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Mossbauer Effect in Chemis 
and Solid-State Phys 

Recoil-free emission and resonant scattering of nuc 

gamma rays provide a new tool for the study of so 

Gunther K. Wert 

Nuclear physicists have a strong and 
understandable tendency to ignore the 
chemical binding of the atoms whose 
nuclei they investigate. This tendency 
is based on the fundamentally sound 
precept that the energies involved in 
nuclear reactions are so much larger 
than the energies of chemical binding 
that the atom may well be thought of 
as a free atom when one is analyzing 
nuclear events. Conversely, nuclear 
properties, except for the mass and the 
ground-state moments, are of little im- 
port to the chemist or solid-state physi- 
cist. Occasionally discoveries are made 
which bridge these disciplines and make 
contributions in both fields. Disturbed 
angular correlations and positron anni- 
hilation in solids fall into this category. 
A recent example of particular interest 
is the recoil-free emission and resonant 
absorption of nuclear gamma rays in 
solids, which were discovered by 
Rudolf L. Mossbauer during his grad- 
uate work at Heidelberg in 1957 (1). 

The discovery rests on the simple 
realization that some of the energies 
associated with nuclear events are not 
necessarily larger than those of chemi- 
cal binding, 1 to 10 electron volts, or 
even those characteristic of lattice vi- 
brations, 10~ to 10-~ electron volt. 
The energies in question are those asso- 

ciated with the recoil 
nucleus by the emissior 
gamma ray. 
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termediate energy (150 kev to 1 Mev) 
invariably excite lattice vibrations and 
thus are similarly unable to be res- 
onantly reabsorbed. Below 150 kev 
a new type of event becomes possible. try It is the emission of a gamma ray with- 

. out excitation of the lattice, a process 
1iCS in which the whole energy of the 

nuclear transition goes into the gamma 
ray. The resulting gamma rays then 

Aear have the proper energy to be reso- 
nantly absorbed in an analogous recoil- 

lids, free process. These two recoil-free 
events, emission and absorption, are 

helm the essential processes of the Moss- 
bauer effect, which may be concisely 
defined as the resonant scattering of 
gamma rays emitted without recoil by 
nuclei of atoms bound in solids. 

I imparted to a The existence of recoil-free events is 
i of a low-energy best understood when it is realized that 

the lattice is a quantized vibrational 
energy is readily system which cannot be excited in an 
requirement of arbitrary manner (3). Changes in the 

on, yielding the state of the lattice must correspond to 
where E is the the emission or absorption of one or 

quantum, M is more phonons. Events in which the 
ig atom, and c is quantum state of the lattice does not 
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width, and con- When the lattice is excited, the effec- 
ray has insuffi- tive line width will be of the order of 

lantly reabsorbed the phonon energies; when the lattice 
f the same iso- is not excited, so that the whole energy 
ray is artificially of the nuclear transition appears in the 

(2). gamma ray, the width of the nuclear 
energetic gamma levels involved in the transitions alone 
part sufficient re- will determine the line width. Accord- 
leus to break the ing to the uncertainty principle, a 
atom and cause nuclear lifetime of 10-7 second corre- 

s molecule or to sponds to a width of 10-8 electron volt; 
lattice site. Such this is less by six orders of magnitude 
er interest to the than the width when the lattice is ex- 
mma rays of in- cited. More important, however, is the 
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Fig. 1. The energy scale for nuclear and atomic events pertinent to the Mossbauer effect. 

fact that this energy is less than charac- 
teristic hyperfine-coupling energies in 
solids, so that it becomes possible to 
resolve the hyperfine splitting of nu- 
clear levels by observing their gamma- 
ray transitions. 

Detection of Recoil-Free Gamma Rays 

The conventional techniques of 
gamma-ray spectroscopy are inadequate 
for resolving the energy difference be- 
tween zero-phonon and multiphonon 
gamma rays and offer no hope of 
reaching the resolution required to 
measure the natural line widths of low- 
lying states. Mossbauer realized that 
the inverse of the recoil-free emission 
process-namely, recoil-free resonant 
absorption-constitutes an ideal detec- 
tor, tuned to the full energy of the 
nuclear gamma ray. In fact, recoil- 
free resonant absorption makes it pos- 
sible to compare the nuclear transition 
energy in a source with that in an ab- 
sorber with unprecedented precision. 

