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Summary Nuclear Techniques 

Early Techniques 
One of the earliest uses of nuclear techniques in 

materials science involves nondestructive analysis of 
test materials using nuclear radiation (i.e., particles, 
gamma rays, and X-rays). Charged-particle inter- 
actions with matter include both elastic and inelas- 
tic scattering processes. Elastic scattering cross sec- 
tion depends on the level scheme and atomic num- 
ber of the scattering nucleus. Figure 1 (from ref. 1) 
shows proton elastic scattering cross section from 
three isotopes of cadmium as a function of energy. 
Figure 2 (from ref. 2) shows elastic scattering cross 
section at 40 MeV as a function of the scattering an- 
gle for three different elements. Figure 3 (from ref. 2) 
shows the pulse-height spectrum of protons scattered 
from a thin nickel target. Besides the elastic eaks 
from nickel and trace impurities (C12, 0l6, Si2{ and 
Fe56), a large number of inelastic peaks from Ni64 
are shown. Figure 4 (from ref. 3) shows another scat- 
tered proton spectrum from an aerosol sample. Be- 
sides the elastic peaks from several elements result- 
ing from strong resonances in the (p + element) sys- 
tem, it shows an inelastic peak corresponding to the 
first excited state in Na23. The simultaneous pres- 
ence of elastic and inelastic peaks from certain scat- 
terer atoms provides added evidence for their pres- 
ence in the sample. The charged particle activation 
(CPA) technique is also appropriate for the detection 
of lighter elements in the target material. Sometimes 
different nuclear reactions in different impurity ele- 
ments can lead to the excitation of the same residual 
nuclear states, and this creates interferences in the 
activation spectra. However, use of several incident 
energies-coupled with an appropriate choice of nu- 
clear reactions-can often resolve these difficulties. 
For example, boron and nitrogen interferences can be 
resolved by using Bl0(d,n)C" and N14(d,an)C11, re- 
actions for which relative cross section ratio changes 
from 30 to infinity as the deuteron energy decreases 
from 10.0 to 5.9 MeV (ref. 3). 

Besides the techniques mentioned above, there 
are Rutherford backscattering (RBS) and proton- 
induced X-ray emission (PIXE) techniques that have 
frequently been used for detecting trace concentra- 
tions of contaminant atoms in materials of envi- 
ronmental and technological interest. These tech- 
niques have been extensively reviewed in references 4 
to 8. Helium-induced hydrogen recoil and resonant 
H1(N15, ay)C12 and H1(F19,ay)O'6 nuclear reac- 
tion analyses have been used to study hydrogen 
depth profile in solids (refs. 9 to 14). The problems 
which can be studied with these latter techniques 
include the diffusion of hydrogen inside solids, the 

Nuclear techniques have played an important 
role in the studies of materials over the past sev- 
eral decades. For example, X-ray diffraction, neu- 
tron diffraction, neutron activation, and particle- or 
photon-induced X-ray emission techniques have been 
used extensively for the elucidation of structural and 
compositional details of materials. Several new tech- 
niques have recently been developed. In this report, 
we have briefly reviewed four techniques which have 
great potential in the study and development of new 
materials. Of these four, Mossbauer spectroscopy, 
muon spin rotation, and positron annihilation spec- 
troscopy techniques exploit their great sensitivity to 
the local atomic environment in the test materials. 
Interest in synchrotron radiation, on the other hand, 
stems from its special properties, such as high inten- 
sity, high degree of polarization, and high monochro- 
maticity. It is hoped that this brief review will stim- 
ulate interest in the exploitation of these newer tech- 
niques for the development of improved materials. 

Introduction 

Nuclear techniques are widely used in several 
branches of science, including biomedicine, chem- 
istry, industrial hygiene, structural materials, poly- 
mer science, and fluid dynamics. Their applications 
in studies of condensed matter have been particu- 
larly fruitful. In this review, we briefly summarize 
the various techniques that are currently used in con- 
densed matter studies. These techniques can be di- 
vided into two broad groups. The first group includes 
the older, more established techniques that have been 
in use for several decades. Among the more im- 
portant techniques in this group are charged-particle 
scattering and activation, neutron scattering and ac- 
tivation, and photon-induced X-ray emission. The 
second group includes more recent, emerging tech- 
niques that are now finding their place in the arsenal 
of the experimental materials scientists. The follow- 
ing techniques fall into this category: (1) Mossbauer 
spectroscopy,' (2) muon spin rotation, (3) positron 
annihilation spectroscopy, and (4) synchrotron radia- 
tion research. A brief description of the various tech- 
niques follows, with special emphasis on the more 
recent methods. 

