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ABSTRACT

Theoretical and experimental progress has resultad in
the increased use of x-rays for tha study o£ dafects and
defect clusters in crystals. In this paper an outline of
the theoretical framework associated vith Huang, Stokes-Wiloon
and integral diffuse scattering from dislocation loops is
presented, and an account of recent experiments on radiation
induced loops is given. These studies include low tempera-
ture, ambient temperature and elevated temperature irradia-
tions of metals with electrons, neutrons and accelerated ions,
and pertain to the study of the thermal annealing character-
istics as well as the as-produced damage structure. Tha
information obtained by x-rays as to the type, size and
concentrations of dislocation loops is contrasted with
existing electron microscopy, electrical resistivity and
lattice parameter data in order to establish correlations
and identify areas of disagree:::-:1.;.

STER

INTRODUCTION

The study of defect clusters and dislocation loops by :<-ray diffuse

scattering has received increased attention in recent years as a result of

effects ol defect clustering on diffuse scattering had baen considered \

earlier, 1' Krivoglaz' ~ ' and later Dederichs^ ' and Trinkaus^ ' were j

instrumental in developing the present form of the theory. This thsoreti- I

cal work facilitated the interpretation of diffuse scattering measurements \

and stimulated the use of x-ray diffuse scattering for the study •* of |

loops and defect clusters in both metal and non-metal crystals. 1

In this paper a brief outline of the theory pertaining to the diffuse f

scattering near Bragg reflections will be given and the application of I

this theory to the study of radiation induced loops in metals will be I

discussed. While differential diffuse scattering measurements have been f
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used to characterize loops during thermal annealing to room temperature

after low temperature electron and neutron irradiations, integral diffuse

scattering measurements have been applied to ambient temperature and above

irradiation and annealing studies. These latter studiss have included ion

irradiations as well as those of electrons and neutrons.

The results of the diffuse scattering studies will be compared wich

electron microscopy, electrical resistivity and lattice parameter ssasure-

ments where possible in order to establish a direct correspondence and

identify areas where additional work is needed.

THEORY

The theory of diffuse scattering from lattice defects has bean

discussed thoroughly in a number of review papers * * in the past few

years with the result that rather detailed accounts of the underlying

assumptions and approximations are available.

Assuming small concentrations of defects distributed randomly through-

out a crystal lattice, the scattering c-ross section per defect is given by

do(q) = [rfe"\]2 K ( q ) ! 2 (1)
•dQ

-> ->

where q is the vector distance of the scattering vector K froa the nearest

reciprocal lattice vector h and r is the classical electron radius, f, is

the atomic scattering factor, e n is the thermal Debye-tialler factor and

A,(q) is the scattering amplitude of the defect. The scattering amplitude

is c;iven in terms of lattice suras by

Aj/q) - Z e ^ V + iK-J(q) + 1 eik'*?i(ellSi -1-iK-s.) (2)

where r. is the position of the atoms of the defect (dialoce.tion loop)

and r. + s. is the position of the i atom displaced a distance s.. from,

the mean lattice position r.. We can recognize the first term as the

direct or Laue scattering from the defect, the second term as the Huang

scattering which diverges as q -> o.and the third term as higher order

corrections to the Huang scattering that tends to a constant as q + o.

In general, the relative size of q compared to the inverse of the loop

radius determines the relative importance of these terms and indeed for



very small q only the Huang term is important. The interference between

the Huang and correction terms begin to be important for noderately snail

q _ 1/10R where R is the loop radius.

Making use of only the symmetric part of Eq.(2), the reduced cross

section, JA, <q>]2, is given quite accurately by

for q < 1/R. This synunetric part of the scattering is most commonly

referred to as the "Huang" scattering. s(q) can be calculated analytically

for these small q values, and as a result Eq. (3) can be written in

general terms asv ' » '

K ( q ) | 2 = ̂ ( Y V + Y ir + Y ir ) (4)

'"hVVi/| sym q^wi 1 '2 2 3 3

after averaging the cross sections over all equivalent lattice orienta-

tions of the dislocation loops. The Y'S are functions of the elastic

constants, h and q, and the TT'S are related to the dipole force tensor,P .
ir is proportional to the square of the defect strength AV

(b = Burgers vector) and IT and ir are i-saŝ rss of the anisotropy of the
2 3

defect and are then zero for cubic or isotropic defects. Each of these

IT'S can be determined experimentally by choosing the proper h and q
(13)combinations , and as seen from Eq. (4) these are the only unique

parameters regarding the defects that are obtainable from the Huang

scattering at small q.

