam diffuse scattering geometry showing the Fresnel zone plate focusing ele-
ment, a wire central beamstop, an aperture to limit third-order and higher order focused X-rays, 
and the implanted sample orientation and scattering geometry.
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! e three vertical arrows in Figure 9.8 indicate depth positions at which the diff use scattering 
measurements plotted in Figure 9.9 were performed. ! e scattering intensity located at d = 4.25 µm 
strongly dominates the scattering for the range of q values measured. It can be inferred qualitatively 
from the diff use scattering curves in Figure 9.9 that the defect clusters located at 4.25 µm (the end of 
range of the implanted Si) are predominantly of the interstitial type because the much stronger inten-
sity on the positive q side corresponds to interstitial loops. On the other hand, the relatively weaker 
diff use scattering intensities at d = 3.45 and 1.80 µm have more nearly equal intensities for positive 
and negative q, indicating the presence of an equal or larger fraction of vacancy-type loops for these 
depths. Analyzing the data quantitatively, the solid lines in Figure 9.9 represent least-squares fi ts to the 
measured data for vacancy and interstitial loops with radii 3.8, 11.5, 19.2, 26.9, 34.6, 42.2, and 49.9 
Å; these radii correspond to integer numbers of silicon unit cells for {111} loops. To limit the number 
of free parameters, the concentrations in Equation 9.16 for R = 26.9 and 34.6 Å were constrained to 
have the same number of point defects and similarly for R = 42.2 and 49.9 Å.

! e size distributions corresponding to the solid line fi ts in Figure 9.9 are plotted in Figure 9.10. 
! e results are presented in the form of histograms of the relative concentrations of vacancy and 
interstitial loops centered at the radii of the cross section calculations. Also included in Figure 9.10 are 
values for the relative number of point defects, N’PD, contained in the loop distributions. ! e quanti-
tative fi ts to the diff use scattering are consistent with the (above) qualitative interpretation of the data 
in the sense that the number of interstitial loops in the distribution (and the number of point defects 
in the interstitial loops) is overwhelmingly larger than the number for vacancies at d = 4.25 µm. ! is 
is consistent with the expected oversupply of interstitials in this region due to the end of range of the 
implanted Si ions. At d = 1.80 µm, on the other hand, the number of vacancy loops and the total 
number of vacancies stored in loops is larger than the corresponding number for interstitials.

Figure 9.8. Depth translation scan of the diffuse scattering at q = 0.04 Å–1 for 10 MeV self-ion-
implanted silicon. The dashed lines indicate the sample edge at the defect-free silicon scattering 
level.
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Figure 9.9. Depth-resolved diffuse scattering weighted by q4. Measurements as a function of q were 
performed at three depths identifi ed by arrows in Figure 9.8. The solid lines represent least-squares 
fi tting of the measured data to determine size distributions of vacancy and interstitial loops.

Figure 9.10. Vacancy and interstitial loop size distributions corresponding to the three measure-
ments in Figure 9.9. Relative concentrations of point defects N’PD contained within the loop 
distributions are provided.
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Of course, the results for the 1.80 µm position are less reliable than for the other two positions 
measured because of the low intensities, indicating the need for additional measurements. Neverthe-
less, within the measurement uncertainty in the 1.80 µm measurements, we note that the vacancy 
components for both d = 3.45 and 1.80 µm trend toward a higher ratio of vacancies to interstitials 
and that the number of interstitials is lowest near the surface, both of which are consistent with expec-
tations for this region. Considering the extremely high defect density in the narrow (∼0.3–0.4 µm) 
defect band observed by electron microscopy [39], it is likely that the interstitial component at d = 
3.45 µm contains a nonnegligible contribution from the tail of the spatial resolution of the micro-
beam; however, the measurements for d = 1.80 µm should not be signifi cantly impacted by the tails of 
the spatial resolution even though the scattering intensities are quite low.

Although these depth-resolved diff use scattering results are in need of improved statistical preci-
sion in the measurements as well as higher spatial resolution, they suggest new directions for diff use 
scattering investigations as microbeam capabilities develop, and the results demonstrate the potential 
for new information from depth-resolved studies of ion implantation-induced defects in particular. 
Just as with spatially integrated measurements, spatially resolved X-ray diff use scattering measurements 
are complementary to electron microscopy measurements in their sensitivity to small defect clusters, 
and they provide a method for direct separation of the vacancy and interstitial components that has 
been diffi  cult for TEM at small sizes.

7 Summary and Concluding Remarks

! e underlying formalism that has been developed for diff use scattering generated by lattice defects 
in crystalline materials provides both a physical understanding of the origin of diff use scattering from 
clustered defects and a sound basis for quantitative analyses of experimental measurements in terms of 
the type, size, and concentration of defect clusters. ! e Huang scattering close to Bragg refl ections pro-
vides direct information on the local defect symmetry through the sensitivity of the Huang scattering 
to the form of the long-range elastic distortions. On the other hand, the asymptotic diff use scattering 
at somewhat larger distances q from reciprocal lattice points provides a local Bragg-scattering mapping 
of the highly deformed lattice in the immediate neighborhood of defect clusters.