We have included Mossbauer spectroscopy in this 
group because its unique and sensitive applications 
in engineering materials studies have only recently 
been recognized. 



chemisorption of hydrogen on surfaces, and the radi- 
ation damage distribution caused by the low-energy 
beams of hydrogen. The last application is of partic- 
ular interest in the field of fusion research. 

Neutrons also interact with matter by elastic and 
inelastic scattering processes and capture reactions. 
Higher energy neutrons generally produce lattice dis- 
placements and secondary atoms throughout the ir- 
radiated volume. Thermal neutrons may be captured 
by the target nuclei to form radionuclides, which sub- 
sequently decay by characteristic nuclear gamma-ray 
emissions. It is the thermal neutrons that form the 
basis of the bulk of neutron applications to materials 
science. They have been used extensively for compo- 
sitional analysis and radiographic inspection of ma- 
terials. Thermal neutrons have a wavelength which 
peaks around 1.6 A, well suited for analyzing vari- 
ations in the atomic density on a microscopic scale. 
Because of their magnetic properties, neutrons are 
also ideally suited for the study of magnetic struc- 
tures and short-wavelength magnetic fluctuations, 
such as spin waves. Small-angle neutron scattering 
(SANS) is another application of low-energy neutrons 
for studying and characterizing defects in metals, 
semiconductors, and glasses. It can be used to detect 
very small (0.01 to 0.10 pm) defects, which can be 
related to their sites of nucleation and consequently 
to the mechanisms responsible for modifying proper- 
ties of materials (ref. 15). For a detailed review of 
neutro'n scattering in condensed-matter physics, see 
references 16 to 18 and references cited therein. 

Neutron diffraction has recently become a power- 
ful tool for studying the structure of polycrystalline 
materials. Because of high neutron sensitivity to oxy- 
gen atoms, neutron diffraction is currently provid- 
ing a comparatively unambiguous picture of where 
the oxygen atoms are in the newly discovered high- 
temperature superconductors (ref. 19). The combi- 
nation of highly developed X-ray methodology with 
the penetrating power of thermal neutrons offers the 
potential for determination of general stress states 
and stress variations through the bulk of the solid 
materials (refs. 20 and 21). 

Like charged particles, photons can also remove 
inner shell electrons from the target atoms, resulting 
in subsequent characteristic X-ray emission. Photon- 
induced X-ray emission has been used widely in 
material composition analysis. High-energy pho- 
tons can also induce nuclear reactions in the target 
atoms. Some elements-such as Be, C, N, and Pb- 
which are not highly activated with thermal neutrons 
(ref. 3) can be more conveniently studied with in- 
strumental photon activation analysis (IPAA). Some- 
times interferences experienced in neutron activa- 
tion analysis can be avoided by using IPAA. For 

example, determination of nickel may be compli- 
cated by Ni64(n,y)Ni65 and C ~ " ( n , p ) N i ~ ~  interfer- 
ences in the neutron activation spectra. However, the 
photonuclear reaction product Ni57 produced in the 
Ni58(y,n)Ni57 reaction cannot be produced from any 
other element at  photon energies less than 45 MeV. 
The IPAA technique is equally applicable to geo- 
chemical, biological, and oceanographic samples. In 
general, however, IPAA is not as sensitive as charged- 
particle and neutron activation analyses. 

Recent Techniques 
There are several prominent techniques in this 

group. We discuss four of them in some detail here. 
Mossbauer spectroscopy. Mossbauer spectroscopy 

(MS) is a rather recent technique, having been dis- 
covered only in 1958. It is based on the fact that the 
recoil energy imparted to a nucleus by the emission 
of a low-energy gamma ray is not always larger than 
the lattice vibration energies to lo-' eV) of 
the atoms. When the recoil energy ER is much less 
than the lattice vibration energy nhw, the fraction of 
emission events without any loss of energy f (ref. 22) 
can be calculated as follows: 

where K is the wave number of the emitted radiation 
and ( x 2 )  is the mean square amplitude of vibration 
of the emitter atom along the direction of emission 
of the gamma ray averaged over the Mossbauer level 
lifetime. Clearly, when the emitting nucleus is not 
bound to the lattice, ( z 2 )  is usually so large as 
to make the recoiless fraction f essentially zero. 
Equation (1) can be extended to three dimensions 
by using the Debye approximation 

where 

and 

u =  (E) 
Equation (3) can be simplified as follows: 

