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Coherent nuclear resonant scattering of X-rays.
Time and space picture

Yuri V. Shvyd ko

I1. Institut fur Experimental physik, Universitéat Hamburg, D-22761 Hamburg, Germany
E-mail: yuri.shvydko@desy.de

The problem of coherent resonant scattering of X-rays by an ensemble of nuclel is
solved directly in time and space. In a first step the problem with a single coherently
scattered beam is considered — nuclear forward scattering. The wave eguation describing
the propagation of the radiation through the nuclear ensemble is derived. It is afirst order
integro-differential equation. Its kernel is a double time function K (t,£) which represents
the coherent single scattering response of the nuclear system at time ¢ to excitation at .
The kernel is defined by the character of the interactions the nuclei experience with the
environment and by the character of their motion. A general procedure of solution of the
wave equation is introduced which is independent of the type of kernel. In a second step
the wave equation is generalized to the case of many coherently scattered beams, which
is, e.g., the case of nuclear Bragg diffraction. Kernels of the wave equations are derived
for some particular cases. collective motion of nuclei in space, thermal lattice vibrations,
time-independent hyperfine interactions, and time-dependent hyperfine interactions due to
external magnetic-field switching.
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1. Introduction

Presentation in the frequency domain has usualy been used to describe nuclear
resonance scattering phenomena. This had natural reasons, since the main experimental
technique in use, the Mosshauer spectroscopy, allowed one to measure frequency
dependencies of nuclear resonant absorption, emission, or scattering.

In 1986 nuclear resonant spectroscopy in the time domain, which uses pulsed
synchrotron radiation as a source, was introduced by Gerdau et a. [1]. This exper-
imental technique has been intensively developed since that time. It is a technique
complementary to Mdssbauer spectroscopy providing equal, additiona or even unique
information (for areview see, e.g., [2,3] and articles in this book). Time spectra of the
coherent response of nuclear systems to the excitation with synchrotron radiation pulses
are measured in cases of nuclear forward scattering (NFS), nuclear Bragg scattering
(NBS), grazing incidence, nuclear small angle scattering, etc.

Time spectra of NFS and NBS of synchrotron radiation were first considered the-
oretically by Kagan et a. [4]. Fourier transformation of the frequency dependences of
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the transmission and reflection amplitudes, which had been obtained earlier in [5-8],
were used to calculate the time spectra of NFS and NBS. Important features which arise
in thick samples — speed-up of the nuclear decay and dynamic beats — were considered.
Trammell and Hannon [9] pointed for the first time to an important effect which arises
in samples possessing multiple nuclear resonances — quantum beats. Numerous subse-
quent theoretical papers [10-15] have used Fourier transformation from the frequency
to the time domain to consider different scattering geometries and different cases of
interactions of nuclei with their environment.

The Fourier transformation technique can be used to calculate the time spectra
provided the frequency spectra of transmission or (and) reflection are known for the
given sample. However, this is not always the case. One approach, which does not
require initial knowledge of the frequency spectra, is based on the solution of the scat-
tering problems directly in time and space. The methods of direct calculations in time
and space arose originaly with the need to describe experiments of nuclear resonance
scattering with time-dependent external perturbations of hyperfine interactions [16,17]
and nuclear motion [18-20]. This approach was later also used to handle NFS problems
in case of time-independent hyperfine interactions [21].

In [22] the technique of evaluation of the NFS time spectra directly in time
and space was generdized to nuclear systems experiencing any type of hyperfine
interactions and any character of spatial motion. In the present paper this approach
is generalized one step further with the purpose of handling problems with several
coherently scattered beams as they take place, e.g., in the case of Bragg diffraction.

In the first part of the paper (section 2) the scattering problem of a single co-
herently scattered beam is considered: nuclear forward scattering. A wave equation
is derived for the propagation of X-rays directly in time and space through a ho-
mogeneous nuclear resonant medium: sections 2.1, 2.4. The equation is a first order
integro-differential wave equation. Its kernel is the double-time nuclear self-correlation
function K (¢, ) defined by the type of interactions the nuclei experience with the en-
vironment and their spatial motion: section 2.3. K(¢,t) describes the coherent single
scattering response in the forward direction of the nuclear system at time ¢ to an exci-
tation at £. A procedure for solving the wave equation is discussed that is independent
of the type of the kerndl: section 2.5.

In the next part of the paper (section 3) the wave equation is generalized to the
case of several coherently scattered beams, which is, e.g., the case of nuclear Bragg
scattering. The kernel of the set of multiple beam wave equations is the double-time
self-correlation function of the nuclear ensemble K, (¢, t), which bears very similar
physica information as in the case of NFS: it is a coherent single scattering response
of the nuclear system at time ¢ to the excitation at . However, it additionally acquires
an explicit double-momentum dependence due to different wave vectors of the incident
k; and scattered k,,, beams. The solution of the set of equations in a single scattering
approximation is discussed: section 3.3.

Examples of the nuclear self-correlation functions — the kernels of the wave
equations — are given in the following particular cases. collective motion of the nu-
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clear ensemble in space: section 4.1.1; thermal lattice vibrations. section 4.1.2; time-
independent hyperfine interactions: section 4.2; time-dependent hyperfine interactions
due to external magnetic field switching: section 4.3.

2. Nuclear forward scattering
2.1. Formulation of the problem

In this section we will consider the nuclear resonant scattering problem with
single coherently scattered X-ray beam: nuclear forward scattering (NFS). The nuclei
are supposed to be moving in space, or (and) located in an environment with hyperfine
interactions which in general may be time-dependent. The sample is assumed to be a
plate of thickness L. The reference system is attached to its entrance surface with the
z-axis directed perpendicular and inwards to the plate. The purpose of this section is
to derive directly in time and space the wave equation of propagation of radiation in
such media and to develop a procedure for its solution.

The electric component e(r, t) of the radiation field propagating in the resonant
medium is calculated by using Maxwell’s wave equation

1 9?2 47 O .
2o~ 2o’
with 4(»r, t) the macroscopic current density induced by the radiation in the system of
resonant nuclel. The incident radiation is represented as a plane wave modulated in
time:

Ve — graddive — (2.1)

ein(r,t) = E(t)dkr—50 (2.2)

with carrier frequency & and wave vector k (k = &/c). The carrier frequency is
assumed to be close to the nuclear resonance frequency Eo/#h.

