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Propagation of nuclear polaritons through a two-target system: Effect of inversion of targets
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The propagation of nuclear polaritons through a scattering system composed of two spatially separated
targets was studied. The stainless-steel targets were highly enriched in re¥6eantclei and had different
thicknesses, and, in addition, the resonance width of one target could be increased by cooling it to low
temperatures. A nuclear polariton state was created in both targets almost instantly by a short flash of synchro-
tron radiation. The propagation of the polariton could be perturbed by a time-dependent Doppler shift of the
resonance energy in one of the targets. The effect of inversion of the target sequence on the polariton propa-
gation was in the focus of our investigations. It was shown both theoretically and experimentally that in general
a two-target scattering system is not commutative.
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[. INTRODUCTION single photon. Thus, it was shown that collective nuclear
scattering can play a crucial role in the whole picture of
interactions of x- and-ray photons with a nuclear ensemble.
A photon traveling in solid matter cannot be treated as an To describe the collective scattering, the concept of a de-
independent entity. The interaction of photons with a crystalocalized nuclear excitation similar to the exciton known
produces various kinds of excitations, e.g., phon@nsan  from optics[4] was introduced in the theofp—7]. For the
ionic crysta), plasmongin a meta), or excitons(in a semi- interpretation of the collective nuclear response, one may
conductoy. Photons and solid-state excitations are dynami-assume the possibility of excitation of each nucleus in accor-
cally coupled and periodically exchange energy. Thus alance with the principle of superposition of states. If the
mixed state of two quantum-mechanical systems—the elestate in which one nucleus is excited and all other nuclei are
tromagnetic field and a solid-state excitation—is created inin the ground state is an elementary state of excitation, then,
side the crystal. This state represents a coupled combinatidi this model, the nuclear exciton wave function is a linear
of an electromagnetic wave and a medium-polarization wav€UPerposition of such elementary excitations. Thus the

propagating through the crystal. The quantum of such &uclear excitation is delocalized and a photon is shared by
mixed state is called a polariton. many nuclei. This is how the scattering process exhibits a

In the frequency regions of visible light and microwave col_ll_eﬁ:tl\{etcr?r?gter.th al . Herent
radiation there exist several polariton variations tightly re- € total ield In the crystal represents a conerent super-

. . ) osition of the waves “allowed” by the scattering system,
Iatged to the character qf the induced _oscnlators. phonon pO'IF.)e., the waves that are solutions of the Maxwell equations of
laritons, plasmon polaritons, and exciton polarith]. A

) e the scattering problem. The waves are dynamically coupled
very special type of polariton is created when an x-«yeaay gp y Y P

) ; . . via nuclear currents feeding one another, so that the total
photon resonantly mte_racts W'.th the _nucle_| in solid matter'field and the excited nuclear polarization wave must be con-
Here, far from the optical region, quite different scales of

: ~ = ; sidered as a single entity. To follow the terminology used in
erlelrgg(typlcally E= |104 de\Q’ waveler;)glltl‘()\f—l\j",&) ,band time | .optics one should call the entity a “nuclear exciton polariton”
(t= ng are involved. An ensemble of Mdssbauer nuc eig, simply a “nuclear polariton?"

in a crystal represents a nuclear medium. There the nuclei act |, general a nuclear ensemble represents a strongly dis-

as pure resonant two-level systems. In addition, the radiatioggsjve, optically active, and diffracting medium. Therefore
sees such a medium as being discrete in space. Therefore, a

nuclear ensemble could represent for the radiation a perfeet—— . L _ _
resonating three-dimensional diffraction grating, and spatial Presently the term *nuclear exciton” is widely used in the circle
interference in resonant scattering by the individual nuclei i£f Physicists working in the field of nuclear resonant scattering of
expected. Mossbauer and synchrotron radiation. This term has its own history.
Experiments on nuclear Bragg diffraction, total externalInmally it referred to a delocalized nuclear excited stgge7] and