2r2T2 9ER I+- 
( r 2 )  = - 2 k 9 g 1 ~ 2  ( ) ($ >> 1) (4) 

I 2 



where k is the Boltzmann constant and 8 0  is the 
Debye temperature. Equation (2) shows that the 
Mossbauer effect cannot take place in liquid, except 
in highly viscous solutions when ( r2 )  is bounded. 
The Mossbauer effect can take place in both crys- 
talline and amorphous solids. It has been used exten- 
sively in studies in solid-state physics, physical met- 
allurgy, coordination chemistry, organometallic com- 
pounds, and the role of iron in biological systems. 
The basis of all these diverse applications is the sen- 
sitive interaction between the Mossbauer nucleus and 
its neighbors. Changes in the atomic environment 
of the Mossbauer nuclei are reflected in the magni- 
tudes of various Mossbauer parameters, such as iso- 
mer shift, hyperfine field interaction, and quadrupole 
splitting.2 For example, isomer shift 6 (refs. 22 to 24) 
is given by 

where Rex is the nuclear radius in the excited state, 
Rgd is the nuclear radius in the ground state, and 
$ A ( O )  and $s(O) are the ground-state wave functions 
of the absorber and source nuclei. If we have a well- 
characterized standard source, &values for the test 
absorber will simply be determined by their $ i ( O ) -  
values. 

The effective magnetic field at  the absorber nu- 
cleus H,R, determined by the electron charge distri- 
bution around it, is extremely sensitive to local struc- 
tural and chemical fluctuations. It can thus serve as a 
highly useful probe for characterizing solids (refs. 25 
to 27). 

When the charge distribution inside the 
Mossbauer nucleus is not spherically symmetrical, it 
can interact with the gradient of the electric field 
(EFG) around it because of other charges in the crys- 
tal. The interaction between the nuclear quadrupole 
moment Q and the EFG q (ref. 28) is given by the 
following expression: 

EQ = [3I,2 - I ( I  + l)] 
41(21- 1) 

Hyperfine field interaction is almost an order of 
magnitude more sensitive to changes in the chemical 
surroundings than the isomer shift and quadrupole 
interaction. 

where 

q =  (Z) 

Clearly, any changes in q and 
EQ-values. 

are reflected in the 

Figure 5 shows a conventional constant- 
acceleration Mossbauer spectroscopy system. The 
radioactive source (5 to 25 mCi) is moved at a con- 
stant acceleration with respect to the absorber in the 
velocity range of a few millimeters per second to a 
few centimeters per second. The absorber tempera- 
ture may be varied depending on the purpose of the 
study. The Mossbauer radiation may be detected 
in the transmission or backscattering mode and is 
recorded with a multichannel analyzer. The source 
and the absorber must have a common Mossbauer 
nucleus, such as Fe57, Sn119, or Eu151. Typical 
Mossbauer spectra are shown in figures 6(a) (from 
ref. 29) and 6(b) (from refs. 25 to 27). 

Some of the interesting applications of Mossbauer 
spectroscopy have been in the fields of magnetism 
and chemical physics. (See refs. 30 to 34.) Another 
important application (ref. 35) has been the study of 
solid surfaces. Through the use of conversion elec- 
tron spectroscopy, the surface composition of steels, 
surface stress, and other thin film properties can 
be investigated. Other investigations have included 
measurements of oxidation and corrosion of iron- 
bearing solids in a variety of gaseous atmospheres. 
An application of contemporary technological inter- 
est relates to the study of hydrogen storage mate- 
rials (ref. 36). Many intermetallic compounds of d- 
and j-shell elements reversibly absorb large amounts 
of hydrogen at easily accessible temperatures and 
pressures. Mossbauer spectroscopy is a particularly 
powerful means by which the chemical nature of hy- 
drogen and its location in the ternary hydrides may 
be identified. Another current application relates to 
the elucidation of the electronic structure of the rare 
earth ion in the quarternary-phase high-temperature 
superconductor Ba2EuCu307.1. The trivalent charge 
on the rare earth ion in combination with a divalent 
charge for Ba and the observed oxygen stoichiome- 
try results in an appropriate copper oxidation state 
for metallic conductivity (ref. 37). For more detailed 
reviews of the use of Mossbauer spectroscopy in ma- 
terials science, see references 38 and 39. 
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Muon spectroscopy. Muons are excellent probes 
for local magnetic structure for the condensed phase 
of matter. Muons are produced in the decay of pions 
and, like the neutrinos produced at  the same time, 
have negative helicity. This fact ensures easy gener- 
ation of almost 100-percent-polarized muon beams. 
The muons quickly come to rest in solids in 0.01 
to 0.10 ns, preserving most of their polarization. 
(The degree of polarization preservation varies with 
the stopping medium, as shown subsequently.) The 
stopped muons eventually decay via a parity noncon- 
serving weak interaction with an angular distribution 
of the form (refs. 40 and 41) 