The solution of eg. (2.1) for the field propagating in the sample in the primary
beam direction is sought for in the form

e(r,t) = E(z, t)dkr—o0 (2.3)

with an envelope E(z, t) varying slowly in time and space compared with the exponent.
The envelope only contains the spatial coordinate z, since refraction and absorption in
the sample occur along the normal to the sample surface, i.e., along z. The induced
current density sought for is of the same form:

i(r,t) = I(z,t)dkr—o0 (2.4)

The presentation by egs. (2.3), (2.4) is known as the slowly varying envelope approx-
imation. In this case the second order Maxwell wave equation (2.1) reduces to a set
of first order differential equations for the envelopes E(z,t) and I(z,1):

V%E(z, t) = fZ%I(z, t) (2.5
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with v = k. /k. By using (2.2) and (2.3) the boundary conditions for eg. (2.5) read as
follows:

E@,t) = £(1). (2.6)

Wave equations for the slowly varying envelopes of the radiation field and induced
current density were first introduced in optics (see, e.g., [23]) and in X-ray diffraction
in crystals [24]. Recently it was also used in the analysis of nuclear resonant scattering
problems [16,18,19,22].

The time spectrum of nuclear forward scattering is the time dependence of the
radiation intensity emerging from the sample in the primary beam direction:

S@) o |E(L, D)7 =Y B (L)% 2.7)

Here, the superscript s corresponds to any of two orthogonal polarization components
of the radiation, given by the polarization vectors e®.

2.2. Current density of the nuclear ensemble

In each particular case the right hand side of eq. (2.5), i.e., the current density
induced by the radiation in the ensemble of resonant nuclei, should be specified. The
current density of the ensemble is the sum of the current densities i, (r — r,(t), t) of
individual nuclei humbered here by . The position vector r,(t) = R, + u(t) of the
nucleus « is presented as a sum of its equilibrium position R, and its displacement
u(t) from the equilibrium due to either thermal lattice vibrations, or (and) vibrations
induced by an external force, etc. For convenience of further calculations the presen-
tation of the nuclear current density in terms of momentum k is used: i.(k,t). The
coherent current density of the nuclear ensemble is then given by

i(rt) =) / (sz"’F@a(k,t)éWw)y (2.8)

The broken brackets (-) in eqg. (2.8) mean astatistical average over theinitial state of the
crystal, assuming its thermal equilibrium, and also averaging over all other stochastic
degrees of freedom. The coherent part of the current density of an individual nucleus «
is calculated by using its density matrix:

ia(k,t) = Tr{j(k)pa(t)}. (2.9)

Here, p.(t) is the density matrix operator of the nucleus, which is defined by the
Liouville-von Neumann equation

9pa(t) _

in= = [Ha(t) + HI(t), palt)]. (2.10)
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ﬁa(t) in eg. (2.10) is the Hamiltonian of a nucleus o with the following components:

Mo
2
E) isthe energy inthe ground (A = g) or in the excited (A = €) state defined by internal
nuclear interactions. Each nucleus is also characterized by the energy Eo = Fe — Ey
of the nuclear transition e = g, by the full natura energy width g of the nuclear
excited state, Ey its spin J », magnetic moment w,, quadrupole moment (), etc. The
Hamiltonian H /T (¢) represents hyperfine interactions which, generally speaking, are
time-dependent. Its actual form will be specified later.

H (t) in (2.10) is the Hamiltonian representing the interaction of the nu-
cleus with the radiation field. It is given by the standard expression: ﬁg(t) =
—c Y drj(r — ro)A(r,t) [25] with A(r,t) the vector potential and with j(r — r,,)
here and _7 (k) in (2.9) the Schrodinger picture nuclear current density operator in the
real and reciprocal space, respectively. By using the Coulomb gauge with zero scalar
potential, the representation of the field e(r,t) by eq. (2.3) and applying the slowly
varying envelope approximation we obtain for the interaction Hamiltonian [16,18]

Ha(t) = Ex —i—26re + HI (2). (2.11)

HY(t) = 155 (—k) E(zq, t)d®re—50 (2.12)

We assume that the interaction (2.12) of the nuclel with the radiation field is wesk
compared to the other interactions given by (2.11). This alows us to use perturbation
theory and to obtain in second order (resonant scattering is a second-order scattering
process) the following expression for the current density (see [26]):

1_ (- t N
ia(k,t) = ﬁTr{ja(k,t)/_ [Hg(t),pa(—oo)]dt}. (2.13)

Here, the symbols with the accent ~ denote interaction picture operators defined ac-
cording to the rule

Aa(t) = U, —00)Aa(t)Un(t, —c0) (2.14)

with the evolution operator

.
Oo(tats) =T exp{lﬁ Ho(t) dt} (2.15)
t1

of anucleus « in the absence of the radiation field, and 7' the time-ordering operator.

The trace in (2.13) is calculated by using a full set of nuclear state vectors
|aey) which, in the present paper, are chosen as eigenstate vectors of the nuclear
Hamiltonian H,(—oc) of eq. (2.11) taken at t = —oo. It is assumed that ini-
tidly at t = —oo al the sub-levels in the ground state are populated equaly, i.e.,
(aglpa(—o0)|ag) = 1/(21g + 1), while those in the excited state are not populated at
al, i.e, (ae|pa(—o0)|ae) = 0. It is aso taken into account that only matrix elements
of the operator 7 between the ground and excited nuclear states have significant values,
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After transformations we obtain the following general expression for the s-polarization
component of the current density of an individual nucleus:

1 t = ~ - = -~ L ~7y o~
-5 _ ] -3 o 3 (kro—wt)
io(k,t) = 7=—— HETAEY > Njagae(k,t)/_ooyae%( k,1)E®(24,1)€ dt.
Qg,0e,S

(2.16)
The two matrix elements j3 .. (k,?) and jf;eag(—lé,f) in (2.16) represent two stages
of the nuclear resonance scattering process via one of the possible nuclear transitions
(ag| < |ae). The matrix element jieag(—k,f) describes excitation of the nucleus at
time instant ¢ with absorption of the radiation field in the polarization state s and
with the wave vector k, while j;gae(k,t) describes de-excitation of the nucleus at
time instant ¢ with emission of the radiation in the polarization state s and with wave
vector k. The matrix elements jggae(k,t) and jgeag(—k,f) are calculated according
to (2.14), (2.15), in particular

Jagaelkrt) = D> Ust (8, —00)jE (k) Useae(t, —00). (2.17)
dg,de
For the calculation of the nuclear current density matrix elements jggae(ll-) we refer to
text books [25,27] and papers [8,12,28,29].
Inserting (2.16) into (2.8) we obtain the following expression for the s-component
of the coherent current density induced in the nuclear ensemble:

. ~ -4 t - ~ - ~ -
i(r,t) = d—ké(kr—wt)Zé(k—k)Ra / F35 (K, k,t,1) E¥ (2q,1) di, (2.18)

(2r)? _eo
where F55(k, k, t,1) is defined as

- - fikua(t)eifcua(f)
fo(2lg + 1) (e )

x @D N (e gnuks Dibng (RiT)). (219)

Qg,0e

55 (ke ke, t,T)

It is clear from (2.18) as well as from (2.13), (2.16) that ¢ < ¢, which has the evident
meaning that the time of excitation ¢ aways precedes the time of de-excitation ¢.

