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Nuclear resonant scattering of synchrotron radiation was investigated simultaneously in the spatially inco-
herent �4�� and in the spatially coherent �forward� scattering channels. A theory is presented which describes
the main contributions to the scattering picture. To observe the 4� scattering, a nuclear target �spectator� was
employed which was mounted downstream of another target �emitter�. Emitter and spectator formed a com-
bined scattering system. The time evolutions of the 4� scattering from the spectator and of the forward
scattering from the combined system were measured and compared for different thicknesses of emitter and
spectator. These observations and the analysis of the obtained time evolutions reveal how nuclear polaritons
propagate through a scattering system.
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I. NUCLEAR POLARITON

The existence of sharp resonances in the cross sections of
nuclear reactions indicate the formation of relatively long-
lived nuclear intermediate-state, compound nuclei. The for-
mation of a compound nucleus is usually associated with the
picture of a localized excitation. However, there are known
processes in which a projectile interacts resonantly with a
collection of nuclei, rather than with a single one. One ex-
ample is the well-known phenomenon of neutron diffraction,
where a single neutron is scattered coherently by a whole
nuclear ensemble.

In this paper we consider an interesting class of nuclear
resonance interactions that exhibits the properties of coherent
scattering by a nuclear ensemble. This is the resonant absorp-
tion and emission of �-ray photons by Mössbauer nuclei.
This paper explores in detail how the coherent and incoher-
ent scattering processes develop during multiple scattering of
resonant photons by a macroscopic array of Mössbauer nu-
clei.

In Mössbauer absorption and emission, the interaction of
�-ray photons with nuclei is a case of pure resonance scat-
tering, where the nucleus presents a simple resonating two-
level system. The whole process of scattering can be divided
into three stages: absorption of a primary � quantum with
formation of an intermediate excited state, dwelling in the
intermediate state, and transition back to the ground state
with emission of a secondary particle. The sharpness of the
nuclear resonance corresponds to a long collision time,
which is related to the lifetime of the nuclear excited state
and lies for many Mössbauer nuclei in the range of
10−5–10−9 s. Such conditions make it tempting to consider
the interaction in terms of localization.

Indeed, the processes involved in traditional Mössbauer
spectroscopy present interactions where the nuclear excita-
tion is localized at individual nuclei. However, soon after the
discovery of the Mössbauer effect, some experiments were
performed which could not be understood in terms of the
individual behavior of nuclei. First, there was the experiment
of Lynch, Holland, and Hamermesh �1�, where the propaga-
tion of a � quantum through a target was correlated in time
with its emission from a source. To find the proper descrip-
tion of the observed time dependences, the scattering of the
quantum by all nuclei in the target had to be accounted for.
In later experiments on total nuclear external reflection and
on nuclear Bragg scattering �see, e.g., a review of the early
experiments in Ref. �2��, it was necessary to take into ac-
count the interaction of an individual � quantum with the
nuclear ensemble in order to describe the observed scattering
picture. Indeed, to understand diffraction one must consider
the interference of all scattering paths, where, in each path,
the quantum is scattered by an individual nucleus. That is,
one must accept the existence of internuclear interference
depending on the phase correlation between the individual
paths. This is appropriate when there is no localization of
interaction during the scattering process �such as nuclear spin
flip or atomic recoil�.

The concept of a delocalized nuclear excitation was intro-
duced by Trammell �3� and Afanas’ev and Kagan �4�. The
term nuclear exciton was coined by Zaretskij and
Lomonosov �5�.

In the case of elastic scattering of a � quantum by a
nuclear ensemble, where the intrinsic state of the scattering
system is left unchanged, it is impossible to ascertain which
nucleus in the ensemble was excited. Therefore, to account
for the collective nuclear response, one has to assume an
excitation probability for each nucleus in accordance with
the quantum-mechanical principle of superposition of states.
In the superpositional state the nuclear excitation is delocal-
ized and thus the incident � ray is shared by many nuclei.
This is how the scattering process exhibits a collective char-
acter.
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The delocalized intermediate excited state created by a
single � quantum can be described as a spatially coherent
superposition of N excited states:

�
j=1

N

aj exp�ik · r j� ,

where in each contributing term of this sum one nucleus is
excited with a definite probability amplitude aj while all
other nuclei are in the ground state. The spatial phasing of
the excited nuclear currents over a system is determined by
the spatial coherence of the field associated with the incident
� ray �in the above expression k is the wave vector of the
incident radiation and r j is the coordinate of the nucleus j�.
This superpositional state of nuclear excitations is called a
nuclear exciton. In the superpositional state each nucleus is
excited with a certain probability amplitude.

Nuclear excitation is related to a nuclear transition cur-
rent. It is obvious that the latter cannot exist independently of
the electromagnetic field. The two subsystems are united in a
single physical entity. They interact with each other and ex-
change energy. Both propagate through the target as a
coupled state of nuclear polarization and electromagnetic
waves. At the exit of the target they generate a coherent
radiation beam. The coupled system of nuclear currents and
radiation field inside the target is called a nuclear polariton,
by analogy to the collective molecular excitations known
from optics �see, e.g., Ref. �6��. Recoilless nuclear scattering,
a process preserving coherence, is responsible for creating
and sustaining the nuclear polariton.

The aim of the present work was to study nuclear polar-
iton propagation through a nuclear resonant target or in other
words to study the temporal and spatial dynamics of nuclear
polaritons in the process of nuclear forward scattering. In an
earlier experiment, we pursued this aim by investigating the
response of the coherent channel downstream of a target sys-
tem at different target sequences �7�. In the present work we
wanted in particular to study polariton propagation at differ-
ent depths in the target. For this purpose two scattering in-
tensities were recorded: the intensity of the spatially incoher-
ent scattering �a probe of the nuclear excitation� and the
intensity of the spatially coherent scattering in the forward
direction �a probe of the propagating electromagnetic field�.