An experiment is typically carried 
out with a setup similar to that shown 
in Fig. 2. One major problem remains: 
to provide a means of modulating the 
energy of the source gamma rays in 
order to be able to sweep through the 
resonance. The method used by Moss- 
bauer, and one which has found almost 
universal acceptance, is based on the 
Doppler effect. The energy of a photon 
(gamma ray) emitted by a moving 
source, when viewed by a stationary 
observer (here the absorber), is changed 
by Ev/c, where v is the component of 
velocity along the source-to-absorber 
direction. A determination of the ab- 
sorption as a function of the Doppler 
velocity results in an absorption spec- 
trum like that shown in Fig. 3. 

In general one must spend a rela- 
tively long time in scanning at each 
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velocity in order to obtain statistically 
significant data. To accumulate a 
spectrum may take many hours. To 
overcome the limitation arising from 
the lack of long-term stability of the 
counting system, it is necessary to scan 
repeatedly through the spectrum, add- 
ing successive determinations. In prac- 
tice this is most conveniently accomp- 
lished by scanning the Doppler velocity 
many times per second over the desired 
spectral range, while synchronously 
sorting the gamma-ray counts into a 
multichannel time analyzer. The scan- 
ning and sorting are accomplished with 
a device shown schematically in Fig. 4, 
which may well be called a Mossbauer- 
effect spectrometer (4). 

A major restriction on the isotopes 
available for Mbssbauer experiments is 
introduced by the use of an absorber, 
since it must of necessity be made of 
a stable (or very long lived) isotope. 
A requirement that the gamma ray be 
the result of a transition to the ground 
state is also imposed. Fortunately 
many such low-lying first-excited states 
are known. A list of isotopes which 
have been used successfully in Moss- 
bauer experiments (Table 1) shows 
many elements of interest to the 
chemist and to the solid-state physicist. 

Atomic Motion 

Although the natural line width of 
gamma rays is much less than typical 
phonon energies, it is reasonable briefly 
to consider the spectrum of the gamma 
ray on a scale comparable to that of 
phonon energies. This spectrum (Fig. 
5) consists of a narrow recoil-free 
component at the energy of the nuclear 
transition plus a broad "phonon wing," 
to borrow a term that has gained ac- 
ceptance in optical spectroscopy, where 
analogous effects are observed (5). 

Strictly speaking, M6ssbauer experi- 
ments are concerned only with the re- 
coil-free line; however, attempts are 
being made to observe inelastically 
scattered gamma rays in certain favor- 
able cases where local mode or optical 
mode vibrations may give rise to sharp 
peaks in the phonon wing, or in other 
special cases, such as that of He4, 
where the fundamental excitation spec- 
trum may be amenable to examina- 
tion (6). 

The recoil-free gamma-ray line is not 
devoid of information concerning the 
vibrational properties of the solid. It 
was found quite early that the exact 
energy of the emitted line is tempera- 
ture dependent (7): the higher the tem- 
perature, the lower the gamma-ray 
energy, hence the terminology "thermal 
red-shift." The effect arises from the 
mean square thermal velocity of the 
atoms and may be thought of either as 

,a second-order Doppler effect or as a 
relativistic slowing down of a clock on 
a moving reference frame, here the 
emitting atom. Further information is 
provided by the proportion of the total 
spectrum contained in the zero-phonon 
line, usually called the recoil-free frac- 
tion. This fraction depends on the ratio 

Fig. 2. A typical setup for investigating 
Mbssbauer-effect absorption. The radio- 
active source is attached to the rod emerg- 
ing from the velocity transducer at right. 
The absorber is mounted in the Dewar 
flask. The detector is a scintillation probe 
containing a thin NaI(TI) crystal. 
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of the mean square vibrational ampli- 
tude, <X2>, of the emitting or scatter- 
ing atom to the square of the wave- 
length, X, of the scattered radiation. 
The reason for this dependence can be 
understood in a nonrigorous way on the 
basis of classical radiation theory as 
follows: If the emitting atom moves 
over distances comparable to a wave- 
length during the emitting process, then 
the phase coherence will be destroyed 
and parts of the emitting wave will 
interfere destructively with one another, 
weakening the component at the natu- 
ral frequency of the emitter. At the 
same time the Fourier components of 
the disturbance will result in broaden- 
ing (or in the production of side bands 
if the motion is harmonic) (8). 