. actually presented a new concept for the description of the coherent
nuclear reflection, and nuclear forward scatterisge the ) )
. scattering of ay quantum by a nuclear ensemble. Later on it was

review[3]) have proved convincingly that not single nuclei emphasized that a mixed quantum-mechanical state combining the

but nuclear ensembles can be involved in the scattering of &/namically coupledy quantum and the nuclear ensemble should

be considered8,20,23. The terms “nuclear gamma exciton,”
“gamma exciton,” and “nuclear exciton” were proposed. However,
*Electronic address: smirnov@polyn.kiae.su to be in line with the optical community it would be helpful in the

A. Nuclear polariton
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nuclear polaritons can have different polarization states anthodify the radiative coupling between the targets by ma-
different propagation vectors. Both propagating and standingipulating its parts, and, in this way, to manipulate the propa-
wave modes of nuclear polaritons can be realized. In soligjation of a nuclear polariton through the system.
matter, a nuclear polariton propagating in the forward direc- The effect of radiative coupling between two separated
tion is always created when the nuclear ensemble is excitethrgets was thoroughly investigated in nuclear forward scat-
by a photon, irrespective of the structure of the nuclear entering of synchrotron radiatiofi0,11]. Stunning effects have
semble. in particular been observed in a target system composed of
two targetsN (narrow) andW (wide) having highly different
nuclear resonance linewidths of about 1 and 10 natural line-
widths I'y, respectively[10]. In particular, after an initial
Synchrotron radiatior{SR) sources provide an excellent decay with strongly enlarged decay rate, the reemission in
opportunity to observe the propagation of nuclear polaritonshe forward direction did not recover at later times but re-
in the forward direction. The energy spectrum of the SR bymained almost zero. Moreover, this behavior was found to be
far exceeds the nuclear resonance range. The excitation ofigdependent of the target sequence, that is, when the targets
nuclear target by a SR pulse occurs still withir0.2 ns,  playing the role of driver and oscillator with very different
whereas the time response of the nuclei lies in the 100 ndecay parameters were inverted.
range due to the sharpness of the resonance. Thus, the pri- In order to analyze these surprising findings and to gain
mary excitation and the following decay stages are welldeeper insight into the physics of the propagation of nuclear
separated in time, and the nuclear polariton propagatiopolaritons through a system of two targets a method of ma-
through the target is easily traced. nipulating the radiative coupling of the targets developed in
The most prominent features of the propagation of thg11] was employed in the present study. In this method, the
nuclear polariton are the dynamical and the quantum beatadiative coupling of the two targets can be instantly inter-
(DB’s and QB’9 of the forward scattered intensigee, e.g., rupted by means of a stepwise Doppler energy shift applied
the reviews[8,9]). In the energy space both kinds of beatsto one of the targets. Effects caused by the inversion of the
can be understood as the result of interference of the forwarghrgets under these conditions were the focus of the present
scattered spectral components of the radiation. The QB arisesudy.
in the presence of hyperfine splitting of the nuclear levels The paper is organized as follows. In Sec. Il we present
and is due to inter-resonance interference of the radiatiothe theory describing the propagation of a nuclear polariton
components. The DBalso known as the propagation beat in through a system of two targets in the presence of an external
opticy arises due to the intraresonance interference of thgerturbation of the system. Section Ill is devoted to the de-
radiation components. It is especially representative for thickscription of the experiments and of their results. It contains
nuclear targets where the spectrum of the forward scattereslso the analysis of the experimental results. A summary and
radiation acquires a double-hump structure. conclusions are given in Sec. V.
On the time scale, the DB reveals the dynamics of the
polariton propagation, namely, the dynamics of the energy
exchange between the electromagnetic field and the nuclear [l. PROPAGATION OF A NUCLEAR POLARITON
excitation: sequential processes of absorption and reemission THROUGH A SYSTEM OF TWO TARGETS: THEORY
of radiation by the nucleisee Fig. 7 if8]). These processes . L .
are regulated by the coupling of the radiation to the nuclear The propagation of a.polanton IS r_eflected in the tgmpqral
currents of the ensemble. The radiative coupling is also reLcoPONse of the scattering system in the forward direction.