2.3. Sdf-correlation function

Let us combine into groups the terms in the sum > of (2.18) with the same
values of F*%(k, k,t,t). These groups we will tag by index 3. Physically this proce-
dure means that we combine into groups resonant nuclei « with the same interactions
with the environment and the same spatial motion. Groups of nuclel in equivalent
sites of the crystal unit cell, or nuclei experiencing the same type of fluctuations of
their atomic spins, etc., are examples of such groups. Thus, in the sum over the whole
nuclear ensemble in eq. (2.18) we single out the sums >/, over al nuclel within each
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group (. We assume that the number of nuclel within each group is macroscopic and
make use of the relation

> 'expli(k — k) Ra) = (27)*Nowsé (k — k), (2.20)

«

where Ny is the number of all resonant nuclei per unit volume and wg the relative
weight of group 8. We aso assume that the sample is homogeneous in the (x,y)
plane so that no effects of nuclear resonant small-angle scattering occur [30]. As a
result we finaly obtain the expression for the coherent part of the macroscopic nuclear
current density. It has the form of eq. (2.4) with the s-component of the envelope of
the macroscopic nuclear current density given by

Nol
I°(z,t) = ZCWUR 0 0/ ZKSS (t.7) E(2,7) df. (2.21)

The double-time function K*3(t,t) is the self-correlation function of the nuclear en-
semble, which is defined as

K*5(t,1) ZL (t,7)Mg(t,7), (2.22)

L%S(t’t) :eIW(t t)Xﬁ Z jﬁgﬁe(ié’t)jéeﬁg(ik’g)% (223)
Bg,Be

Mg (t,7) = (e Fusghus®)y (2.24)

4k

Xp= ot 2.25
o= 2L+ 1yr, " (2.25)

The factor

— 1. _feT- v 2.2
RTT2 220,11 Ty (2:26)

in (2.21) is the cross-section of the nuclear resonance absorption. I, in (2.25) is the
full radiative width of the nuclear transition e = g.
The function L (¢, ¢) in (2.23) can be presented in an aternative way:

Ly (t.1) = ¢ t’Xﬁﬁ; 3*(R)Us(6.1)] 55,0355, (—K)- - (227)
g:0e

For this we have used egs. (2.17) and the composition law U (ta, t1) = U (t3, tZ)U (t2,t1)
valid for the evolution operators [31].
The self-correlation function K*5(t,t) has the property

K33(t,t) = 6%, (2.28)
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which can be easily verified by taking into account that according to (2.24) Mg(t, t) =
1 independent of how the nuclei are moving, that according to (2.15) Us(t,t) = 1
independent of the type of hyperfine interactions, and by the relation

s (iva 3 T2+ 1
IOV ISR 229)
Bg.Be

The latter can be proved by using the optical theorem.

The function Mg(t, t) in egs. (2.22), (2.24) represents spatial motion of the nuclel
belonging to a group &, while Lss(t t) in egs. (2.22), (2.23) represents nuclear spin
motion and other internal nuclear degre% of freedom. The function Mp(t, %) is akind
of a self-correlation function introduced by Van Hove [32] in connection with neutron
scattering. It was later used by Singwi and Sjolander [33] to build the theory of
resonance absorption of nuclear ~-rays for an arbitrary system of interacting particles.

The function L3 (t, ) is similar to the self-correlation function used by Afanas ev
and Kagan [34] and Blume and Tjon [35] to evaluate the Mdsshbauer line shape in the
presence of time-dependent hyperfine fields.

The self-correlation functions typically used had a (¢—t) dependence. The function
defined by egs. (2.22)—«2.24) contains both time variables separated. As shown in
section 2.6.4 the self-correlation functions K (¢, t) which are reduced to /C(t—t) describe
coherent elastic scattering, while the self-correlation function K (t,t) with separated
time variables describes coherent inelastic scattering.

Elastic scattering occurs under the conditions of time-independent hyperfine in-
teractions, as discussed in section 4.2. It may also occur under the conditions of
time-dependent hyperfine interactions or if the positions of nuclei in space are chang-
ing in time. However, this happens only if these variations in time are stochastic, i.e.,
in no way correlate with the instant of photon absorption ¢ or emission ¢. Averaging
over these stochastic variations results in a (¢ — £) dependence of the self-correlation
function. Thermal vibrations of nuclei in space (section 4.1.2) is such an example.

Nonstochastic variations in time usually cause inelastic scattering. It occurs if,
e.g., collective synchronized motion of nuclei in space takes place (section 4.1.1), or
synchronized time-dependent hyperfine interactions are induced (section 4.3).

2.4. NFSwave eguation

By using egs. (2.5), (2.21) we obtain the wave equation for propagation of X-rays
in the nuclear resonant medium:

oE* , T T oz } . ) i
% N /OOZK (r. 7) E° (&, 7) oF. (2.30)

Here dimensionless space and time variables
1 z tho

= —orNo— = — 231
§ = 20R o T (2.31)
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are used. The dimensionless space variable ¢ scales with the so-called effective reso-
nance thickness Tr = orNoL. The boundary condition of the wave equation (2.30) is

given by (2.6).
The wave eguation (2.30) can also be represented in short as follows:
OE(ET) A o, -
o = D(T,T)E(ﬁ,T), (2.32)
D(r.7) = / R(r.7) dr. (2.33)

Equation (2.32) is formally similar to the Schrodinger equation. For this one
has to imagine that £ plays the role of the time variable in the Schrodinger equation
and —iD plays the role of the “time’- (i.e., &-independent) Hamiltonian. Different
techniques of solving the Schrodinger equation exist. To solve (2.32) we use a method
similar to that of quantum-mechanical perturbation theory.