The recoil-free fraction, f, may be 
written 
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Fig. 3. A typical absorption spectrum as plotted by a computer. The source consists 
of Co57 dissolved in metallic copper; the absorber is a dilute alloy consisting of 2-percent 
chromium in metallic iron. The six major Fe'57 absorption lines show satellite structure 
attributable to iron atoms with chromium atom neighbors. 

f exp 4-- <X> (1) 

where <X2> is the mean square am- 
plitude of the vibration in the direction 
of emission of the gamma ray, averaged 
over an interval equal to the lifetime 
of the nuclear level involved in the 
gamma-ray emission process. A num- 

Table 1. Isotopes in which 
effect has been observed. 

the Mossbauer 

Gamma- Half-life of 
Isotope ray excited state 

energy (in nano- 
(kev) seconds*) 

Fe' 14.4 100 
Ni6 71 51 
Zn? 93 10,000 
Kr83 9 
Ru"9 89 
Sn 119 24 18 
Te2' 35.5 2.2 
1129 27 
Xe12' 40 1 
Sm149 22 1 
Eu51 22 3 
Sm52 122 1.4 
Gd"5 87 0.6 
Tb59 58 
Dyl60 84 2.5 
Dy6l 26 28 
Er"' 81 1.8 
Tm"69 8 4 
Yb70 84 1.6 
Hf77 113 0.6 
Ta81' 6.25 9,800 
W182 100 1.3 
W183 46 0.15 
W183 99 .57 
Re'82 134 2 
Ir9't 129 0.13 
Ir93 73 
Pt'1 99 .16 
Au"t 77 1.9 

* One nanosecond = 10-9 second. 
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ber of simple conclusions may be 
drawn from an inspection of Eq. 1. 
For example, if <X2> is not bounded, 
as would be the case in a liquid, the 
recoil-free fraction will vanish. The 
diffusive motion which reduces the re- 
coil-free fraction has also been ob- 
served in metallic tin very close to, but 
below, its melting point (9). In the 
case of a solution of a salt of the 
resonant isotope in glycerine, however, 
the attenuation of the recoil-free frac- 
tion with increasing temperature as the 
material passed from a viscous state 
(10) of 10' poises to one of 10 poises 
was relatively slight, indicating that 
<X'> remained small. 

Note also that Eq. 1 gives no indi- 
cation that crystal structure is required 
for recoil-free emission. It is not sur- 
prising, then, that the Mossbauer effect 
is readily observed in glasses. It has 
been demonstrated with Fe"7 in fused 
quartz and silicate glass (11), with iron 
pentacarbonyl frozen in an organic 
solvent (12), and with Sn"' in poly- 
methyl methacrylate (13). Serious 
work with glasses is in an early stage, 
but encouraging results have been ob- 
tained, especially in silicate glasses con- 
taining small amounts of Fe7 intro- 
duced as a separated isotope (14). 

Another experiment which can be 
interpreted in terms of Eq. 1 concerns 
the recoil-free fraction for iron dis- 
solved in metallic indium, a fraction 
which was found to be almost inde- 
pendent of temperature (15). Ac- 
cording to Eq. 1, this finding implies 
that <X2> is also temperature inde- 
pendent, a condition which obtains 

trivially if the binding potential can be 
represented by a square well. Intuitively 
one finds this conclusion satisfactory, 
since an iron atom is smaller than an 
indium atom and fits into a substitu- 
tional site with room to spare. 

If the binding of the atom is notice- 
ably anisotropic, the mean square am- 
plitude of its motion will be different 
in different principal directions, result- 
ing in an anisotropic recoil-free frac- 
tion. While this effect could be best 
demonstrated with oriented single- 
crystal samples, Goldanskii and others 
have recently pointed out (16) that it 
does not disappear even in a randomly 
oriented polycrystalline specimen pro- 
vided the hyperfine structure is re- 
solved. 

This comes about from the 
fact that the various hyperfine com- 
ponents themselves have intensities 
which are a function of the direction of 
emission relative to the crystallographic 
axes, and therefore provide means of 
taking spatially weighted averages of 
the recoil-free fraction. 