The asymmetry in the scattering is important in determining the sign

of Chi? distortion (sign of the Burgo-rs v,-ector) c.cc-'.r.i ths 1OOT>. The

magnitude of this antisymmetric scattering is given approximately by

|w q )|2 . h /»Y R U M * ^ (5)

l*Vq'l anti - q * J V w

{hb|

c

and is positive for q parallel h for interstitial type loops and negative

for q antiparallel h for interstitial loops. The signs are simply reversed

for vacancy type loops. V is an atomic volume.

For larger q > 1/R, numerical calculations are required which include

the form factor of the loop. Approximate analytical expressions giving the



scattering in this region result in the form '

6(q/q)|AV|h

c ^

which is sometimes referred to as the Stokes-Wilson (S-W) approximation.

<J> , 160 was found to be reasonable for {111} loops in aluminum,

although Eq. (6) can not be expected to be as reliable for q > 1/R as

Eq. (5) is for q < 1/R.

The scattering resulting from integrating over the Ewald sphere in

region of h has 1

written as<10'11'16>

the region of h has been called "integral" diffuse scattering and can be

q < a/R
o —

a/,oR)
(7)

and

sym o

(8)

k is 2^/(x-ray wavelength) and x is defined in terms of an average over
(IS 20)

Eq. (A) but .an be approximated as '

27rr =. | | + f (3v2+6v-.l Cos2 )
1 5 J ' (1-w)* °3

(9)

in which v is Poissons ratio. The parameter a has been estimated as

1 for 111 reflection of copper and 1.3 for the 111 reflection in aluminum

from numerical calculations, q = hA8 cos 6^ is the minimum q contribut-
o is

ing to the integral diffuse scattering at a rocking angle of A0 off the

Bragg angle 9 as shown in Fig. 1.



For q > ct/R the cross section can be written a

= Irefh'^2 ^ 2 ^ f^r :>Q (10)
c c

where Np is given by b~R2/V

and is just the number of point defects in the loop. At large q then,

0 (q ) is directly proportional to the number of point defects contained
sym o
in the loop independent of the loop size. This is a direct result of the

fact that Eq. (6) is proportional to AV = bTrR2 aad is also a direct

measure of the point defect concentration stored in loops.

. LOW TEMPERATURE IRRADIATION

Electron Irradiation

Huang diffuse scattering studies of 4K electron irradiated

aluminum, copper, and gold have been reported in which single

interstitials were found in aluminum and copper immediately after irradia-

tion while small defect clusters were found in gold. After a.nnealing to

temperatures in the range of 40-200K, however, Ehrhart and Schilling

reported the formation of interstitial clusters in aluminum and Ehrhart

and Schlagheck reported" similar aggregation of point defects in

copper. The presence of these clusters was inferred in two ways. The

intensity of the diffuse scattering increased considerably after annealing

even though the resistivity (being a measure of the total point defect

CO:ICL:UZC;.:ZLUU') djcroasfid by 50-70';, L::d±catln^ tl. . - :^ i:. Iq. (4) incrj^s-
i

ed and therefore that the strength per defect had increased. In addition,

a transition from the Huang scattering law was observed after annealing.

Such a transition was not seen in the scattering from the isolated point

defects as shown in Fig. 2 and in general can only be seen for strong

(cluster) distortion centers.