where a is the decay asymmetry parameter and 8 is 
the angle between the muon spin and the emitted 
electron. The decay electron distribution thus re- 
flects the direction of the muon magnetic moment at 
the time of its decay. 

The muon spectroscopy (of which there are sev- 
eral variations) consists basically of starting a clock 
when a spin-polarized muon enters a sample, stop- 
ping it when its decay electron is observed in a given 
direction, and accumulating these events in a his- 
togram of number of events as a function of the 
( p  - e) time interval. The muons are produced in 
copious quantities in medium- and high-energy ac- 
celerators specializing in the production of relatively 
low-energy pion beams. The pion decays produce a 
beam of spin-polarized muons. Prominent meson- 
producing facilities include SIN, TRIUMF, LAMPF, 
and BNL. 

In a vast majority of experiments, it is the pos- 
itive muons p+ produced in the decay of positive 
pions ?r+ that provide the muon spin rotation exper- 
imental beams. When a polarized p+ is stopped in 
the test target, it precesses in the local internal mag- 
netic field with a Larmor frequency determined by 
its magnetic moment. If the target is an insulator 
or a semiconductor, a muonium p+e- is sometimes 
formed which then precesses with a frequency deter- 
mined by the muonium magnetic moment. Studies 
of muon precession frequency spectra show consider- 
able promise in the characterization of samples pre- 
pared by different techniques of current technological 
interest. 

Muon spin rotation (p+SR) experiments3 can be 
conducted with zero field and with transverse or par- 

The pSR acronym, analogous to ESR and NMR, 
has been used for muon spin rotation, relaxation, 
resonance, and research. Any study of the interaction 

allel external fields. For transverse external fields, 
the stopped muons undergo Larmor precession in a 
plane perpendicular to the magnetic field. Eventu- 
ally, the muons decay and the positrons are detected 
in some k e d  direction with respect to the initial 
polarization. The time histogram of the decaying 
muons (refs. 42 and 43) can be written as follows: 

N ( t )  = No exp(-t/.r$)(l+ a G l ( t )  cos(wt + 0)) + B (8) 

where r,$ is the p+ lifetime, w is the p+ angular pre- 
cession frequency, and GI ( t )  is the time-dependent 
depolarization function in a transverse (I) magnetic 
field. The GY) may often be approximated4 as 
follows: 

exp(-t/.r,) - 1 + - (9) 

where u is the width of the static local frequency 
distribution and T~ is the local field correlation time, 
which approximately equals the muon jump time. 

Typical pSR data (e.g., ref. 44) are illustrated in 
figure 7. The two most important quantities mea- 
sured by this technique are the precession frequency 
w and the depolarization rate. Both are strongly de- 
pendent on the local defect and impurity concentra- 
tions in the test solid. 

For parallel fields, the quantity measured is the 
depolarization of the muon spin ensemble. The 
depolarization function GI[ ( t )  (refs. 45 to 47) is given 
by 

where NF and NB are the intensities of the decay 
positrons in the forward and backward directions. 
The effect of a longitudinal field on the depolariza- 
tion function provides useful information about the 
depolarization mechanism. 

The pSR has proved to be a very useful new 
probe for condensed matter. Several studies have 
shown that the muon provides unique information5 

of the muon spin by virtue of the asymmetric decays 
is considered pSR. 

This “Abragamian” form is valid for a Gaussian 
local field distribution and an exponential magnetic- 
field time autocorrelation function. 