In spite of the attractive simplicity of 
Eq. 1, it is often desirable to use the 
Debye approximation to determine the 
recoil-free fraction. This leads to the 
familiar Debye-Waller factor, which, 
however, is strictly applicable only to 
an atom in a monatomic lattice of 
identical atoms. It has been shown 
that an impurity atom acts as though 
the host lattice atoms had the same 
mass as the impurity, provided the 
binding forces between host lattice and 
impurity and between the host lattice 
atoms themselves are the same (17). 
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Fig. 5 (above). The theoretical spectrum of the 129-kev gamma 
ray of Ir"9 emitted by an atom in a solid at low temperature. 
The Mbssbauer spectrometer is sensitive only to the narrow, 
recoil-free line at zero energy shift. [W. M. Visscher, Ann. Phys. 
N.Y. 9, 194 (1960)] 

In more complicated solids-for exam- 
ple, molecular crystals-the presence of 
optical as well as acoustic modes com- 
plicates matters considerably. In gen- 
eral, optical modes of high energy will 
have little effect on the recoil-free frac- 
tion (18). The low-temperature be- 
havior will almost inevitably be 
dominated by the acoustic modes. 

The Isomer Shift 

We have seen that the Mossbauer 
effect makes it possible to compare the 
nuclear transition energies in two ma- 
terials with high precision. At first 
thought this does not appear to be a 
particularly valuable accomplishment, 
because one tends to believe that nu- 
clear levels are fixed in position. This 
view overlooks the fact that the nucleus 
is surrounded and penetrated by elec- 
tronic charge with which it interacts 
electrostatically (19). The energy of 
interaction can be computed classically 
by considering a uniformly charged 
spherical nucleus imbedded in its s-elec- 
tron charge cloud. A change in the 
s-electron density such as might arise 
from a change in valence will result in 
a change in the coulombic interaction, 
which manifests itself as a shift of the 
nuclear levels (Fig. 6). This effect is 
properly considered a part of the elec- 
tric hyperfine structure and could be 
called the "electric monopole interac- 
tion," in analogy with the electric 

256 

quadrupole splitting. However, the 
term isomer shift (I.S.) has been almost 
uniformly adopted, because the effect 
depends on the difference in the nuclear 
radii of the ground (gd) and isomeric 
(is) states. The nonrelativistic expres- 
sion for the shift is (20) 

I.S. .=-Ze2 [ l1(o)I2 - l(o)l1 X 
5 abs source J 

[Ri. -Rgd] (2) 

where Z is the atomic number, e\I(O) 2 
is the electronic charge density at the 
nucleus, and R is the radius of the 
nucleus represented by a uniformly 
charged sphere (21). 

To the chemist the isomer shift is 
without doubt the most important 
parameter which can be derived from a 
Mossbauer spectrum. It yields infor- 
mation which is not available from 
other experiments-information which 
bears directly on the chemical binding. 
Since it measures the electronic charge 
density at the nucleus, it is directly 
sensitive to the s-electrons and indi- 
rectly sensitive to the other electrons 
which may be involved in chemical 
bonds. 

The effects of d-electrons or of 
electrons of other inner, unfilled shells, 
such as are found in the lanthanides 
and actinides, arise indirectly by way of 
the outer s-electrons. The wave func- 
tions of these s-electrons are sensitive to 
the filling of the inner shells because 

the electrons in the inner shells shield 
the nuclear charge and thus alter the 
Coulomb potential, which determines 
the wave function. Inner s-electrons 
are also affected because they spend a 
small fraction of their time outside the 
3d-electron charge cloud. 

The isomer-shift systematics have 
been observed for a large number of 
isotopes, including Fe5T (22), Snf, 
(23), p129 (24), Eu15' (25), and Au'57 
(26). The most extensive chemical in- 
vestigations have been concerned with 
iron and tin compounds. In both cases 
a change in valance-that is, of Fe++ to 
Fe3+ or of Sn++ to Sn4+-has a dramatic 
effect on the isomer shift, and this 
finding was the first conclusive indica- 
tion that the shift would be a useful 
chemical tool. In the case of Sn4+ it 
has been shown that the electronegati- 
vity of the halides and other compounds 
is linearly related to the isomer shift 
(27). Tin-organic compounds have also 
been widely studied (13, 28). 