In addition to the establishment that clusters existed in the

samples, it was possible to infer something about the characteristic shape

or form of the aggregatej by using the observed intensities in various

q directions to determine the relative sizes of u , IT and it . it and ir
1 2 3 2 3
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Fig. 1. Differential and integral
diffuse scattering geometries

Fig. 2. Huang diffuse
scattering from (o)
electron irradiated cooper
at 4K and (+,x) after
annealing to 300K.
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Fig. 3. Electrical resistivity (x)
and diffuse scattering (A,O) in the
q-lf Stokes-Wilson region normalized
at 60K.
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Fig. 4. Ratio of the shear
distortion to the total
distortion from defects in
4K neutron irradiated
copper.



vanish for defects with spherical or cubic syra-atry, and therefore the

ratios of IT /TT and TT /-a are measures of the anisotropy of the detects.
2 1 3 1

Table 1 shows calculated values of these ratios for various defect

configurations in copper and aluminum. These values are r.o be ccraparod

with the measured values if r. Jit = 0.02 (+'^h and v Jr. = 0.05 (+ 0.02)
/•ION ! 2 1 -.VI 3 1

for aluminumv ' after annealing to 130K; and values of r. Jr, =0.008(+0.003)
(171 2 *

and IT h = 0.1 (+0.05) for copperv ' and 200K and rr /* - 0.09 (+0.02)
3 1 ~ 3 1 ~

after annealing to 300K. From these measured ratios it is clear chac the

aggregates are not spherical in nature and, while the uncertainties in the

measured values would not allow a clear decision as to the type of loops

present, it appears that the measurements are rcost consistent with loops

on {111} planes with either <111> or <110> Burgers vectors.
Table 1. Huang scattering parameters calculated for spherical

defects and various types of loops in aluminum and
copper.

Aluminum Copper

Defect Type

Spherical

{111} <1U>

{110} <110>

{111} <110>

7T /TT
2 1

0.0

0.0

0.012

0.012

IT / iT

3 ;

0.0

0.046

0.035

0.053

TT / t i

2 1

0.0

0.0

0.0036

0.0036

IT / T T

3 1

0.0

0.094
0.070

0.106

The sizes, concentrations and vacancy or interstitial nature of these

loops nrs probably of snngwhat larger interest ir. terns of the understand-

ing of cuuie.aliug processed. Foe the- case of alusainuai (<̂ PO - 1^2 niicin) at

130K, Che loops were estimated to contain iron 10-20 interstitials under

the assumption that a 7 atom loop was the minimum size of loop stable at

that temperature and assuming the remainder of the distribution to be
—R/R

exponential like (i.&. C(o)e o). Frost the value of q at which the

transition from the q 2 to q ** dependence of the intensity took place in

Fig. 2 Ehrhart and Sc.hlagheck estimated somewhat more than 40 defects

per loop after annealing to 300K in the case of copper (Zip = 122 nS2cm).



This uumbet was obtained by equating Eq. (4) and Eq. (6) at the transition

q and again assuming an exponential siza distribution. Assuming no

distribution of sizes, a rather unreasonable valua of the order $00-900

defects per loop was obtained.

These results can be compared with sias distributions obtained by

Larson and Young using integral diffuse scattering measurements made

on copper that was electron irradiated (ip = 132nf!ca). The size distri-

bution was obtained by fitting Eqs. (7,8) to the diffuse scattering

and the results are shown in Fig. 5. It can be seen that an average size

would correspond to about 10A radius (.50 defects per loop) which is quite

consistent with the results of Ehrhart and Schlagheck. Tie results of a
(22)

recent electron microscopy study of similarly irradiated copper

(Ap - 130nf?cin) are also indicated in Fig. 5. For radii of 20X and above

the agreement between x-rays and electron microscopy is very good although

from 7-15A* there is considerable disagreement.