2.5. General solution of the NFS wave equation

The general solution of the wave equation (2.30) can be given as a power series
of &:

E¢ =) (;—f)pE(p)(T). (2.34)
p=0 =

The first term E©(7) is taken to be independent of the space variable ¢ and defined
by the boundary condition

EQ@) = £(). (2.35)

The other terms, E®)(r), can be obtained after substitution of eq. (2.34) into eq. (2.32).
This results in the recursion relation

E®(r) = D(r,7) EP~Y(7) (2.36)

with the help of which and of egs. (2.33), (2.35) al the amplitudes E®)(7) in eq. (2.34)
can be calculated. The E®(r) will be referred to as multiple scattering amplitudes of
order p.

By using egs. (2.34)—<2.36) the solution of the wave equation can also be repre-
sented in the following compact form:

E(,7) = exp[—¢D(7,7) ] E(7). (2.37)

It is remarkable that the solution of the wave equation, given by egs. (2.34)—(2.36),
is genera and independent of the explicit form of the nuclear interactions, which are
hidden in the kernel K*5(r, 7). Equations (2.34)—(2.36) may be used conveniently for
numerical calculations of the NFS time spectra. The kernel K%5(r, 7) is calculated once
by using egs. (2.22)—«2.27). Then, to calculate the time response given by (2.34), one



284 Yu.V. Shvyd' ko / Coherent nuclear resonant scattering of X-rays 111-1.3

applies the general procedure based on the recursion relations (2.36). Such a procedure
was implemented in the program MOTIF [36].
In a few particular cases one can obtain analytical solutions.

2.6. Particular solutions of the NFS wave equation

2.6.1. Sngle scattering approximation

One such case is the single scattering approximation, which is valid for thin
samples or for short time intervals. Even though the solution in this approximation
may not be exact for area sample, nevertheless it gives a good basis for the analysis
of physical problems.

The single scattering approximation is obtained by retaining only the zeroth and
first terms (p = 0,1) in the general solution (2.34). By using egs. (2.33)—(2.36) the
radiation field in this approximation reads

B 1) =E%(1)—¢ / ' Zng(T,%)Eg(%) dr. (2.39)

If the incident radiation pulse is very short and can be approximated by
E(r) = eE68(7), (2.39)

which corresponds to the conditions of experiments with pulsed synchrotron radiation,
then eq. (2.38) simplifies to

E3(€,7) = 6(7)6°° — ¢ K97, 0). (2.40)

Here, 6(7) is the é-function, 6*° is the Kronecker symbol, and €° is the polariza-
tion vector of the incident radiation. We assume in eg. (2.40) and everywhere in the
following that £ = 1.

The nuclear response is given by the second term of eq. (2.40). The single scat-
tering solution (2.40) provides a clear physical interpretation of the kernel K*5(r, 7).
The kernel gives the coherent single scattering response in the forward direction of the
nuclear system at time r to the excitation at 7. The superscripts § and s represent the
states of polarization of the incoming and scattered radiation.

2.6.2. Immediate response

At t = 0+ (i.e, immediately after the excitation) the solution (2.40) in the single
scattering approximation is exactly valid. It is valid exactly for a nuclear ensemble
experiencing any spatial motion and any hyperfine interactions. It is also valid for
samples of any thickness. It is valid exactly, since no multiple scattering is possible
within such a short time. Let us calculate this immediate response.

By using egs. (2.40), (2.28) and (2.31) we obtain for the response in the forward
direction immediately after excitation

B orNoL

s0
P (2.41)

B*(6,04) = —€ =
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The immediate response of the nuclear system to instantaneous excitation given by
€g. (2.41) isindependent of the character of nuclear motions and hyperfine interactions.
It is also independent of whether the nuclei belong to atomsin asolid, or in aliquid, or
in agas. This fact has important consegquences for the possibility of studying nuclear
motion, which is discussed in [22] and in section 4.1.2.

2.6.3. Sngle resonance

An exact anaytical solution is also obtainable in the case of a single nuclear
resonance. A single resonance occurs, e.g., in the absence of hyperfine interactions:
H 5= 0. In this case the evolution operator (2.15) is a c-value:

Us(t,7) = exp[ﬁ (E,\ r2°5A,9> (t E)],

independent of the group number 3. For simplicity we assume that the motional part
Mpg(t,t) = 1. By using these facts together with egs. (2.22)«2.27) we obtain that the
single resonance correlation function is elastic: K*5(r,7) = K*5(r — 7), and given by

K53 (1) = 6%54(r), (2.42)

where

W(r) = exp [i <h°" Fo | '—>T] o(r), (2.43)
Mo 2
and 6(7) is the unit step function, nonzero if = > 0.

There is no polarization mixing or polarization dependence under these condi-
tions. Therefore, we omit the polarization index. We assume again that the incident
radiation pulse is very short and can be represented by (2.39). As a result, by using
egs. (2.33)«2.36) and the sdlf-correlation function (2.42) all multiple scattering ampli-
tudes can be calculated: E®)(¢,7) = (r)P7P~1/(p — 1)! and the analytical solution
for the nuclear response to the prompt excitation is readily obtained:

Be 1) =5(r) - w(ﬂsz(pf?),p, (2.44)
—b(r) — BT, (249

The solution (2.45) is in agreement with the result obtained earlier in [4] by using
Fourier transformation of the frequency-dependent transmission amplitude through the
single resonance absorber. It is aso in agreement with the solution obtained for
the problem of the radiation pulse propagation in a single resonance optical medium
[37,38].

The terms in the sum of (2.44) are the multiple scattering amplitudes of order p.
If the condition {7 < 1 is fulfilled (i.e., the sample is thin enough and the time of
observation 7 is not too far from the excitation time = = 0) the solution (2.44) can
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be redtricted to the term with p = 1. This actualy represents the single scattering
approximation discussed in section 2.6.1. Under these conditions the time response
is simply proportiona to £i(7) and has the usual de-excitation factor exp(—Iot/2)
characteristic for the natural decay of an isolated nucleus.

If the sample is not thin (¢ > 1) or the instant of observation 7 is far from
7 = 0, then other terms in the sum of (2.44), which represent multiple scattering,
start to play a significant role. As a result, according to (2.45), the response acquires
the modulation Ji(2\/£7)/+/€7 which dters the natura decay by additional damping
and oscillations. The latter are often referred to as dynamical beats, which were
observed both in experiments with radioactive sources [16,39,40] and with synchrotron
radiation [41]. Thefaster damping is often referred to as coherent speed-up of the decay
in NFS [4,40,42,43].

How many scattering events in a sample with thickness parameter ¢ does a
photon arriving in the detector at time 7 experience? In other words, how many terms
in the sum of (2.44) are significant for the given values of ¢ and 7? To estimate
this value, which we denote as p¢,, let us assume that p., > 1 and use Stirling's
formula p! = /2rpPT0%eP for factorials in the denominator of (2.44). Under these
assumptions the terms in the sum of (2.44) can be approximated by (¢7€?/p?)P~1/+/ 2.
Thus, the required number of scattering events can be estimated to be pe, > ey/&T.