When analyzed using accurate, numerically calculated scattering cross sections based on actual 
deformation fi elds for both large and small distances from defect clusters, it is possible to extract 
detailed information on the size distributions and concentrations of defect clusters. ! e sensitivity 
of local Bragg-like scattering to the sign of the elastic strain (i.e., ± strain →  ! q) provides intuitive 
insight into the presence of vacancy or interstitial loops, and similarly, into the presence of coherent 
precipitates with undersized/oversized lattices with respect to the host lattice. Moreover, the magnitude 
of the distorted lattice strains and particle-size broadening combine to provide remarkable sensitivity 
to cluster sizes. ! e R2 and R3 weighting of asymptotic diff use scattering cross sections for disloca-
tion loops and coherent precipitates, respectively, conveniently renders the overall scattering sensitive 
to the total number of point defects contained in the size distribution. However, this weighting of 
the asymptotic scattering and the fact that the Huang scattering is weighted by the fourth and sixth 
powers of R necessitates the use of both highly accurate cross sections and accurate diff use scattering 
measurements over the entire q range in order to extract reliable size distributions. ! is is particularly 
important for broad size distributions with widely varying sizes and for bimodal size distributions with 
disparate sizes.
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Accurate characterization of defect cluster distributions should, in principle, be made using dif-
fuse scattering distributions from measurements around a number of diff erent types and orders of 
reciprocal lattice positions. Although comprehensive measurements of full three-dimensional volumes 
in q space are now feasible with modern synchrotron X-ray sources and high-resolution X-ray area 
detectors, such measurements and detailed analyses of the resulting measurements for clustered defects 
do not seem to be made in present practice. In lieu of comprehensive measurements to constrain fi ts 
and analyses, combinations of TEM measurements and X-ray diff use scattering measurements can be 
exploited to reduce ambiguities and increase the accuracy of diff use scattering results. In particular, 
when more than one type of defect cluster are either present or potentially present, TEM measure-
ments can provide valuable information within their resolution limits. Conversely, for small cluster 
sizes and defect distributions containing both vacancy and interstitial loops, diff use scattering mea-
surements can often provide information on the sizes below the resolution limit for TEM investiga-
tions of clustered defects.

As discussed in the previous section, the availability of submicrometer-diameter X-ray beams at 
synchrotron sources now provides the possibility of spatially resolved diff use scattering measurements. 
! e spatial resolution of X-ray microbeams or nanobeams will remain complementary to electron 
microscopy in view of the sub-Ångstrom spatial resolution capability of new high-resolution electron 
microscopy systems; however, TEM sample sectioning techniques are inherently destructive of the 
sample environment. Moreover, there are entire classes of materials issues associated with the so-called 
mesoscale regime (approximately tenths of microns to hundreds of microns) for which spatial resolu-
tion of a few Ångstroms is not required, but nondestructive investigations with submicron spatial 
resolution over, say, tens of microns are needed; grain sizes of structural materials are often in the range 
of a few microns to tens of microns, for instance.

! e example discussed above of 10 MeV self-ion-implanted Si is the type of case in which the 
sample-sectioning process for TEM may have led to the dissolution or surface escape of small vacancy 
clusters; nondestructive microbeam techniques preserve the bulk nature of the sample associated with 
the implantation. ! ere are, of course, issues to deal with in terms of microbeam or nanobeam X-ray 
investigations that perhaps have not been adequately addressed at this point. For instance, the assump-
tion of a statistically large number of defects/clusters within the diff racting volumes may not be fulfi lled 
for precipitates of large size and sparse density, and the impact of edge eff ects associated with diff rac-
tion from beams with submicron to a few nanometers beams have not been carefully addressed up to 
now. In general, detailed experimental and theoretical investigations defi nitively testing the limits of 
even nonspatially resolved diff use scattering techniques would be useful; most investigations appearing 
in the literature understandably focus on the perceived successes of diff use scattering measurements, 
and convincing demonstrations of the limits of applicability are diffi  cult to fi nd in the literature.

Establishing defi nitive limits for diff use scattering from statistical distributions does not neces-
sarily defi ne limitations of X-ray scattering investigations; rather, they tend to point to entirely new 
opportunities, such as the transition to the regime of imaging individual lattice defects rather than 
entire ensembles of defect clusters for larger defect aggregates that often occur in low densities, for 
instance. Moreover, forward-direction [40] and high-angle [41] coherent diff raction direct Fourier 
inversion X-ray techniques are being developed that off er the possibility of three-dimensional imaging 
with resolution from a few nanometers down to atomic resolution. To be sure, direct inversion imaging 
(i.e., so-called lensless imaging) is at present not close to atomic resolution, nor is it even imminent 
for X-rays because signifi cant increases in beam brilliance are needed. However, the brilliance of new 
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and planned synchrotrons continues to increase, and there are no fundamental limitations precluding 
such resolutions [42] using large numerical aperture X-ray geometries associated with high-angle dif-
fraction. After all, crystallography techniques involving (large-angle) Bragg refl ections have provided 
atomic resolution information on periodic structures for nearly a century.
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