Although aluminum anneals completely in Stage III and there is no

evidence for vacancy clustering, copper retains defects above Stage III

as indicated above and there seems to bs so.-na evidence of vacancy aggrega-

tion during this annealing stage. Ehrhart and Schlr.ghecl-. ' reported a

significant reduction in the magnitude of the asyratastry in the Huang

scattering after annealing from 200-300'C. According to Kq. (5), this

would result if defects clusters with distortions of opposite sign to

those already existing were produced or if a significant reduction in t!t&

average size M'o'c ulacs. The con;:n::::;it:-.:ir r> >;;••:•; .viti >:: (Fig. 3) r>f :i such

larger annealing fraction of the lattice parameter and electrical

resistivity than that for the intensity in the Stokes-Wilson scattering

region (which is a measure of the number of point defects in loops

independent of the sign of the Burgers vector) was interpreted as even

stronger evidence for the clustering of vacancies in Stage III. Isolated

vacancies aggregating into loops can be expected to result in a decrease

in the lattice parameter since the contraction around a single vacancy

is only --0.4V while the contraction associated with each vacancy in

a vacancy loop approaches -V . Contrarily, the diffuse scattering in the

Stokes-Wilson region should sense only the clustered defects and be



insensitive to isolated point defects. The factor of four decrease in the

•electrical resistivity (and lattice parameter change) compared to less

than a factor of two annealing for the diffuse scattering in Fig. 3 was

therefore interpreted to be a result of vacancy migration, partial

annihilation with interstitial loops and finally the formation of vacancy

loops. The interpretation implies that the specific resistivr'ty of point

defects in loops is significantly lower than for isolated point defects.

There is some independent evidence for this from integral diffuse scatter-

ing measurements using Eq. (10) as shown in Table II. This will be

discussed later.

Neutron Irradiation

B. von Guerard has reported the observation of sores type of
(23)

interstitial clustering in copper immediately after neutron irradia-

tion to 216 nficm at 6K. These clusters did not have the character of

loops and were interpreted as resulting from the inhomogeceous nature of

cascade damage. However, after annealing to 68K the dominant defects took

on the character of edge loops on {111"- or {11.0} planes or possibly

unfault.ed {111} loops as shown in Fig. 4. Upon further annealing to rooa
(9)

temperature the ratio of the edge to shear component of loops showed

tendencies toward a larger shear component, indicating a preference for

unfaulted {111} loops. Equating Eqs. (4,6) at the effective intersection

of the 1/q2 and 1/q1* scattering laws to determine the loo? sizes resulted
o o

in radii that varied as a function of annealing from ~18A at 68K to -30A

at ?-'AriX, *c.d •: •so.-sevK".:. brzador Ji.;;Tibuciur. of sizi.s very 1;:̂  fror. '.5-4JA

observed at room temperature. Without making assumptions about the distri-

bution of sizes, the above size determinations are similar to those

observed by Ehrhart and Schlagheck on electron irradiated copper.

During the annealing through Stage III, von Guerard observed the same

effects that were observed in electron irradiated copper as regards both

the reduction in the magnitude of the asymmetry (Eq. (5)) in the Huang

scattering and the more complete annealing of the electrical resistivity

and lattice parameter change compared to that of the intensity in the



Stokes-Wilson region. In this neutron irradiat€;d ease differences

between the annealing rates of thu resistivity and diffuse scattering

were already evident at 150K, which ray indicate a savill amount of

vacancy reorientation even at these low tempeiv.Cures.

Size distributions obtained from room temparature integral diffuse

scattering measurements made on copper that had been irradiated at low

temperature with neutrons (&p » 100*; 2K'nficm) as well as with electrons
o

(Ap = lj/nficm) are shown in Fig. 5. As mentioned earlier, these

exponential-like size distributions seem to be consistent with the above

size estimates of Ehrhart and Schlagheck and also those of von Guerard

at room temperature, if it is recognized that the use of Eqs. (4,6) for

extracting sizes yields average sizes given by the square root of the

ratio of the fourth moment to the second moment. For an exponential size

distribution the above value turns out to be /IT larger thaa the average

radius.

The similarity in the size distributions in Fig. 5 for electron and

neutron irradiations is remarkable. The concentrations are of coursa

lower for electron irradiation due to the larger annealing fraction

following electron irradiations; however, the size distribution result

seems to imply that the neutron cascade is not of overwhelming influence

in determining the cluster nucleation. Rather, some parameter more closely

related to the material such as the. impurity concentration or defect and

cluster mobility may play the decisive role. Scheidler and Roth *' have

observed significant decreases in loop sizes aftar electron irrsd Lati-;;rt of

copper with higher impurity content.