In Sec. II, a brief description is given of incoherent scat-
tering of synchrotron radiation �SR�. Then in Sec. III a
theory is presented which describes spatially incoherent scat-
tering for the experimental model employed. In Sec. IV the
measurements are described and the final data are presented,
along with analysis and discussion.

II. SPATIALLY INCOHERENT SCATTERING CHANNELS

Each atom and nucleus has a probability for excitation by
the primary field propagating through the target. They can
then respond to the excitation in several ways �for example,
by emitting secondary radiation�, feeding several different
scattering channels. The radiation elastically scattered in the
direction of the primary beam builds up the coherent forward
scattering channel. Secondary radiation scattered at other

angles is spatially incoherent and forms a 4� shine around
the target �we assume that the geometry does not permit
Bragg diffraction�. The 4� shine includes secondary radia-
tion of different kinds: � rays, electrons, fluorescence radia-
tion, etc. Until now the time evolutions of the coherent and
spatially incoherent scattering have been studied indepen-
dently. Whereas studies of the nuclear forward scattering �8�
have been performed by many authors and in different as-
pects �9,10�, the time behavior of incoherent scattering has
been analyzed only in a few theoretical �11–13� and experi-
mental �13–16� papers. The incoherent channel is much less
intense than the coherent one, making an experimental inves-
tigation of the time dependence of incoherent scattering
rather troublesome. Moreover, the 4� shine presents a mix-
ture of various scattering processes. Table I shows the most
important contributions to the 4� shine. Both the nucleus
and the atomic electrons contribute to the scattering.

We will begin by categorizing the various pathways to
incoherent scattering of SR by a Mössbauer target, starting
with those involving incoherent nuclear scattering. One can,
for the sake of simple classification, divide the second-order
process of nuclear resonant scattering into two stages: �a�
absorption of the primary photon with simultaneous excita-
tion of the nucleus and �b� decay of the excited nuclear state
with emission of secondary particles. Because SR exhibits a
broad energy spectrum, it can stimulate nuclear resonant ex-
citation both without and with recoil �see the second column
of the table�.

Consider the case where a nucleus deep inside a sample is
excited without recoil. This nucleus could be excited directly
by the short SR pulse. Alternatively, because no recoil is
involved, the nucleus could be excited by the precisely
monochromatic coherent nuclear forward scattering �NFS�
from nuclei upstream in the sample. The NFS represents the
coherent sum of possible recoilless absorption and emission
events in upstream nuclei, as was discussed above, and is
delayed in time relative to the initial SR pulse. So one must
consider the coherent superposition in time of both the
prompt �X� and the delayed ��r� radiation, together giving
rise to the excitation of our probe nucleus. This possibility is
indicated by the two contributions in paths 1–3 of the recoil-
less absorption �see the third column of the table�. One
should notice that in this situation a typical nucleus sees an
excitation field that includes both a prompt flash and there-
after a delayed field due to nuclear forward scattering by the
upstream nuclei.

There are three possible ways for the excited nucleus to
decay: �i� it can emit recoillessly a resonant �-ray photon
��r�, �ii� it can emit a �-ray photon with recoil ��nr� �i.e.,
with simultaneous creation or annihilation of a lattice exci-
tation: phonon=ph�, and �iii� it can kick out an electron �ec

−�
from the atomic core in a process of internal conversion; the
subsequent filling of the hole is accompanied by atomic fluo-
rescence �XFL� and possibly also the creation or annihilation
of a phonon �ph�. These three possibilities distinguish paths
1–3. Emission into 4� of a �r or �nr photon or conversion
electron means the end of further forward scattering. The
time dependence of any of these three scattering paths exhib-
its the time evolution of the nuclear excitation current driven
by the propagating coherent field at the specific depth in the
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target. We will call the combination of these paths channel A.
Next, consider the case where the nucleus deep inside the

sample is excited with recoil. This so-called phonon-assisted
nuclear excitation is presented by paths 4, 5, and 6. The
delayed coherent �-ray field from the upstream part of the
target has a precisely defined energy that does not allow it to
excite a downstream nucleus with recoil. Thus, excitation
with recoil can only be created by the initial SR flash itself.
The nuclear excitation will then decay spontaneously either
via emission of a resonant ��r� or a nonresonant ��nr� �-ray
photon or via emission of a conversion electron, accompa-
nied by fluorescence radiation �XFL�. In the decay, a phonon
can be created or annihilated. The time evolutions of paths
4–6 exhibit the decay of a free nucleus. These paths of ab-
sorption with recoil we will call channel B. Channel B has
been used to great advantage for phonon spectroscopy, where
it is known as nuclear inelastic scattering �NIS� �17–19�.