By using solution (2.45) and the wave equation (2.5) one can aso obtain the
following expression for the coherent nuclear current density induced in the sample
by the instantaneous radiation pulse (2.39):

Cc

I67) = o

NoorJ (2v/€7 ) Y(7). (2.46)
It shows that directly after the excitation at 7 = 0 there exists a homogeneous dis-
tribution of the nuclear currents over the whole sample: 1(£,0+) = const. Later the
nuclear currents acquire an inhomogeneous spatia distribution which varies with time.
According to eg. (2.5) the nuclear ensemble radiates in the forward direction a field
E(L,7) = —(2r/cy) fOL I(z,7)dz. At those instants, when the net coherent current

density foL I(z,7)dz = 0, i.e.,, when the currents interfere destructively, the nuclei do
not radiate coherently in a forward direction. These instants correspond to the minima
of the dynamical beats.

2.6.4. Particular solutions in the frequency domain

An dternative solution procedure to that given by egs. (2.34)—(2.36) is to trans-
form the wave equation (2.32) into the frequency domain, to solve it there, and then
to Fourier transform the solution back into the time domain. The transformation of
the wave equation into the frequency domain results in

OE(E, odE L
8(2 ) _ —/ —K(22)B(.2), (2.47)

—00
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where
K(e,8) = / / d57e 7 K (7, 7) dr dF. (2.48)

The set of egs. (2.47) describes, generaly spesking, the inelastic coherent forward
scattering with the matrix operator K (g, £) representing the scattering of the radiation
from the state with frequency w + £lMp/h to another state with frequency w + lMg/A.
Only for some special types of kernels K (e, £) it is possible to obtain the solution
of (2.47) (see, eg., [18] where the coherent inelastic scattering from vibrated nuclei
was considered) but not in the general case. There is, however, arather large subset of
problems for which one can obtain a general solution, namely for the elastic nuclear
forward scattering when

K (,8) = K(e)2r6 (e — ). (2.49)
In the time domain this corresponds to the relation
K(1,7) =K(r - 7), (2.50)

which is verified by substituting (2.50) into (2.48). In this case the integral in eg. (2.47)
vanishes and the integro-differential equation reduces to the linear differential equation

aEa(g,s) — _KE)E(E, ), (2.51)
the solution of which can be obtained in genera form (see, e.g., [8,44]):
E(¢ ) = exp[ €K ()] Ee), (2.52)

with £(¢) the frequency spectrum of the incident radiation. The time dependence of
NFS is obtained by reverse Fourier transformation [4,12-15].

3. Nuclear Bragg diffraction

In Bragg diffraction several coherently scattered beams arise. The method of
evaluation of the time spectra of nuclear resonance scattering with a single coherent
beam, presented in the previous sections, will now be generalized to the case of several
coherently scattered beams.

As in the case of NFS the problem is solved by using Maxwell’s wave equa-
tion (2.1). The incident beam is given as before by eq. (2.2). Our sample now is a
single crystal plate, containing resonant nuclei. Taking into account the periodicity of
the crystal lattice we represent the radiation field inside the crystal as a Bloch wave

e(r,t) =Y Ep(z t)dFnm=50, (3.1)

which is a sum of plane wave components with wave vectors k,,, = ko + h,,,. Here,
ko = k is the wave vector of the incident radiation asin section 2.1. The sumin (3.1)
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includes al reciprocal lattice vectors h,,, of the crystal. Inframes of the linear response
the induced current density is aso a Bloch wave:

i(r,t) =Y Iz, t)d®mm=o0, (3.2)

Equations (3.1)—«3.2) are generalization of egs. (2.3), (2.4) to the multiple beam case.
For the same reasons asin section 2.1 we assumethat E,,(z,t) and I,,,(z,t) vary slowly
compared to the fast exponential functions (slowly varying envelope approximation).
In this approximation the second order Maxwell wave equation (2.1) reduces to a set
of first order differential equations for E,,(z,t) and I,,(z,t):

K 2
o i VB ety = — 250, 0), (3.3)
0z 2 c
where
k2 — k2 k
Ay, = —2= , = —Z 34
2 gl 3 (34)

with k,,,, the z component of k,,.

A set of equations of this type was introduced by Takagi [24] to handle problems
of X-ray diffraction in spatially inhomogeneous crystals. It was also introduced in [19]
to treat time-dependent nuclear diffraction problems.

The number of equations in (3.3) is equa to the number of amplitudes E,, to
be considered. The latter is determined by the number of parameters a,, with values
close to zero. In other words, it is equal to the number of reciprocal lattice points
which lie near the Ewald sphere (|k,,| ~ k) and obey the Bragg law.

3.1. Nuclear current density

The components of the induced nuclear current density I,,,(z,t) are evaluated in a
very similar way asin section 2.2. One has only to bear in mind two additional points.
Firstly, the radiation field in the crystal is now given by a sum of plane waves (3.1)
instead of the single plane wave (2.3), which modifies, e.g., the expression for the
interaction Hamiltonian (2.12). The sum of the plane waves should be taken there.
Secondly, the sum of (2.20) is now proportional to Z;L 6(k~ — k) rather than to
8(k — k). Taking these facts into account we arrive at the following expressions
for the components of the induced nuclear current density in the crystal (cf. similar
expression (2.21) for the case of a single coherent beam):

5 (2 1) = i“RN"ro / ZKSS (1) ES (2,1) df. (35)
2m ~



111-1.3 Yu.V. Shvyd' ko / Coherent nuclear resonant scattering of X-rays 289

The double-time function K 53~(t t) is the sdlf-correlation function of the nuclear
ensemble, which is now defi ned as

Ko Zme(ﬁ) (t:8) Mg (t: ), (3.6)

sy (t:7) =é“(t X5 D (gm0, (ki F)), (3.7)
Gt

oyt ) = (& TemusOhmus®y (3:8)

The self-correlation function K**_(t,?) has the property
K35 (1) = 6%. (3.9)

The self-correlation function K*5_(¢,1) given by egs. (3.6)«3.8) is a generalization

of the self-correlation function K*°(t,¢) introduced in the case of nuclear forward
scattering egs. (2.22)—«2.27). The correlation function Kgfﬁ(t,f ) acquires an explicit

double-momentum dependence, specified by indices m and m, since now the wave
vectors of the incident k; and scattered k,,, waves have to be distinguished. If they

are equal, the function K% (¢,1) = K*%(t,1) of (2.22)«2.27) with k = k.