Mossbauer spectroscopy and pSR can provide 
complementary information about the effects of 



about the magnetic and electronic structure of solids 

magnetic fields for the spin-freezing type of order- 
ing (refs. 49 and 50) in spin glasses proved very 
useful in the formulation of the theory of these di- 
lute magnetic alloys. Muon studies of metals have 
revealed the presence of microscopic impurity clus- 
ters, thus providing a new basis for understand- 
ing the effects of impurity correlations in metals. 
The pSR studies have provided a better understand- 
ing of the hydrogen embrittlement phenomenon in 
steels and other structural alloys, since the behav- 
ior of muons in metals is similar to that of hydro- 
gen (ref. 51). One new area where pSR will play 
a significant role concerns superconductors, particu- 
larly the newly developed high-temperature ceramic 
superconductors (refs. 52 to 55). Previous studies of 
the superconductors (refs. 56 and 57) in the mixed 
states have given mixed results. Concurrent pSR 
studies of the old and new superconductors should be 
particularly useful in helping to develop theoretical 
models for the high-temperature superconductivity. 

Positron annihilation spectroscopy. Positrons are 
antiparticles of electrons. They are slowed down 
quickly upon entering a condensed medium. They 
may annihilate as free positrons after thermalization 
or after being trapped at defect sites or in microvoids. 
In insulators and organic compounds, some of the 
trapped positrons form a loose assembly with the 
available electrons to form positronium (Ps) atoms. 
Depending on the final states in which the positrons 
find themselves, they annihilate at  different times. 
The time and manner of annihilation of the positrons 
can thus provide valuable information about the 
electronic and physical structure of the bulk material 
and various defects and other impurity centers in it. 

Positron annihilation spectroscopy (PAS) involves 
three different types of measurements: lifetime, 
Doppler broadening, and angular correlation mea- 
surements. The lifetime measurements make use of 
the fact that the probability for positron annihila- 
tion depends on the electron density in the vicinity 
of the annihilating positrons. The Doppler broad- 

dilute nonmagnetic impurities in iron alloys. For ex- 
ample, the average fractional change per unit con- 
centration of A1 impurity in the hyperfine field at 
the Fe site in Fe(A1) because of the neighboring A1 
atoms has been reported (refs. 25 to 27) to be of 
the order of -0.4 to -0.5 by Mossbauer measure- 
ments as opposed to -0.35 + 0.03 by pSR measure- 
ments (ref. 48). Both these measurements support 
the conclusion that the change results from changes 
in conduction electron polarization and spin-density 
fluctuations. 

, (ref. 48). The discovery by pSR of large internal 
ening and angular correlation measurements, on the 
other hand, are based on conservation of energy and 
momentum in the positron annihilation process. Be- 
cause of the nonzero momentum of the annihilating 
pairs, the resulting gamma rays are emitted with en- 
ergies equal to mOC2 f A E  and in the directions 
180 f A@. The probabilities of various values of A E  
and A0 are the bases for Doppler broadening and an- 
gular correlation measurements, respectively. These 
measurements can provide detailed information re- 
garding the electron momentum states in the test 
materials. 

A typical positron-lifetime measurement system 
is shown in figure 8. Positron-emitting radionuclides, 
which emit a gamma ray almost simultaneously with 
the positron, are used as positron sources in lifetime 
measurement studies6. The widely used Na22 source 
emits a 1.28-MeV photon within 3 ps of the emission 
of the preceding positron. The detection of the 
gamma ray marks the zero time (reference time) for 
a lifetime measurement since the thermalization time 
for the positrons in condensed matter is very short. 
Typical lifetime spectra in polymers are shown in 
figures 9(a) and 9(b). 

PAS has been used extensively in the study of 
metals, glasses, and polymers. It has been used to 
monitor the physical state of metals, their defect con- 
centration, and fatigue damage. Because positrons 
annihilate mostly in localized sites-such as defects 
or vacancies-their annihilation characteristics re- 
flect the electronic structure of defects. For example, 
as a result of PAS studies, it is now known that a va- 
cancy is not just an empty hole in the lattice but has 
an electron density at its center equal to about a third 
of the bulk electron density (ref. 59). The electron 
density inside the voids, however, quickly approaches 
zero as the void size increases. Perhaps the keenest 
interest in PAS has been exhibited by the polymer 
scientists. They have used it extensively for charac- 
terizing polymers (refs. 60 to 66), including studies 
of glass transition temperatures, free volume, effects 
of metal ions on polymer chemical architecture, and 
the effects of chemical additives and processing tech- 
niques on polymer physical properties. 

More detailed discussions of positron annihilation 
and related phenomena in solids can be found in 
references 67 to 69. 