The isomer shift has also given valu- 
able information on bonding in iron- 
organic compounds (29), especially in 
r-bonded systems-for example, cyclo- 

pentadienyl-iron and cyclo-octatetraene- 
iron compounds. In zero-oxidation- 
state compounds of iron it has been 
possible to assign additive partial isomer 
shifts to ligands such as NO, terminal 
CO, bridging CO, P(CHI5)3, and 
P[N(CH3)213, among others. The bond- 
ing in covalent complexes has recently 
received attention (12, 30). 
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Electric Hyperfine Splitting 

The line widths of many isotopes 
suitable for M6ssbauer effect experi- 
ments are sufficiently small to make it 

possible to resolve the hyperfine split- 
ting of nuclear levels. 

The nuclear electric quadrupole split- 
ting results from the interaction of the 

nuclear quadrupole moment with the 

gradient of the electric field due to ex- 

tranuclear charge (Fig. 7). The split- 
ting has been of primary concern to 
the nuclear physicist because ground- 

state and excited-state quadrupole mo- 
ments are of great value in testing the 

predictions of nuclear models. How- 

ever, to deduce the moment from the 

splitting, the electric field gradient 
(EFG) must be known. This calls for 
a detailed examination of the sources 
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Fig. 6 (left above). Isomer shift. The effect of the electric 
monopole interaction is to shift nuclear levels without separating 
the magnetic sublevels. The shifts are very small as compared 
to the total energy of the gamma ray, 10-12 Ey. 

Fig. 7 (top right). Quadrupole splitting. The interaction of the 
nuclear quadrupole moment, Q, with the gradient of the electric 
field, eq, is illustrated for nuclear ground-state spin l,d =1/2 
and for isomeric-state spin Lis - 3/2; the diagrams are appli- 
cable to Fe', Sn119, and Tm169, among other isotopes. For the 
ground state, or any state with I = 1/2, Q is inherently zero. 
An example of a pure quadrupole M6ssbauer absorption spec- 
trum is shown at bottom. 

Fig. 8 (bottom right). Magnetic hyperfine splitting for Iga 1/2, 
I, = 3/2. As a result of the selection rule, Am = 0 -+- 1, only 
six of the possible eight lines are observed. The graph at 
bottom shows the Fe' hyperfine splitting of FeF3, which cor- 
responds to a field of 620,000 oersteds. 
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of the EFG, a problem of solid-state 
physics. 

The two fundamental sources 
are the charges on distant ions and the 
electrons in incompletely filled shells of 
the atom itself. Distant ions contribute, 
provided their symmetry is lower than 
cubic. If the crystal structure is known 
to a high degree of precision, and if an 
ionic charge can be assigned to the 
lattice sites, then the value of the EFG 
at the atomic site can be obtained from 
a straightforward electrostatic calcula- 
tion. This is not, however, the EFG at 
the nuclear site. The latter is usually 
greatly modified by the atom's own 
electrons; their wave functions are dis- 
torted by interaction with the external 
EFG, and as a result they create an 
EFG of their own (31). Usually this 
serves to amplify the EFG attributable 
to the distant charges; this phenomenon 
is called antishielding, and the magni- 
tude of the effect can be calculated. 
The EFG due to the electrons in par- 
tially filled, nonspherical shells, when it 
is present, dominates that due to dis- 
tant charges. This field gradient is also 
influenced by shielding or antishielding 
of calculable magnitude. 

The quadrupole splitting due to 
atomic electrons is related to the con- 
cerns of the solid-state spectroscopists. 
The crystal-field states involved in opti- 
cal transitions are the ones responsible 
for EFG observed in the quadrupole 
splitting (32). As a result, the nuclear 
quadrupole moment may be determined 
with the help of optical spectroscopy, 
provided the corrections for antishield- 
ing can be properly introduced. This 
approach has recently been used in the 
case of Tm'69 in thulium ethyl sulfate 
(33) and has given results which are 
in good agreement with those obtained 
from an analysis of the splitting in the 
metal and in the intermetallic com- 
pound Fe2TM. Such splitting is dis- 
cussed later. 