3.2. Multiple beam wave equation

By using (3.3), (3.5) the set of wave equations for the components of the radiation
field in the crystal can be written as

0 k _ ordV, N\ 4~
< my, +i 2am> E’(2,71)= R 0/ ZKSS (Z,T) dr. (3.10)

00~
m,$§

In the general case of multiple diffraction in a perfect crystal the boundary conditions
for the set of egs. (3.10) have the following form:

Eo(0,t)=E&() (forward beam),
E.0,t)=0 if v, >0 (Laue reflected beams), (3.11)
E,.(L,t)=0 if~, <0 (Bragg reflected beam).

The wave equations (3.10) together with the boundary conditions (3.11) allow us to
evaluate the time spectrum S, (t) o« | E,,(z,t)|? of any coherently scattered beam. The
genera case of multiple diffraction discussed here includes forward scattering (m = 0)
and two-beam diffraction (m = 0, 1) with one diffracted beam as particular cases. The
solution of the wave equation with one coherently scattered beam was discussed in
section 2.5. A procedure for the numerical solution of the wave equation (3.10) in the
case of two-beam diffraction was implemented in the program NERT [45].
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3.3. Solution in the single scattering approximation

In this paper we will confine ourselves to the analysis of the solution of the
multiple beam wave equation (3.10) in the single scattering approximation. By doing
thiswe will assume that the incident radiation pulseis very short, as given by eg. (2.39).
In the zeroth approximation we take E?,(z,7) = 6°96,,06(7). Inserting this into the
right-hand side of (3.10) we obtain the equation for the radiation field amplitudes in
the single scattering approximation:

a k s o URNO 80
<’ym£+|§am>Em(z,T)— 4 K o(r,0). (3.12)
Its solution is
.orNg ka,, )] 0
B2 (25 71) =i—= 1—exp| —im—2" ) | K o(r,0), 3.13
(1) =122 |1 e i 57,0 (313

where z* = 2 for the forward and Laue-reflected beams, and z* = L — 2z for the
Bragg-reflected beams. R
If the Bragg condition for the reciproca vector h,,, isfulfilled, i.e., a,, < 1/(Lk),
eg. (3.13) reduces to
ES(2*=L,7) = —"Ziv‘)L K%(r,0), (3.14)
which is valid both for transmitted, Laue- and Bragg-reflected beams.
The single scattering solutions in the form of (3.13), (3.14) provide a clear phys-

ica interpretation of the kernel Kjfﬁ(r,%): the kernel gives the coherent single scat-
tering response of the nuclear system in the direction k,,, a time ¢ to the excitation at

t with radiation of wave vector k. The superscripts § and s represent the states of
polarization of the incoming and scattered radiation.

4. Kernesin particular cases

In each particular case the nuclear self-correlation function (2.22)—«2.27) — the
kernel of the NFS wave equation (2.30) — should be calculated. For the rest the
evaluation procedure of the time spectrum of NFS is standard and given by egs. (2.7),
(2.34)—«2.36). Similar arguments are valid in case of multiple beam scattering, and
concern the self-correlation function K3 (¢, ) (3.6)«3.8), which is the kernel of the
multiple beam wave equation (3.10).

As was aready discussed, the self-correlation function K*5(¢,t) is a particular
case of K35_(t,t). The latter reduces to K*5(t,t), provided the wave vectors of the
incident and scattered waves are equd: k., = k5. Unless mentioned we shall further
discuss the self-correlation function in its genera form, given by (3.6)—3.8).

In sections 2.6.1 and 3.3 it was pointed out that the amplitude of the time spec-
trum in single scattering approximation is proportional to the self-correlation function.
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The self-correlation function thus shows important features of the corresponding time
spectrum without further solution of the multiple scattering wave equations (2.30)
or (3.10).

The explicit form of the self-correlation function is determined by the tragjec-
tory of motion wug(t) which enters (2.24), (3.8), and the evolution operator ﬁg (2.15)
which enters (2.27), (2.17), (3.7). The evolution operator in turn is specified by the
Hamiltonian 4(t) (2.11) and essentially by the type of hyperfine interactions 7 (¢).

In this section we calculate the kernels for different particular cases of nuclear
motion and hyperfine interactions. We first consider the influence of nuclear motion
in space (section 4.1). As anext step we consider time-independent hyperfine interac-
tions (section 4.2), and time-dependent hyperfine interactions in the particular case of
switching the direction of the magnetic hyperfine field (section 4.3).

4.1. Motion in space

In this section we discuss the effect of motion in space only and therefore do not
specify the part of the self-correlation function ijﬁ(ﬁ)(t, t) representing other degrees
of freedom. According to definition (3.8) the effect of resonant nuclei in motion on
coherent scattering is totally defined by their position u(f) at the moment ¢ of exci-
tation and their position ug(t) at the moment ¢ of de-excitation. These positions enter
the phase factors exp[—ik.,us(t)] exp[+ikwus(t)] in the motional part M,z s)(t,1)
of the sdlf-correlation function (3.8).

4.1.1. Collective motion

Let usfirst consider asimple case where the nuclei are moving asarigid ensemble
with a single displacement vector u(t) = u(t).! The self-correlation function (3.6)—
(3.8) becomes

K3 (1,1) = e hmu@e O™ o (1,7). (4.1)
B
No statistical averaging of the motional part is required in this case. The same nuclear
ensemble but at rest, u(t) = const = 0, is characterized by the self-correlation function
Kpi(t,8) = 35 L2505 (¢,T). Let us assume that EO(z,t) are the solutions of the
wave equation (3.10) with such a kernel. Then the solution of the wave equation for
the moving system with the self-correlation function (4.1) is given by

E,.(z,t) = EQ(z, t)e7kmu®), (4.2)

This is verified by substituting (4.1)—«4.2) into (3.10). Thus, according to (4.2), the
collective motion of al nuclei produces a phase modulation of the re-emitted radia-
tion. If, e.g., the sample is moving with constant velocity v, so that u(t) = vt, the

1 We restrict ourselves to the case of trandational motion, which does not change the direction of re-
emission, opposite to rotational motion, which does cause such a change — the lighthouse effect [46].
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phase factor in (4.2) is given by exp(—iQpt), where Qp = kv is simply a Doppler
frequency shift. For more complicated motions the phase modulation is more sophis-
ticated.