Synchrotron radiation. Whenever charged par- 
ticles experience acceleration (such as when they 
move along a circular path), they radiate energy as 

Recent attempts (ref. 58) at accelerator-produced 
positron sources depend on P+r coincidence systems 
where the Cerenkov signal by the positrons them- 
selves provides the time marker signal. 
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predicted by Maxwell’s equations. At low energies, 
the particles emit radiation primarily at their fre- 
quency of revolution. At higher energies, the spec- 
trum acquires higher order harmonics of the particle 
revolution frequency. For a particle of energy E ,  the 
radiated spectrum extends from the frequency of rev- 
olution w to q3w, where q = (refs. 70 

and 71). Since this radiated energy was first rec- 
ognized by the nuclear physicists as the basic lim- 
itation on the energy attainable with an electron 
synchrotron, it is called synchrotron radiation (SR) . 
Because of lack of precision of orbital frequency 
in practical accelerators, the synchrotron radiation 
spectrum P(A) (refs. 70 to 74) is a continuum given 
by the following expression: 

1 
(1-v I C  1 

P(A) = -- e5’2 e2c ( - E 2 ) 7 G  (2) (11) 16r2 R3 mgc 

where R is the radius of curvature of the path of 
a particle of mass mo, A, is the wavelength at the 
peak of the radiated power spectrum, and G 
is the power spectrum function, given analytically in 
terms of integrals of modified Bessel functions. Since 
the radiating particles in all existing synchrotron 
facilities are electrons, equation (11) can be modified 
as follows (ref. 72): 

(*) 

P(A) = 0.9 (5) G (2) (12) 

where A, = 2 . 3 5 ~ .  R Rewriting equation (12) in 
terms of number of photons radiated per second per 
unit wavelength and per unit solid angle, we have 
(ref. 72) 

where J is the average particle current in milliamps 
and A, is the critical wavelength in angstroms. (The 
term A, is a measure of the lower limit of the wave- 
length distribution and is equal to 2.38AP.) Integrat- 
ing the power loss over all wavelengths and over all 
angles, we can write the loss in energy 6E suffered by 
an orbiting particle of energy E as follows (ref. 72): 

E4 6E = 88.5- R 
Clearly 6E is a very strong function of electron 
energy E and the local radius of curvature R of its 
path. Quite often, the spectral properties of SR from 
an electron accelerator can be changed by locally 
changing the R value. Synchrotron radiation from 

highly relativistic particles is strongly polarized in 
the plane of its orbit. The spectrum is also a function 
of the angle of elevation g!I with respect to the plane of 
orbit of the electrons, with shorter wavelengths more 
highly concentrated in the g!I = 0’ direction (refs. 70 

Although the SR limits the energies attainable 
with circular electron accelerators and storage rings, 
it also provides access to a highly useful region 
of the electromagnetic spectrum extending from 
1000 A down to 0.1 A. The continuously selectable in- 
tense beams of SR are being used to explore the outer 
and inner electronic structure of solids. By mea- 
suring small- and wide-angle scattering of SR dur- 
ing crystallization and solid-state phase transitions 
in polymers, very useful information about polymers 
in the solid-state phase can be obtained (ref. 75). 

One intriguing application of SR concerns possi- 
ble excitation of Mossbauer states (refs. 76 and 77), 
particularly in those nuclei where conventional tech- 
niques cannot work or where special characteristics 
of SR suggest new, interesting possibilities. However, 
typical fluxes of photons in the energy range of intrin- 
sic widths of the most commonly used Mossbauer nu- 
clei amount to only about to of the gross 
beam. Clearly, this calls for a special monochroma- 
tization in order to enhance the resonant quanta flux 
in the beam at the Mossbauer target. 

A significant technological application of SR con- 
cerns the development of microminiaturized inte- 
grated circuits. Through use of SR at 20 A, the 
resolution of the circuit pattern can be reduced to 
about 100 A, an improvement by a factor of 100 
over the visible wavelength. Synchrotron X-ray flu- 
orescence (SXRF) complements conventional X-ray 
fluorescence (XRF) in elemental analysis of solids. 
It can provide capabilities with minimum detection 
limits of less than 1 ppm for 20-pm-beam spots 
(ref. 78). A more recent application of synchrotron 
radiation involves three-dimensional microtomogra- 
phy of small material samples reported by Flannery 
et al. (ref. 79). This new technique nondestructively 
generates three-dimensional maps of density and el- 
emental distributions in the samples with a spatial 
resolution of the order of 1 pm and an accuracy of 
approximately 1 percent. Another SR application of 
great current interest involves high-resolution studies 
for the high-temperature superconductors (refs. 80 
and 81). More detailed discussions of synchrotron 
radiation and its applications in solids can be found 
in references 82 to 86. 

to 74). 