A more prosaic use of the quadrupole 
splitting has been its use to help define 
molecular structure. Absence of split- 
ting is indicative of a cubic or near- 
cubic environment-for example, octa- 
hedral or tetrahedral. In Fe3(CO)12, 
the Mossbauer absorption spectrum in- 
dicates that one atom is in a nearly 
cubic environment and that two are in 
noncubic surroundings. This implica- 
tion favors the linear (CO)3Fe(CO)3 
Fe(CO)3Fe(CO)3 structure, in which 
the central atom is octahedrally sur- 
rounded by bridging carbonyls (34). 
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Magnetic Hyperfine Splitting 

Some of the most rewarding applica- 
tions of the Mbssbauer effect have been 
made in studies of magnetism. This is 
due both to the existence of the isotope 
Fe57 and to the large number of suit- 
able rare-earth isotopes (Fig. 8). The 
ease with which Fe57 experiments can 
be made has led to a rapid filling-in of 
the essential picture of the magnetic hy- 
perfine splittings in ionic compounds, 
but our understanding of metals and al- 
loys remains rudimentary (35). Per- 
haps the most important finding here is 
the recent discovery that the effects of 
near-neighbor impurity atoms in dilute 

ferromagnetic alloys can be resolved 
(36). It has made possible a detailed 
investigation into the ferromagnetic ex- 
change interaction in iron (37) and 
may lead to a better understanding of 
ferromagnetism itself. 

The magnetic properties of iron im- 
purities in d-group transition metals are 
of fundamental importance to a better 
understanding of both magnetism and 
superconductivity (38). In the case of 
the dilute ferromagnetic cobalt-palla- 
dium and iron-palladium alloys, where 
atomic moments as large as 12 Bohr 
magnetons have been found by means 
of susceptibility measurements, the 
Mossbauer effect has shown that the 
electronic structure of the Fe remains 
similar to that of the pure metallic 
form (39). In dilute paramagnetic al- 
loys the moment associated with the 
iron atoms may be examined by apply- 
ing external fields of approximately 50,- 
000 oersteds, by means of Bitter sole- 
noids or of superconducting magnets 
(40). 

In the case of the rare-earth isotopes, 
the most interesting information has 
been obtained from the study of two 
classes of compounds: (i) the rare- 
earth iron garnets (41) and (ii) the 
cubic Laves phase compounds of rare 
earth and iron (42). The intermetallic 
compounds are ferrimagnetic and have 
a simple magnetic behavior which con- 
trasts with that of the rare-earth metals 
themselves (43). The simplicity is due 
to the weak crystal-field splitting and 
the weak exchange coupling of the rare- 
earth ions. The magnetic behavior of 
the iron is almost entirely independent 
of the behavior of the rare earth, which 
acts almost like paramagnetic ions 

aligned by a static magnetic field pro- 
vided by the iron sublattice. 

In these intermetallic compounds the 

temperature dependence of the magnet- 
ization of both sublattices can be ex- 
amined by means of the M6ssbauer 
effect; such examination provides a 
more detailed picture of the magnetic 
behavior than can be obtained from 
magnetization measurements (44). 

Other Recent Developments 

The discovery of noble gas com- 
pounds was rapidly followed up with 
Mossbauer investigations of a variety of 
Xe129 compounds (45). The Mossbauer 
effect in clathrates of Kr83 had been pre- 
viously reported (46). The isomer 
shift may be expected to make a signi- 
ficant contribution to the understanding 
of the bonding in these materials. 

The spectra obtained from gamma 
rays emitted after the electron-capture 
decay of Co57 in dielectric environments 
have been variously interpreted. In a 
number of cases complex spectra have 
been attributed to the production of 
both Fe++ and Fe3+ as the result of an 
Auger effect (47) following the decay 
of the parent isotope. In other systems 
no evidence for this effect has been ob- 
tained; rather, it has been shown that a 
variety of spectra result from the asso- 
ciation of impurity atoms with vacan- 
cies (48). It is likely that both effects 
do in fact occur, and that one or the 
other may dominate, depending on the 
nature of the host lattice and perhaps 
even on the method of preparation. 

Conclusion 

The Mossbauer effect is rapidly be- 
coming an accepted spectroscopic tool. 
Initially it was almost entirely the pro- 
vince of nuclear physicists, perhaps be- 
cause of their greater familiarity with 
the techniques which are required. It 
soon became apparent, however, that 
interpretation of the data usually re- 
quires considerable knowledge of chem- 
istry and of solid-state physics. Now 
the tables have been turned and we 
find chemists and solid-state physicists 
acquiring the requisite knowledge of 
nuclear physics to perform resonant 
scattering experiments. 
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