To reved the phase modulation (4.2) due to collective motion one has to
use a phase-sensitive detector. Since the time spectrum recorded with a usua non-
phase-sensitive detector is proportional to the modulo square of the nuclear re-
sponse (4.2), the phase information disappears. Thus, customarily the time spectrum
of nuclear resonance scattering is not sensitive to the collective motion of nuclei.
Experimentally the insensitivity of the time spectra to the collective motion of nu-
clei was first proved in [47]. It was also proved theoretically in [19] for the gen-
era case of multiple Bragg diffraction. To detect the phase modulation another nu-
clear resonance scatterer can be used, playing the role of the phase-sensitive detec-
tor [47,48].

4.1.2. Thermal lattice vibrations

Atoms bound in a crystal experience thermal vibrations. According to the the-
ory of lattice dynamics in the harmonic approximation the displacement vector wus(t)
from the equilibrium position is given by a sum of displacements in the so called
normal modes (see, e.g., [49]). Each normal mode, or each phonon in quantum me-
chanical language, is characterized by its momentum ¢, branch number v, dispersion
law w,(q) and state of polarization egq, (). The phonon occupation numbers 7nq, a
a given temperature characterize the intensity of thermal vibrations. The effect of the
thermal lattice vibrations on the time dependence of NFS exhibits itself via the mo-
tiona part of the self-correlation function (2.24), (3.8). Here, we consider only dastic
scattering, when the phonon state before and after scattering is the same, athough in
the intermediate state, when the nuclear ensemble is excited, it may be different. That
means we have to perform the thermal average of eg. (3.8) over the phonon occupation
numbers. The result is well known (see, e.g., [50,49]). We reproduce it here without
derivation:

Mmﬁ(ﬁ) (t — 1?) = <e_ikmu5(t)e+ikmu5(f)>
:exp{%<[kmuﬁ]2> - %<[kmw]2> + (kmus(t) kﬁuﬁ@»},
4.3
(ubOu(f))

= G & DD (1 4 1D 4 g @] (1

Here, mg is the mass of the atom in position 5 of the crystal unit cell, n is the number
of unit cells in the sample, 4,7 = 1,2,3 denote vector components in the Cartesian
reference system.
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The nuclear self-correlation function (4.3), (4.4) representing thermal lattice vi-
brations, generally speaking, is time-dependent. This time dependence should show up
in the time spectra of coherent nuclear resonance scattering. In particular, as shown
in [22], the time spectra of NFS are proportional to |M,,,,,(t)|?. This property offers
a new possibility of studying thermal motions, since |M,,,,,(t)|?> contains the time-
dependent displacement function (u%(t)u%(O)). NFS time spectra in some particular
cases of thermal vibrations were calculated in [22]. It is remarkable that such studies
are equivaently possible in solids, liquids and gases.

The interval is very short, ~ 10*-10'3 s1, where the time dependence caused
by thermal vibrations shows up in coherent resonant scattering. Although it is beyond
the reach of present-day experimental techniques, in our opinion the problem could
be solved by mapping the time-dependence of photon emission into an angular de-
pendence of photon emission. Due to the recently demonstrated lighthouse effect [46]
this mapping can be realized with the help of fast spinning the nuclear resonance sam-
ples irradiated with synchrotron radiation. Presently available spinning rates beyond
30 kHz would alow one to transform an extremely short time interval of 1012 s into
a measurable angular change in photon emission of 0.02 prad.

The time-dependent term (uj;(t)ujy(t)) vanishes if (t — 1) > w&]l, where wp, is
a characteristic phonon frequency, wpn ~ 101-10" s~1. For the rest of the time the
motional part of the self-correlation function is time-independent and given by

Myie) (t—1) = exp { - %<[kmuﬁ]2> - %<[kn~muﬁ]2>} = 15/ km) 15 (k). (45)

where f3(k,,) isthe Lamb—M tssbauer factor giving the probability of elastic resonance
absorption or emission in the direction of the photon wave vector k,,; f3(k,,) can be
calculated by using eq. (4.4) taken at ¢t = t¢.

The interval where the motional part (4.3), (4.4) is time-dependent is usualy
short compared to the lifetime of the low-lying nuclear levels. 7o = /g > 107 s,
It is aso short compared to typical times of hyperfine interactions. In the following
sections the influence of the hyperfine interactions will be discussed. Therefore, the
motional part of the self-correlation function will be assumed in the following to be
time-independent and to be represented in accordance with (4.5) with the help of the
Lamb-M0ssbauer factors fs(k,,) and fg(kq).

4.2. Time-independent hyperfine interactions

Let |5)) be eigenvectors and 3, eigenenergies of the time-independent hyperfine

interaction Hamiltonian 7. I [3,) and ¢, are known, the matrix elements of the
evolution operator can be readily evaluated from (2.15):

i T
U5, (t2:t) = 85,5, EXp [ﬁ (EA —i 0t sm) (t2 — m)] )
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Hereafter the notation ¢/ is reserved for the evolution operator for time-independent
hyperfine interactions. Inserting (4.6) into (3.7), (2.17) and by using (4.5) for the
motional part we obtain the result that the self-correlation function (3.6) is purely
elastic, i.e, K5 (t,8) = K_(t — ¢), and is given by

Ko@) =n) Y A,e %, (4.7)
L={3,0g,0¢}

0 = op | 0~ Eo +iTo/2) 00, @8)

550 = Xa5 2 s (om)ifa,(—Fom) £3 () (4.9)

with hQ, = eg, — eg, the corrections to the transition energies Ep arising from the
hyperfine interaction. Unless this causes ambiguities we use for brevity a joint index
¢ = {{(By] & |Be), 5} to denote both the transition between the ground and excited
nuclear states and the group number 3.2

According to (2.40) or (3.14) the nuclear response in single scattering approxi-
mation is proportiona to the nuclear self-correlation function. In the present case it is
a sum of monochromatic components with frequencies Q,: (4.7)—(4.8). The amplitude
A;";E’O(@ of each emitted frequency component is proportional to the product of the emis-
sion (jggﬁe(km)) and the absorption (jgeﬁg(—k;ﬁ)) matrix elements. The interference
of the different monochromatic components results in a time spectrum with periodic
modulation called quantum beat [1,9]. The quantum beat pattern is defined both by
the transition frequencies and by the matrix elements of the nuclear transition currents
and thus bears the information on the hyperfine interactions experienced by the nuclei.

Examples of evaluations of NFS time spectra under conditions of time-inde-
pendent hyperfine interactions by using the procedure described in this paper and of
fits of experimental spectra are presented in [21,36,56-58].