In the presence of hyperfine splitting of the nuclear ex-
cited state, the time dependence in paths 1–6 can exhibit
quantum beats �QBs�. Experiments �15,16� have shown that
the QB in paths 1 and 2 are best seen in optically thin targets
where the coherent component �r of the exciting radiation is
hardly developed, and hence the nuclei are not driven by the
delayed radiation. In paths 4 and 5 the QB are seen for any
thickness of the target. Exploiting path 5 has given rise to a
method of perturbed angular correlation studies called syn-

chrotron radiation perturbed angular correlations �SRPAC�
�16� which is now fruitfully developing �20,21�. Similar QBs
could be observed also by recording the time evolution of the
ec

− emission in paths 3 and 6.
Now we come to the paths where the electrons of the

atomic shell perform the scattering �11–13�. The main fea-
ture of the interaction of radiation with electrons is that it is
a prompt scattering �compared to the nanosecond time scale,
which is of interest here�. Therefore, unlike nuclear scatter-
ing, electronic scattering does not introduce interference in
time; electronic scattering simply reproduces the time evolu-
tion of the incident radiation. The two main processes are
Rayleigh scattering and photoelectric absorption. Rayleigh
scattering can be elastic �seventh path� or inelastic �eighth
path�. In path 8 phonons participate in the scattering process.
Photoabsorption is followed by the emission of electrons and
of fluorescence radiation: see paths 9 and 10. In any of the
electronic scattering paths the time distribution of the outgo-
ing radiation �X, �, or ec

−� reproduces the time structure of the
prompt pulse and that of the nuclear-delayed forward-
scattered beam. The set of electronic scattering channels we
call channel C.

In the experiment described in Ref. �13� time-dependent
electron emission from iron foils excited by synchrotron ra-
diation at the 14, 4-keV nuclear resonance of 57Fe was ob-
served. The delay between the absorption of a photon and the

TABLE I. Various paths of 4� scattering. The following abbreviations are used: X, the prompt part of
radiation; it can be the initial SR pulse �third column� and the prompt x-ray radiation scattered by electrons
�fourth column�; �r, delayed resonant �-ray photon coherently scattered by nuclei in the forward direction
�third column� and a delayed resonant �-ray photon emitted by a nucleus or scattered by an electron into 4�
�fourth column�; �nr, a delayed �-ray photon emitted by nucleus with recoil, i.e., with simultaneous creation
or annihilation of a lattice excitation: phonon=ph �fourth column�; ec

− and eph
− , electrons kicked out from the

atomic core due to internal conversion and photoeffect; XFL, fluorescent radiation, which is emitted while the
hole in the atomic shell is being filled. See text for discussion.

Target
Kind of
process

Incoming
particles

Outgoing
particles

Kind of
process

Channel
notation

Nucleus Recoilless
absorption

�1� X+�r �r Recoilless
�-ray emission

A

�2� X+�r �nr±ph �-ray emission
with recoil

�3� X+�r ec
−+XFL±ph Internal

conversion

Absorption
with recoil

�4� X±ph �r Recoilless
�-ray emission

B

�5� X±ph �nr±ph �-ray emission
with recoil

�6� X±ph ec
−+XFL±ph Internal

conversion

Electron Rayleigh
scattering

�7� X+�r X+�r Elastic
scattering

C

�8� X+�r X+�nr±ph Inelastic
scattering

Photoeffect �9� X+�r eph
− +XFL Elastic

scattering

�10� X+�r±ph eph
− +XFL±ph Inelastic

scattering
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emission of the electron was of the order of the lifetime of
the nuclear resonance—i.e., �141 ns. The foils of different
thicknesses were employed. The measured spectra were ex-
plained as the sum of the three A, B, and C contributions
from different positions of the emitting nuclei on the track of
the incident beam in the target. The authors did not touch yet
the question of the space-time correlation between the 4�
channels and the forward-scattering channel at the same
depth. It is the goal of this work to investigate just this cor-
relation and to reveal the propagation of a nuclear polariton
through the target.

III. DETAILED THEORY

For our analysis of the 4� shine we select the dominant
scattering paths, which are those where atomic fluorescence
radiation XFL is observed. The four selected scattering paths
3, 6, 9, and 10 of the table are displayed schematically in
Fig. 1.

As mentioned above, only the recoilless scattering con-
tributes to the formation and dynamics of the nuclear polar-
iton. Therefore the contribution of this process to the 4�
scattering is of special interest for our investigation of polar-
iton propagation.

We briefly present a theory of spatially incoherent scatter-
ing adapted to our experiment. The approach is based on the
theory developed in Ref. �12�. To find the contribution to
each of the channels defined above, we shall use the response
function technique. We denote the response function of a
resonant nucleus by gn�t� and that of the electronic shell by
ge�t�. These functions have the following forms:

gn�t� � �0 exp	iw0� −
�

2

���� ,

ge��� � �ph���� , �1�

where �0 and �ph are the nuclear resonance and photoelectric
cross sections, respectively, w0 is the dimensionless nuclear
resonance frequency which equals 	0t0 �where 	0 stands for
the real resonance frequency and t0 stands for the lifetime in
the nuclear excited state�, and �= t / t0 is the dimensionless
time with t as the real time. ���� is the step function which
is equal to unity at �
0 and zero otherwise. The upper re-
sponse function in Eq. �1� describes the delayed nuclear scat-
tering, while the lower one describes the prompt electronic
scattering. The amplitude of the propagating coherent field in
the forward direction is given by the following expression
�12,22�:

E�z,�� = E0 exp	−
�ez

2

� 1

t0
�����

−
�nz

2
exp	− iw0� −

q�

2

���nz��
 , �2�

with

� =
J1���nz��

��nz�
,

where J1 is the Bessel function of the real argument and of
the first order, z is the coordinate of the nucleus along the
path of the propagating coherent field �z=0 at the entrance
surface of the target�, �n is the linear absorption coefficient
of the radiation by the nuclei at resonance, �e is the elec-

tronic absorption coefficient, E0=� I0

�w is the amplitude of the
radiation field at the entrance of the scattering system with I0
as the intensity of the SR within the frequency range �w, the
dimensionless parameter q describes the inhomogeneous
broadening of the nuclear resonance in the target �which is
assumed to preserve a Lorentzian shape: see Sec. 2.4.3 in
Ref. �23��, and q=1+ �



0
, where 
0 is the natural linewidth

and �
 is an additional width of the resonance.
In accordance with the response function method the

atomic response can be found as

A��� = �
−�

�

d��g�� − ���E���� , �3�

where A is the scattering amplitude, E is the amplitude of the
driving field, and �� and � are, respectively, the excitation
and the deexcitation times. In Fig. 2 the scattering geometry
is displayed schematically. The incident synchrotron radia-
tion is scattered initially by the upstream nuclear target �the
emitter� in the forward direction. Radiation consisting of the
prompt SR pulse and nuclear forward scattering with delay is
incident on the downstream nuclear target �the spectator�.
Two detectors are used to record simultaneously the radiation
scattered by the entire system into the forward direction �the
NFS� and by the spectator into a small solid angle roughly
perpendicular to the forward beam. It is quite clear that the
smaller thickness of the spectator target is, the more adequate
the spatial distribution of the nuclear polariton can be ob-
tained. However, one has to find a compromise for the thick-

A-channel:
absorption
by nucleus
without recoil

C-channel:
absorption
by photoeffect

xFL

X + γr

X +ph

X + γr

xFL

xFL

B-channel:
absorption
by nucleus
with recoil

FIG. 1. Schematic view of the scattering channels considered in
the theoretical analysis: A, nuclear recoil free absorption of the
prompt SR pulse �X� and of the nuclear delayed radiation propagat-
ing in forward direction ��r�; B, nuclear resonant absorption of the
prompt radiation �X� with recoil; C, scattering the prompt SR pulse
�X� and of the delayed nuclear radiation ��r� due to the photoeffect.

SMIRNOV et al. PHYSICAL REVIEW A 76, 043811 �2007�

043811-4



ness to get sufficient scattering intensity in the incoherent
channel.

We begin our analysis with the nuclear scattering channel
denoted as channel A.

A. Channel A

In channel A emission must be preceded by recoil-free
nuclear absorption of the prompt SR pulse and of the delayed
parts of the radiation propagating in the forward direction.
At a finite depth in the target a nucleus is illuminated initially
by the SR pulse and then by the delayed � radiation which is
forward scattered by the nuclei in the upstream part of the
target. This nucleus responds as a driven oscillator.

It is assumed that the single-line resonance in a target can
be broadened, preserving the Lorentzian shape. The Lorent-
zian distribution of the resonance nuclear frequency w0 has a
half width W= �q−1� /2. The solution for the scattering am-
plitude by an individual nucleus j in the spectator target can
be found directly in the time domain using the response
function technique. Substituting in Eq. �3� the response func-
tion g���=gn��� from Eq. �1� and the driving field E��� from
Eq. �2� we obtain

Aj�z,�� � �
0

�

d���0 exp�− i�w0 + w̃��� − ��� −
�� − ���

2
�

�E0 exp	−
�ez

2

� 1

t0
������

−
�nz

2
exp	− iw0�� −

q��

2

���nz���
 . �4�

Now z is equal zero at the front of the emitter. The excited
state in the spectator lasts for the time interval ��−���. In the
presence of an inhomogeneous distribution of nuclear reso-
nances the value w0 represents the average nuclear resonance
frequency in the target and w0+ w̃ stands for the shifted reso-
nance frequency of the scattering nucleus �in the case of
hyperfine splitting one should use the expressions �36� and
�37� in Ref. �12� for the scattering amplitude, where instead
of the correlation function Fs�k0 , 	̃� an actual distribution of

the resonance frequencies must be employed�. An immediate
derivation yields the scattering amplitude

Aj�z,�� � E0 exp	−
�ez

2

�0 exp	− i�w0 + w̃�� −

�

2



�� 1

t0
�1 − �

0

�

d�� exp�iw̃�� − �q − 1�
��

2
�

�
�nz

2
���nz���
 . �5�

The probability of scattering into the A channel at depth z
�de�z�ds+de� can be found as the square modulus of the
scattering amplitude which is averaged over the resonance
energy distribution and summed over all resonant nuclei in
the unit volume �the order of summing and averaging is ar-
bitrary�:

P�z,�� =� dw̃

�

W

w̃2 + W2�
j

�Aj�z,�,w̃��2. �6�

To pass from the scattering probability to the scattering in-
tensity one has to perform integration over the spectator tar-
get thickness, ds. Thus we arrive at the final expression for
the scattering intensity into the A channel:

I4�
A ��� =

I0

�w


e

�
Nr�0fLM exp�− ��

��
de

de+ds

dz exp�− �ez� � dw̃

�

W

w̃2 + W2

��1 − �
0

�

d�� exp�iw̃�� − W���
�nz

2
���nz���2

,

�7�

where the preintegral factor is written explicitly for the case
under consideration �hyperfine splitting is assumed to be ab-
sent�. In the above expression 
e is the partial width of the
nuclear level related to the process of internal electronic con-
version, Nr is the number of resonant nuclei in the unit vol-
ume, fLM is the Lamb-Mössbauer factor or recoilless factor
in the target, and de is the emitter target thickness.