Further isochronal annealing of the higher dose neutron irradiated

samples in Fig. 5 has been carried out. In these studies it was found

that the loop size distributions became coarser through the preferential

annealing of tht smaller loops with a concomciitar.t increase in the numbers

of larger loops, as shown in Fig. 6. The detailed annealing character-

istics of the various moments of the size distribution are shown in Fjg. 7

*Irradiated by T. Blewitt at Argonne National Laboratory



Fig. 5, Loop size distributions lor
4K irradiated copper after warming
to room temperature. Points (0)
electron microscopy raeasureraents.
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Fig. 6. Size distributions of 4K
neutron irradiated copper as a
function of annealing temperature.
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Fig. 7. Annealing characteristics
of individual moments of the size
distributions from Fig. 6.

Fig. 8. Loop size distributions
for neutron irradiated copper.
Points (0) and (•) are for
9xl017n/cm2 (E > 0.1 MeV) and
10.8xl01Bn/cm2 (E > 0.6 MeV)
respectively.



for each of the annealing steps used in the. above study. It. can be seen

that the number of point defects (given by Irrr L'.C.R.2) decreases
-— x i 1

monotonically, but that the fourth n~.osv.ent increases at about 250°C as a

result of the increased numbers oi! larger loops. These observations are

in good qualitative agreement with electron microscopa studies of the

annealing of dislocation loops in electron irradiated copper reported by
(25)

Ohr at this conference and those of R'lihle et al. for annealing of

neutron irradiated copper. Since anomalous x-ray transmission measure-

ments are sensitive to the third and fourth moments of the size distri-

bution of loops, these results may have a bearing on the.increased absorp-

tion observed at AOOK during the annealing of low temperature neutron

irradiated copper. That is5 a linear combination of the third and fourth

moments could result in a maximum below 250°C. In general, these results

indicate the use of caution in interpreting defect measurements without

considering t"ue possibility of sise distribution changes.

Ambient Temperature Irradiations

High resolution Huang diffuse, scattering studies of dislocation loops
(12)

in 316K. neutron irradiated copper have been used to study the angular

distribution of the diffuse scattering near the Bragg reflection as

described by Eqs. (4,5) . The measured iso-intensity lines for a dose of

10.S y. 1018n/cm2 were found to be in good agreement with those calculated

for perfect loops on {111} planes,, using Eq. (4)- and considering the

elastic anisotropy of copper. The antisyrametrical part resulting from

Eq. (5) was also observed to have the exacted s'udpet, and it was found

to have a sign corresponding to interstitial type loops. Although both

vacancy and interstitial loops are known to be present in these samples,

the larger loops are mainly interstitial, and due to the Rs weighting of

Eq. (5) the scattering is heavily weighted toward interstitial loops.

This fact also seems to explain the observation of perfect loops rather

than Frank loops on {111} planes because again many of the larger loops
(25 27)

have been observed with electron microscopy ' to be perfect although

the smaller ones appear to be overwhelmingly faulted loops.



The above high resolution studies have so far not been used in the

determination of the defect concentrations and size distributions of loops

due to inadequate statistical accuracy. However, integral diffuse

scattering measurements have been used for this purpose and Fig. 8 shows

the size distributions and concentrations of loops produced by 3.16K

neutron irradiation of copper in the dosa range of 1013-10*9n/cra2

(E > 0.6 MeV). These distributions were obtained through the least

squares fitting of Eqs. (7,8) directly to the observed scattering data

The changes in the size distributions correspond to a continual coarsening

in the average size of the defects and to a saturation in the number of

smaller loops. These changes have been shown to be in good qualitative

agreement with lattice parameter change measurements and in quantita-

tive agreement with detailed anomalous transmission measurements made

(28 29^
on these crystals. Some electron microscopy * results are also shown

in Fig. 8, which again reveal a systematic disagreement in the loop

concentrations at the small sizes, but rather encouraging quantitative and

qualitative agreement at the larger sizes.