4.3. Switching of the magnetic hyperfine fields

In this section we present an example of calculating the nuclear self-correlation
functions in the particular case of time-dependent hyperfine interactions. Directions of

2 The Fourier image f exp(iwt)KC5s () dt of the correlation function (4.7),

; ; iAsol
Kgow) = K¥ W) =¥ —= SO S
7 (@ +w) — Eo — Qifi +ilo/2

together with (2.52) and the relations w = elo/h, w = &To/A, give the well known frequency trans-
mission function through the nuclear resonance medium with time-independent hyperfine interactions.
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the magnetic hyperfine fields are switched (rotated) from n(ﬁ) to n(ﬁ ) instantaneously
at a definite time ¢':

BO®) = BP0t —t) +n§ 0 (t — 1)) (4.10)
The rotation is specified by the three Eulerian angles { x}, x5, x5} = x’. The Hamil-
tonian for a magnetic hyperfine field changing in time in genera is

J,BO(t)
H[?i(t) = —MA/\T-

Before switching (¢ < t’) the direction and the value of the magnetic hyperfine
field are constant. Therefore the correlation function in this time interval is equal to
the unperturbed correlation function (4.7)—4.9) derived in section 4.2.

After switching (¢ > t’) the hyperfine field (4.10) and the Hamiltonian (4.11) are
again time-independent, however different from the initial ones. Eigenvectors |3}) of

the Hamiltonian associated with the new direction of the hyperfine fields are related to
the eigenvectors |3,) of the Hamiltonian before switching through the transformation

B3) =D 180 Das (X)), (Bal = ZDﬁ 5 () (B (4.12)
B

Here, Dy 5, (x') isaunitary matrix. In the particular case when the eigenvectors |3 )
and |3}) are the eigenvectors of the nuclear spin-projection operator, it coincides with
the matrix of finite rotations Dg%)m () [27,55].

The unknown values, which have yet to be defined in order to caculate the
correlation function after switching, are the matrix elements of the evolution operator.
To do this we make use of the composition law U(tp, t1) = U(ta, ') U, t1), of the fact
that the Hamiltonian (4.11) is time-independent although different in the time intervals
(t2,t") and (¥, t1) (see (4.10)), of definition (2.15), and of relation (4.12). The matrix
elements of the evolution operator then become

Ug, 2 (t2,t1) =Ug, lﬁ; (2, ')Dﬁ,lmu@@ (t',t1), (4.13)
— _ — / —
U[BAﬁ; (tZ! tl) _uﬁ)\ﬁA (t ’tl) D,B [3;\ [3}\[3}\ (tz; t ) (414)
It was taken into account that only the diagonal matrix elements U3, g, of the un-
perturbed evolution operator (4.6) have nonzero values. Combining (4.13), (4.14)

with (3.7), (2.17) we obtain the following expressions for the correlation function
after switching (¢ > t' > ©):

K (L0) =n(t—1) > Ame (¢ —1)e'¢0, (415

(4.11)

O={8.Bg.08
Aoy O = 1) = X3 0o 15 iy o)
XY S (Xt — 1) s, (—Fem), (4.16)

Bg.Pe
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Spe(X' 1~ 1) = Dy, (x) Dy (x )&, (4.17)

The correlation function (4.15) has a structure similar to that of the unperturbed cor-
relation function (4.7).> However, this similarity is formal. Firstly, the time variables
t and ¢ enter (4.15)—<4.17) independently. Thus, unlike the unperturbed correlation
function, given by eq. (4.7), the correlation function of eq. (4.15) describes inelastic
coherent scattering. Secondly, the amplitudes Aj;fﬁ(é,)(x’,t’ — t) of the monochro-
matic components Q, are different. They are built by the interference of al initialy
excited transitions 3y = (.. The interference shows up in eq. (4.16) as the sum of
the current density matrix elements jgeﬁg(—fc) with amplitudes given by S},,(x/, ¢’ —t)
in eq. (4.17). By varying the angle x’ of switching and the switching time ¢’ one
can change the amplitudes .S}, and can thus control the interference pattern and the
coherently re-emitted intensity. The switching may result in the emission of new
frequency and polarization components as well as in the suppression of already ex-
cited ones [16,17,51,53,54,59] or in the time reversal of the time spectrum [52]. E.g.,
one can make the interference totally destructive and thus suppress the coherent re-
emission [17,59]. However, this by no means implies that the nuclear excitation is
destroyed. By the next switching at the proper time and with the proper angle one can
restore constructive interference and again see coherently re-emitted radiation [17,59].
This second switching is described similarly to the procedure outlined above.
E.g., if at time¢” the magnetic hyperfine field is now switched to ngﬁ ", the eigenvectors
|3Y) of the Hamiltonian associated with this new direction of the hyperfine field are
related to the previous eigenvectors |3)) through eq. (4.12) with the substitutions
By — By and B, — (Y. Further, it can be shown that the nuclear self-correlation
function is described by the same egs. (4.15), (4.16), however, with the replacement

O " and Syt —T) — Sty (X"t ),

where S}, (x",t" —t) is now defined as

Sél//g (X”, t” — E) = Z Sglue/ (X”, t” — t,) Sé/z (X,, t, — 5) . (418)
Be.By

Examples of transformations occurring after the second switching were presented
in [17,53]. Any subsequent switching is described similarly.

Some additional details of the theory of nuclear resonance scattering in the case of
switching the magnetic hyperfine fields can be found in [16,17,51,52,45]. Examples of
evaluations of NFS time spectra under conditions of switching the magnetic hyperfine
fields by using the procedure described in the present paper and fits of experimental
spectra are presented in [17].

3In the particular case of pure magnetic interactions which we consider here, the frequencies Q, corre-
sponding to the new directions of the magnetic hyperfine field are equa to Q,. In general, if the nuclei
experience combined magnetic and e ectric quadrupole interactions these frequencies may change after
switching.
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5.  Conclusions

A genera approach for solving nuclear resonant coherent scattering problems
directly in time and in space is presented. It is based on the solution of the first
order integro-differential equations with a kernel which is a double-time nuclear self-
correlation function K, (t,%). The kernel represents the coherent single scattering
response of the nuclear system at time ¢ in the direction k,, to the excitation at ¢ with
radiation of wave vector k5. The explicit form of the kernel is defined by the type
of interactions the nuclel experience with their environment and by the character of
their motion in space. The kernels for some particular cases of hyperfine interactions
and motion in space are presented. A genera procedure is given for the solution of
the wave equation with a single coherent beam. The multiple beam coherent scattering
problem can be solved analyticaly in single scattering approximation. The multiple
scattering, multiple beam problems can be solved numerically.
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