In the absence of resonance broadening no averaging over
energy distribution is needed. Then the integral over time can
be easily evaluated and Eq. �7� is reduced to

I4�
A ��� =

I0

�w


e

�
Nr�0fLM exp�− ��

��
de

de+ds

dz exp�− �ez�J0
2���nz�� . �8�

B. Channel B

As stated earlier, the energy distribution of the incident
synchrotron radiation is large compared to the width of the
phonon spectrum in the target, and therefore the nuclei can
be resonantly excited with simultaneous creation or annihi-

SR

Emitter Spectator

APD2

4π

NFS
Prompt

+
Delayed

APD1

FIG. 2. Experimental layout. The nuclear target consists of two
parts: emitter and spectator. The scattering intensity from the entire
target in the forward direction �NFS� and that from the spectator at
right angle to the propagating beam are recorded by the APD de-
tectors APD1 and APD2, respectively.
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lation of phonons. Only the broadband synchrotron radiation
�the prompt pulse� can participate in these processes, not the
narrow-band nuclear-scattered radiation. Therefore the am-
plitude of the exciting radiation can be expressed by
E0 exp�−�ez /2��1/ t0����, and for the scattering amplitude
one obtains

Aj � �
0

�

d���0 exp�− i�w0 + w̃��� − ��� −
�� − ���

2
�

�E0 exp	−
�ez

2

� 1

t0
�����

or

Aj � E0� 1

t0
exp	−

�ez

2

�0 exp�− i�w0 + w̃�� −

�

2
� . �9�

The scattering probability is given by the same expression as
Eq. �6� where �Aj�z ,� , w̃��2 is a frequency-independent func-
tion now, so that the integral over w̃ is reduced to unity.
Finally one arrives at the following scattering intensity into
channel B from the spectator slab:

I4�
B ��� =

I0

�w


e

�
Nr�0�1 − fLM�exp�− ���

de

de+ds

dz exp�− �ez� ,

�10�

which is a simple exponentially decaying function in time.

C. Channel C

Channel C is created by photoelectric absorption of the
delayed coherent radiation propagating in the forward direc-
tion: paths 9 and 10 in Table I. The relevant atomic response
function is given by Eq. �1�. Using this function and the
expression for the field, Eq. �2�, one obtains for the scattering
amplitude

Aj = �ph�
0

�

d����� − ���E0 exp	−
�ez

2



�� 1

t0
������ −

�nz

2
exp	− iw0�� −

q��

2

���nz��


or

Aj = E0 exp	−
�ez

2

�ph� 1

t0
�����

−
�nz

2
exp	− iw0� −

q�

2

���nz��� . �11�

The delayed scattering probability is

P�z,�� = �E0�2
1

t0
exp�− �ez��phN

��nz�2

4
�2��nz��exp�− q�� ,

�12�

where N denotes the number of both resonant and nonreso-
nant atoms in a unit volume. Finally, the delayed scattering
intensity from the spectator slab is

I4�
C ��� =

I0

�w


0

�
�phN exp�− q��

��
de

de+ds

dz exp�− �ez�
��nz�2

4
�2��nz�� . �13�

In all the above expressions for the intensity, the common
geometrical factor accounting for the transmission of fluores-
cence radiation to the detector is omitted.

D. Approximation for a thin target

Let us consider a single-target system where the target
thickness d is small enough so that within a single nuclear
lifetime ��1, the generalized space-time parameter �nz�
�1. In this limit one can use the following approximations:
J0��x��exp�− 1

4x� and ��x�� 1
2 exp�− 1

8x�. We substitute these
exponential functions into Eqs. �7�, �10�, and �12� and take
into account that 
e=�
0 / ��+1�, where � is the internal
conversion coefficient, and �n=Nr�0fLM, �e=�phN, where
�n��e. We assume de=0; then, we obtain for the A, B, and
C contributions to the incoherent intensity

I4�
A ��� �

I0

�w


0

�

�

� + 1
�n exp�− ��

��
0

d

dz exp�− �ez�exp	−
1

2
�nz�
 ,

I4�
B ��� �

I0

�w


0

�

�

� + 1
�n

�1 − fLM�
fLM

exp�− ���
0

d

dz exp�− �ez� ,

I4�
C ��� �

I0

�w


0

�
�e exp�− q��

��
0

d

dz exp�− �ez�
��nz�2

4

1

4
exp	−

1

4
�nz�
 .

�14�

The integrals in the upper two equations equal approximately
d �since one can approximate the exponentials by unity, their
arguments being much less than unity�. The integral in the
lowest equation equals approximately

�
0

d

dz exp�− �ez�
��nz�2

4

1

4
exp	−

1

4
�nz�
 �

1

16
�n

21

3
d3.

Finally we obtain

I4�
A ��� �

I0

�w

�

1 + �


0

�
�nd exp�− �� ,

I4�
B ��� �

I0

�w

�

1 + �


0

�
�nd

�1 − fLM�
fLM

exp�− �� ,

I4�
C ��� �

I0

�w


0

�

1

48
�ed��nd�2 exp�− �� . �15�

As seen from Eqs. �15�, in this approximation each channel
obeys an exponential time dependence. At all times � the
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ratio of the intensities in channels A and B is IA / IB

= IA�0� / IB�0�= fLM / �1− fLM�; i.e., it is strongly dependent on
the recoilless factor. For thick targets the same ratios apply
only for time �=0 �compare Eqs. �7� and �10��. Thus, a high
recoilless factor �which is, e.g., the case for a stainless steel
target� causes the scattering intensity into channel A to
greatly exceed that into channel B. The intensity ratio of the
channels A and C for a thin target is at all times

IC

IA =
IC�0�
IA�0�

=
1

48
�ed

1 + �

�
�nd ,

i.e., it is much less than unity. Thus, in the approximation of
a thin target channel A dominates the other two �B and C� in
the whole time window. With an increase of the target thick-
ness the contribution of channel C grows most rapidly, pro-
portional to ��nd�2, and becomes dominant for thick targets.