The x-ray results can be related to electrical resistivity measure-

ments through a comparison of the total number of point defects given by

Eq. (10) for x-rays and the electrical resistivity change Ap, assuming

2ufi cra/at% Frenkel pairs. Such a comparison (at room temperature) has

been carried out for copper that had been irradiated at low temperatures

as well as for irradiations at reactor ambient temperature, as shown inx '

Table II. In each case the x-ray measurements predict a factor of three

more defects than that corresponding to the electrical resistivity.

To the extent that Eq. (10) can be considered accurate, this result

indicates the resistivity of point defects in dislocation loops to have

specific resistivities of a factor of _3 lower than that for isolated

defects. It is interesting to correlate this result with the annealing

results of Stage III in copper where a similar relation between x-ray and

electrical resistivity seems to emerge. One of the samples in Table II

(BSR-2) was isochronally (5 min) annealed through Stage V using 2.5%



steps of AT/T. It was found that within the accuracy of the x-ray

measurements, the ratio established in 'j.able II remained essentially

constant during the annealing.

Table 2. Point defect concentrations at room temperature
as measured by x-rays and electrical resistivity.

BSR-1 BSR-2 FRM CP-5

Irradiation temperature,OK 316 316 6 8

Dose, neutrons/cm2 ixlO18 3.6xlO13 4.4xlO18 1.3xlO18

(E>0.6MeV) (E>0.6MeV) (E>0.1MaV) (fission .
spectrum)

HPD/cm3 (x-ray) 1.25xlO19 3.9xlO19 8.3xlO19 5xlO19

N p D (from Ap) 0.31 0.29 0.31 0.30 .

K p D (from x-ray)

Higher Temperature- Neutron Irradiation

The observation of very large, non-homogenaously distributed disloca-

tion loops and loop tangles after low dose (,10-sn/cni2) irradiations

of copper at 550-650K has been studied by anomalous transmission measure-

ments. The anomalous transmission studies indicated the transition in

the cluster character at this doss to be in the temperature range (_475K)

that voids begin to form after much higher doses. Still further work

using integral diffuse scattering has provided more insight into the

nature of this transition. Fig. 9 shows the siza distributions (measured

at room temperature) for copper irradiated for 4K to 433K, which Indicate

a general trend toward larger loop siaes and lover point defect densities

with increasing irradiation temperature. The tendency toward a biraodal

distribution at 483K in Fig. 9 must be regarded ivtith caution by itself;

however, this trend was more pronounced at higher doses and direct
(32)

electron microscopy observations of a 433K irradiation of

3.6 x 1013n/cm2 have shown a well developed bimodal distribution with

sizes of ,20X and ;.200JL radius. Although the larger cluster component was

quite inhomogeneously distributed, the small component appeared to be

homogeneous in the electron micrographs and contained both vacancy and



interstitial type loops. The total point defect concentrations retained

in these samples were markedly decreased with increasing irradiation

temperature.

ION AND HIGH ENERGY .NEUTRON BOMBARDMENT

Initial attempts ' ha-<'e been rsade on the use of x-ray diffuse

scattering to investigate Ki ion irradiation darcage in copper and niobium.

These studies were carried out ir. conjunction with electron microscopy

work so that the depth profiles of the damage were available for the

copper. The size distributions and concentrations of loops in copper

normalized to that corresponding to the peak near the end of range for

5 x 1012Ni/cta2 at 4 MeV and 1.2 x 10:3Ni/cm2 at 60 MeV were determined by

both x-ray and electron microscopy. The systematic discrepancy between

x-ray and electron raicroscope measurements at small sizes was again

present; however, with both measuring techniques the size distributions

were found to be similar for the two types of irradiations, and as

discussed in more detail by Roberto and Narayan at this conference, the

total damage scaled closely with the damage c-r.crgy. With respect to

niobium it was found that the fraction of the defects retained compared to

those created was a factor of ,.5 lower than for copper although the defect

size distributions were similar.