Concluding Remarks 
Nuclear techniques have played an important role 

in the studies of materials over the past several 
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decades. Earlier applications were confined largely to 
the technological and environmental problems. For 
example, neutron radiography and neutron diffrac- 
tion techniques were used for the investigation of 
structural defects and stress-induced changes in met- 
als and metal compounds. Later on, neutron ac- 
tivation, charged-particle activation, X-ray-induced 
fluorescence, and charged-particles-induced X-ray 
emission techniques were used extensively for the 
analysis of industrial and environmental samples. 
Some of the more recent developments in nuclear 
physics have opened up several fields where nu- 
clear techniques can help solve outstanding prob- 
lems. Four such techniques-Mossbauer spectrocopy 
(MS), muon spin rotation (p+SR), positron annihila- 
tion spectroscopy (PAS), and synchrotron radiation 
(SR)-have been reviewed and some of their current 
applications identified. Mossbauer spectroscopy is 
finding extensive applications in solid-state physics, 
chemistry, and biology. The extreme sensitivity of 
the Mossbauer parameters to the electronic struc- 
ture of the Mossbauer nuclide and its neighbors has 
helped resolve some major problems in high-stress 
structures, hydrogen embrittlement in steels, and the 
theory of spin glasses. From an atomic viewpoint, a 
positive muon can be looked upon as a light isotope 
of hydrogen. Muon spin rotation is thus a rather 
sensitive probe for hydrogen in metals study. Like 
MS, p+SR is very sensitive to the electronic struc- 
ture of the host and impurity atoms in the test object. 
Positrons, like MS and p+SR, are also very sensi- 
tive to the electronic structure and configuration of 
the test material. In most nonconductors, particu- 
larly polymers, they form positronium atoms whose 
subsequent annihilation provides very useful infor- 
mation about the defect structure of the test objects. 
Synchrotron radiation has filled a very useful gap in 
the available electromagnetic spectrum for atomic- 
molecular and solid-state studies. An application of 
SR that is being eagerly pursued is the spectroscopy 
of solids. Both the band structure of the outer elec- 
trons and the once-inaccessible higher energy spec- 
trum of the core electrons are now being explored 
with the synchrotron radiation. All these techniques 
are proving to be very useful in the characterization 
of structures. It is hoped that their intensified a p  
plications will lead to the development of new and 
improved materials. 
NASA Langley Research Center 
Hampton, VA 23665-5225 
October 23, 1987 
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Figure 1. Excitation functions for three Cd isotopes at laboratory angle of 1 7 0 O .  (From ref. 1.) 
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Figure 2. Elastic scattering cross sections for 40-MeV protons on various targets. (nom ref. 2.) 

12 



I 

, 8  

:! 
2 

I I 

n 
J 

. 0; 

340 360 380 400 4: 

Figure 3. Pulse-height spectrum of protons elastically and inelastically scattered from a thin (1 mg/cm2) NiM 
target. Incident proton energy TI = 11 MeV; reaction angle 0 = 60'. (From ref. 2.) 

600 

500 

d 

c 

>, 
f 

27 
AI 23 

No 

a' 400 
W c- 

> 
c3 

w 

z 
a 
z 200 

300 23Na' 
> 
I 
Y 

SCATTERED PROTONENERGY (MeV) 
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(a) Mossbauer spectra of iron-rich, mechanically alloyed Fel-,Zrz recorded at room temperature. 
(From ref. 29.) 

38600 

38200 

37000 

b 01 I I 1 I I I I I I I I 1  
-6 -5 -4 -3 -2 - I  0 I 2 3 4 5 6 I 

SOURCE VEUCITY (MWSEC) 
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600 x lo3 fatigue cycles in the stress range of 3 to 7 kg/mm2. (From refs. 25 to 27.) 

Figure 6. Typical Mossbauer spectra in iron and iron alloys. 
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Figure 7. Typical experimental time spectra showing p+ precession (p+SR) in transverse external field. 
Number of positron events are plotted against muon residence time in target. 
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