E. Coupling of nuclear currents and fields in recoilless
scattering

Figure 3 shows the distributions of the amplitudes of the
nuclear excitation Aj�z , t� and of the coherent field E�z , t�
inside of an arbitrary nuclear target at different times. A hy-
pothetical single-resonance target characterized by a nuclear
absorption cross section like that of 57Fe was chosen for the
evaluations. The nuclear excitation amplitude was calculated
by using Eq. �5� for the case of a natural resonance width,
where w̃�0 and q=1. In this case one obtains the following
amplitude to find a nucleus in the excited state:

Aj�z,�� � exp	−
�ez

2

exp	iw0� −

�

2

J0���nz�� , �16�

where J0 is the Bessel function of zeroth order.
The spatial and temporal evolution of the nuclear excita-

tion amplitude �nuclear currents� is given by solid squares
whereas that of the field is given by open circles. Field and
nuclear currents are dynamically coupled: the prompt pulse
of synchrotron radiation induces nuclear currents; in turn, the
nuclear currents create their own field coupled with the nu-
clei. This coupling continues until the nuclear excitation van-
ishes. In this way the two subsystems of the nuclear polariton
exchange energy, feeding each other.

At the bottom of Fig. 3, the distribution of the nuclear
excitations and of the field created by them is shown at the
very early time of �1 ns after the passage of the prompt
pulse. At this time the probability amplitude to find a nucleus
in the excited state is roughly the same throughout the target.
The amplitude of the created coherent field, by contrast, is
linearly increasing with thickness. This corresponds to the
in-phase addition of all the wavelets scattered by the indi-
vidual nuclear layers in the forward direction.

The initial field created by the nuclei is coupled with the
nuclei, causing the decay of the nuclear currents. So, at the
time �20 ns, the distribution of nuclear excitations is quite
different. The probability amplitude to find excited nuclei
near the exit of the target strongly drops down and equals
zero at a depth of about 4 �m. By contrast, at the same
thickness and at the same time the field amplitude reaches its
maximum.

Later on at about 60 ns, the picture is inverted: the prob-
ability amplitude of the nuclear excitation at this depth is
growing again due to the pumping of energy from the field
back to the nuclei, whereas the field amplitude drops to zero.
This event can be interpreted as the second excitation of the
nuclei in the target. A characteristic node-antinode structure
is built up where the nodes of the nuclear currents coincide
with the antinodes of the field. The number of nodes and
antinodes is increasing with time �see, e.g., the panels for
�120 and �200 ns�.

These evolving spatial distributions of probability ampli-
tude within the target can be used �a� to find where and when
a �-ray photon is likely to be present and �b� to find where
and when an excited nucleus is likely to be present. The
evolving distributions illustrate the temporal and spatial dy-
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FIG. 3. Distributions of the probability amplitudes to find a
nucleus excited �solid squares� and to find a resonant forward
propagating �-ray quantum �open circles� in a single-resonance
nuclear target at different depths 0–5 �m and for different times
1–200 ns after excitation by the SR flash. The fast oscillations,
which in reality occur with a period of the wavelength, have been
included to aid in visualizing the wave packets. The envelope of the
fast oscillations counts. Asterisks indicate the positions of maxi-
mum amplitude of the nuclear excitation.
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namics of a nuclear polariton in the process of nuclear for-
ward scattering. This picture reflects also the dynamics of
pumping of electromagnetic energy from the radiation field
into the nuclear system and back during the propagation of a
� ray through the resonant medium. It is known from optics
that in transient phenomena a relationship between the phase
of the driving field and the driven dipole moments deter-
mines the direction of the energy exchange between the two
systems. It is quite obvious that at the node points where the
relative phase between radiation and nuclear dipoles is in-
verted �shifted by �� a transition between the regimes of
emission and absorption of � rays by the nuclei occurs. Thus,
the space-time modulation of both the nuclear excitations
and the propagating field reveals sequential processes of ab-
sorption and reemission of radiation by the nuclei. The in-
crease of the number of nodes and antinodes should be in-
terpreted as an increase of the number of scattering events
inside the target. Multiple scattering occurs in thick targets
and becomes apparent only after some time of interaction of
the � radiation with the nuclear ensemble �see the panels for
increasing times�. Figure 3 can be said to give a view of
when and where �28� the �-ray photon is absorbed by the
nuclear ensemble during its propagation through the resonant
medium.

IV. MODEL EXPERIMENT ILLUSTRATING WHEN AND
WHERE NUCLEAR INTERACTION OCCURS

A. Instruments and measurements

The experiment was performed at Beamline 10-2 at the
Stanford Synchrotron Radiation Laboratory. The storage ring
was operated with only four electron bunches in the ring,
giving a time delay of about 195 ns between successive
x-ray pulses, each having a duration of about 0.2 ns. The
x-ray pulses were generated by a multipole wiggler source,
then filtered first by a grazing-incidence toroidal mirror �a
low-pass filter with 22 keV cutoff, which also provided ver-
tical collimation and horizontal focusing�, then by a Si�111�
monochromator, and finally by a narrow-band four-bounce
monochromator using nested Si�422� and Si�10 6 4� channel-
cut crystals �29�. This source provided about 107 photons/s
at 14.4 keV in a bandwidth of about 10 meV, in a 3 mm
�horizontal� by 1 mm �vertical� beam.

The x-ray detectors were large �10 mm diameter� ava-
lanche photodiodes �APDs� �24�. They were capable of de-
tecting single photons at both the 14.4 keV energy and also
the 6.4 keV energy of Fe fluorescence. The detector electron-
ics system was synchronized with the electron pulses in the
storage ring, so that the delay time of detected x-rays could
be measured with respect to the arrival of each x-ray pulse
with an accuracy of about 2 ns. Occasionally during electron
injection into the storage ring, extra small bunches of elec-
trons were accidently injected into unintended orbits, giving
false delayed signals. Care was taken to identify these spu-
rious sources and eliminate them before taking data.