(34)

Comparisons of fission and 15 MeV neutron damage in copper made

using these same techniques have also in<? .cated that the defect density

scales with the damage energy for fission neutron doses of 1 x 10*^/cm^

and 15 MeV neutron doses or 2 x 10'- ' ,'cn-. The- sL:o distributions war a not

markedly changed by the higher energy neutrons.
NUMERICAL CALCULATIONS

For the small -q region analytical approximations corresponding to

Eq. (4) seem to be adequate for analysing Huang diffuse scattering.

However, for larger q values (qR > l) the form factor associated with the

loops must be included and the q dependence of Eq. (5) coming from the

corrections in Eq. (2) must be considered in order to obtain the most

reliable results. This requires nunerical calculations making use of

precise displacement fields close to the dislocation loop, which are in



principle available for both isotropic and anisotropic materials. '

Such calculations have been carried out for the case of Frank loops on

{111} planes in aluminum using a continuum model and assuming elastic

isotropy. A typical result for the 222 reflection in aluminum assuming

10X loops is shown as a function of the variable qR in Fig. 10. The cross

section has been multiplied by q2 so that the q z Huang scattering law

corresponds to zero slope and the q ** Stokes-Wilson scattering region

corresponds to a slope of -2 as shown by the solid line. Ihe syramatric

part of the scattering (to be compared with Eqs. (3,4)) is shown as the

middle dashed line. The shoulder in the region qR „ 2.5 is worthy of

special note as it is a result of the scattering (essentially Bragg) from

the compressed region close to the 111 loop of the {ill} set. This was

demonstrated clearly when the scattering from this particular loop orienta-.

tion alone was calculated for a plane in reciprocal space. The details of

this latter calculation will not be considered here except to mention that

the Huang scattering closest to tha reciprocal lattice point could ba

understood analytically and that an intense sattelite peak appeared around

qR .» 2.5 for the 50A radius loop considered. Making use of — = -r*- ,
a ti

it was possible to associate the scattering in the region qR. «. 2.5 with

the Bragg like scattering from the compressed region („+ 2R) perpendicular

to the loop plane. Aa/a is the.relative lattice parameter changa due to

the compressions.

Since these calculations were performed using a continuum lattice

tnodnl, the extension of such calculations to th'» entire Brillouin zone

was not reasonable on physical grounds. However, Seating and
(38 39)

Goland ' have made use of a discrete lattice model in making calcula-

tions throughout several Brillouin zones for loops in BeO and graphite.

Similar calculations should be extended to metals also as the possibility

of making such diffuse scattering measurements with high precision is

already at hand.
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Fig. 9. Dislocation loop size
distributions measured at room
temperature after neutron irrad-
iation at the indicated tempera-
ture.

Fig. 10. Calculated diffuse scatter-
ing from loops for q parallel (upper),
q antiparall&I (Icvar) for the 222
reflection i.i.alurair.uta. The middle
curve is symmetric intensity.

CONCLUSIONS

The use of x-ray diffuse scattering has contributed significantly to

the information known about the processes of point defect clustering at low

temperatures. X-ray studies have contributed significantly to the under-

stand inS of Sea-- III annMTins .TV! hva hs*?. KSP.:] for utudvins IOOT -,iz?

distribution changes through Stages IV and V. In addition, work has been

reported on the study of dislocation loop size distributions resulting from

ambient temperature neutron and ion bombardment and higher temperature

neutron irradiations. Comparison of these x-ray studies with electron

microscope generated loop size distributions have shown good agreement

except in the smaller sizes and correlations with electrical resistivity

have demonstrated the possibility of determining the specific resistivity

associated with point defects in loops. Calculational efforts have made

progress toward the detailed understanding of the scattering in the



Stokes-Wilson region so that continued work in this area and the applica-

tion of these results to high resolution scattering data should further

improve the accuracy of x-ray studies. Further combined electron

microscopy and x-ray studies will be necessary in order to resolve the

apparent disagreement in the size distributions for the smaller loops.
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