The scheme of the experimental setup is shown in Fig. 2,
and its principle was already discussed in the theoretical sec-
tion. The experiment used stainless steel foils �Fe55Cr25Ni20�
which were 95% enriched in 57Fe. The foils were used singly

or grouped together in combinations, giving effective foil
thicknesses ranging from 2 to 28 �m. The x-ray beam first
encountered a foil �or combination of foils� known as the
emitter foil. After passing through these first foils, about
10 cm downstream the beam encountered another thin foil
known as the spectator foil. All foils were rigidly mounted,
normal to the beam path. One detector was placed just above
the spectator foil, well out of the direct beam path, but only
about 5 mm from the edge of the foil. This detector sub-
tended a solid angle of about 1 sr as viewed from the center
of beam impact on the foil. It collected the radiation that was
scattered incoherently by the spectator foil. In particular, the
detector recorded mainly 6 keV fluorescence radiation gen-
erated both by nuclear internal conversion in 57Fe �paths 3, 6
in Table I� and by photoelectric absorption in the Fe, Cr, and
Ni atoms �path 10�. Another detector was located about
10 cm downstream of the spectator foil, in the direct beam
path. This detector was used to collect the 14.4 keV radiation
that was coherently scattered through both the absorber and
the spectator foil.

The time distributions of the photons counted by the de-
tectors were measured for various combinations of foil thick-
nesses. Both detectors were briefly overwhelmed by the in-
tense flash of prompt �and promptly scattered� radiation
associated with each x-ray pulse. Therefore, the counting
electronics system was gated off for a few ns after each
pulse. The precise pulse arrival time was checked periodi-
cally by heavily attenuating the x-ray beam and briefly re-
moving the excluding gate signal.

B. Results and discussion

In Fig. 4 the complete set of the measured time distribu-
tions is presented: the forward scattering on the left-hand
side and the corresponding 4� scattering on the right-hand
side. Pronounced dynamical beats �DBs� of the forward-
scattering intensity are seen in the left panels. This dynami-
cal beating results from the exchange of energy between the
nuclear ensemble and the �-ray field �25–27�. This exchange
process can be thought of as transitions between the different
states of the nuclear polariton: a photon is absorbed and the
nuclear ensemble is excited, or a photon is emitted and nu-
clei of the ensemble are in the ground state �7�.

The number of DBs observed within the experimental
time window �160 ns in our case� drastically increases with
increasing thickness of the scattering system. Since the mea-
surement senses the nuclei lying at the exit side of the target
system, this means that the energy exchange between the
field and nuclei becomes more and more frequent at greater
depth into the target. One can see that at a depth of 2 �m in
the target one exchange event is revealed within the experi-
mental time window. At a depth of 8 �m in the target, two
events are revealed during the same window, and at a depth
of 26.5 �m in the target, five exchange events �i.e., transi-
tions between the polariton states� are revealed. The results
for the targets of 2 and 4 �m thickness correlate very well
with the field amplitudes shown in Fig. 3 �imagine vertical
lines at the relevant thicknesses in Fig. 3 and look for the
open circles�.
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The intensification of the energy exchange between the
field and the nuclear currents with increasing target thickness
can be understood if we remember that the strength of the
coherent field is increasing proportionally to the thickness at
the first instants after charging the nuclear ensemble by the
SR pulse. It is important to remember that multiple transi-
tions between polariton states occur only due to the recoil-
free interaction of the radiation with the nuclei.

An additional, but different look at nuclear polariton de-
velopment in space and time is offered by the 4� shine com-
ing from a definite depth in the target. Whereas the NFS
intensity reveals the amplitude of the radiation field at the
exit, the nuclear 4� scattering intensity of channel A reveals
the nuclear excitation currents at the space-time coordinate
where the incoherent scattering occurs. As a spectator target
we used either a 2-�m or 4-�m foil. For higher spatial reso-
lution it would have been better to employ a thinner specta-
tor foil, but the available SR intensity did not yield a suffi-
cient signal from thinner spectator foils. Thus the 4�
scattering was observed as an average over a thickness range
of 2 �m or 4 �m. The bottom and middle panels on the
right-hand side of Fig. 4 present the time dependence of the
4� scattering from each of these two spectator targets

alone—i.e., in the absence of any emitter. During a time
interval of about 0–50 ns �see the bottom panel� the decay of
the 4� intensity and hence the nuclear deexcitation proceeds
much faster than would a decay with natural lifetime. An
exponential indicating natural decay is displayed in the same
panel by a dashed line. At later times the deexcitation ap-
proaches the natural decay rate, which is given by a dotted
curve for comparison. The accelerated decay of the nuclear
excitation strongly indicates that the nuclear currents are
driven by the field: at earlier times the field induces a faster
nuclear deexcitation. The nonexponential decay of the
nuclear excitation revealed by the 4� scattering is already
clear evidence of the nuclear polariton dynamics in the tar-
get. A similar picture is observed in the middle panel for the
4-�m spectator.

Whereas the bottom panel reveals the nuclear excitation
currents within the thickness range 0–2 �m, the panel above
the bottom panel reveals the currents within the depth range
2–4 �m. In this case an emitter of 2 �m thickness was in-
stalled upstream of the spectator. A drastic transformation
occurs now with the time behavior of the nuclear currents in
the spectator: in the time interval from 40 to 120 ns a broad
bump appears. It reveals the secondary nuclear excitation in
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this time interval, at a depth of �3 �m on average. This
bump must be due to scattering channel A because �a� in
scattering channel B the nuclei are excited only once by the
prompt pulse at time zero and after this they decay monoto-
nously and �b� the bump also could not appear due to chan-
nel C, since this channel should exhibit an intensity mini-
mum within the relevant time interval at a depth of 3 �m
�compare the locations of the minima of the NFS intensity
for the 2-�m and 4-�m targets in the left panels�. The coin-
cidence of the observed maximum of the nuclear excitation
current and of the minimum of the NFS intensity is in agree-
ment with the correlation of the node-antinode patterns of
field and nuclear currents predicted by the theory for the
polariton propagation �see Fig. 3�. Thus, the observed time
distribution is a clear demonstration of nuclear polariton dy-
namics. Only the polariton mode can be responsible for the
increase in intensity. The nuclear currents were initially ex-
cited by the SR flash at time zero, and later they were excited
by the coherent field generated by the upstream layer within
the time interval �40–120 ns.

A similar polariton dynamics is revealed by the 4-�m
spectator, illuminated by coherent radiation from a 4-�m
emitter �see the second panel from the top on the right-hand
side�. The secondary excitation of the nuclear currents now
occurs at earlier times: within the range �25–75 ns. This is
because the nuclei at a depth of 6 �m �the average depth
here� exchange energy with the coherent field more fre-
quently. Here the maximum of the nuclear excitation is less
pronounced because it is partially hidden by the other scat-
tering channels B and C, which become more influential with
increasing thickness.

The next observation, presented in the top right panel,
shows the dominance of scattering channel C deep into a
thick target. Here the 4-�m spectator is illuminated by radia-
tion from an emitter of 22.5 �m thickness. The observed
bumps of the 4� intensity are now closely coincident in time
with the bumps �marked by asterisk� seen in the forward
scattering �see the top left panel�. These bumps appear in the
4� channel due to scattering via channel C. However, at later
times the time dependence is mostly exponential, as seen
from the comparison with a pure exponential dependence
�dotted line in the figure�. This is evidence for channel B
becoming dominant at these later times. In the next section
we shall analyze the contributions of channels A, B, and C in
greater detail.

C. Contributions to the 4� scattering

The quantitative relations of the different scattering con-
tributions are strictly determined in the theory. Since the the-
oretical curves fit the experimental measurements well, it is
worthwhile to decompose the latter into constituents corre-
sponding to the different scattering channels. In this way one
can distinguish the time evolutions of the different contribu-
tions and extract information about their roles in the sum-
mary picture for a given depth range in the target.

The time distributions of the 4� scattering from different
depths in the target are presented in Fig. 5, where the total
intensities are decomposed into three contributions originat-

ing from channels A, B, and C. The contribution of channel
A, incoherent nuclear scattering involving recoil-free absorp-
tion of the prompt SR and of the nuclear delayed radiation, is
displayed by the solid lines; the contribution of channel B,
nuclear scattering involving absorption with recoil of the
prompt SR, is displayed by the dashed lines; and the contri-
bution of channel C, electronic scattering of the delayed
nuclear radiation propagating in the forward direction, is dis-
played by the dotted lines.

As discussed in Sec. II, the recoil-free scattering of the
propagating radiation determines the formation of the polar-
iton mode, where the excited nuclear currents and the propa-
gating field are tightly coupled. Channel A reveals the time
evolution of the nuclear currents excited by recoil-free ab-
sorption �we shall call them A currents�, whereas channel C
reveals the time evolution of the propagating field.

The time distribution measured with the 2-�m spectator
alone, giving the response at an average depth of �1 �m, is
displayed in the panel �1� of Fig. 5. The accelerated decay of
the A current is easily seen within the time interval of
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�0–50 ns at this depth. Within this interval the A current
dominates. But because of its fast decay, it soon becomes
comparable to the nuclear current excited with recoil: the B
current. This happens already at �50 ns. Both currents decay
during later times, exponentially with natural lifetime.

At an average depth of �2 �m �panel �3��, the acceler-
ated decay of the A current proceeds in a shorter time inter-
val �0–30 ns and later drops far below the level of the B
current.

The prominent feature seen in the other panels is the beat
structure of the A and C time dependences, revealing the
nuclear A current and the propagating field. The beating time
structure is found within the depth ranges �2–4 �m �panel
�2��, �4–8 �m �panel �4��, and �22.5–26.5 �m �panel
�5��. At all depths the beating of the A and C time depen-
dences proceed in opposite phase. This is characteristic of
the nuclear polariton dynamics where the two subsystems,
the nuclear currents and the field, exchange energy.

The signal from deep in the target is predominantly due to
the scattering channel C—i.e., due to the electronic scatter-
ing of the delayed coherent field. The beat maxima in the
total intensity observed in panels �2� and �4� are due to the
nuclear currents, whereas the maxima seen in panel �5� are
due to the field.

The signal from the B current always follows a natural
decay. For thicknesses greater �3 �m it becomes dominant
in the second half of the time window.

V. CONCLUSION

This work examined the nuclear polariton, which is a
coupled system of nuclear excitation currents and coherent

�-ray field inside a sample containing Mössbauer resonant
nuclei. Evidence for the propagation of nuclear polaritons in
targets of different thicknesses was obtained through the si-
multaneous detection of spatially incoherent scattering from
varying depths in the target and of coherent scattering in the
forward direction from the target.

The experimental data support a theory in which only the
recoilless, coherent nuclear scattering is responsible for the
formation and dynamics of the nuclear polariton.

The incoherent decay can be divided into three channels
A, B, and C. Channel A reveals the time evolution of the
nuclear currents excited by recoil-free absorption, whereas
channel C reveals the time evolution of the propagating field.

In the approximation of a thin target, the single-nucleus
scattering involving recoil-free absorption, channel A, domi-
nates over the other channels throughout the whole time win-
dow. With increasing target thickness, the contribution of
channel C, electronic scattering of the delayed coherent
nuclear radiation, grows and becomes dominant.
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