. o Let the incident radiation be represented b§fanction &(t).
sponsible for the enlarged decay rate at the initial stage of th‘?hen the delaved response of% sinale ret)s&c)nance nu(c?ear tar-
polariton propagatioi8,9]. y P 9

In the forward scattering geometry the coherent couplingget attimet is described by the following wave pacag]:

B. Propagation of a nuclear polariton in time

of radiation field and nuclear oscillators is established and f

L . 1_. t-q/(2t )Jl(\Tt/tO)
maintained over the whole scattering ensemble along the W(t, T) = constx 2—Te""<J avt<lo — (1
beam even if the ensemble is split into several spatially sepa- to VT

rated targets. In the process of propagation the coherent ﬁeWhereT:naof is the Mdssbauer thickness of the target, with
emitted by a nuclea_r layer is .traveling in the forward direc-p, being the number of resonant nuclei per unit aregthe
tion. Therefore the field reemitted by an upstream layer capaximal resonance cross section of the nuclear transition,
be reabsorbed only by a downstream layer. Likewise, in theynq f the Lamb-Mdssbauer factos, is the resonance fre-
case of two spatially separated targets the field leaving thauency’tozﬁ IT, is the lifetime of the nuclear excited state
upstream target drives the nuclear oscillators in the downgyitn natural widthT,, andJ, is the Bessel function of the
stream target. Splitting a target into parts allows one to easilyirst kind and first order. The paramet@takes a Lorentzian
broadening of the resonance into acco(s&e|8]).
future to use the term “polariton” which is well established in this ~ W(t,T) is the probability amplitude for & quantum to be
field for the description of similar optical phenome(earlier this ~ coherently emitted at timeinto the forward direction by a

term was used if22]). The term “nuclear exciton” we will preserve nuclear target of thicknesb. This amplitude is directly re-
for the description of nuclear polarization, i.e., in its original mean-lated to the electromagnetic wave field behind the target. Any

ing. delayedy quantum behind the target, however, is a proof of
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FIG. 1. Evolution of nuclear forward scattering of synchrotron radiation from a system composed of two targets exhibiting each a single
line resonance and having effective thicknes$gs27 andTg=9. The targets are in resonance at the left-hand side, whereas at the
right-hand side the resonance lines are separated by an energy shBOB§. The partial scattering paths are displayed in the insets where
dark circles indicate the interaction of the radiation with the nuclei in the targets. The three paths are described by the probability waves
Wi, Wi, andW,g, respectively. The summary wave and intensity are shown in the two uppermost panels. Amplitudes are always given in
linear scale, intensities in logarithmic scale.

previous creation of a nuclear polariton and its propagatiorsystem. As shown if8], the wave packet representing the
through the target. One should keep in mind tht, T) delayed coherent response of the system of two separated
describes only the electromagnetic waue free space be- targetsA andB is a composition of three contributions,
hind the target whereas the polariton is composed of both
an electromagnetic wave and a nuclear polarization wave Wasg(t) = {Wa(D) + Wa() + Wag(t)} 2
inside the target. The exchange of energy between these twgith
subsystems is described by the Bessel modulation ifEqg. .
(see Fig. 7 in Ref[8]). _ , , ,

Thus the modulation of the wave packékt,T) repre- Wae(®) = _fo dt'Wa(t = t)Wa(t')
sents the multiple scattering of radiation by the nuclei which
occurs during the polariton propagation through the target
[8]. The wave packet exhibits a node-antinode structure. The Each of the constituent wave packét(t), Wg(t), and
antinodes in the wave packet reveal sequential nuclear scatVag(t) represents one of three scattering paths. These are
tering stages. Each nuclear resonant scattering results inrauclear scattering of SR by targAtor B, as if each target
phase shift of - of the wave where the fraction/2 origi- ~ were alone in the beam, and scattering of SR by tafgsnd
nates from the scattering at resonance and another fraction tifereafter scattering of the delayed nuclear radiation from
—/2 is due to forward scattering of a plane wave by a plandargetA by targetB, i.e., the sequential scattering of radiation
scatterer(Fresnel interferenge by the upstream and downstream parts of the scattering sys-

We now consider a system composed of two tardeasd  tem. Schematically the scattering paths are shown in the in-
B characterized by effective thickness€&g and Tg, reso-  sets of Fig. 1 where the dark circles symbolize the events of
nance frequencies, and wg, and resonance broadening pa- nuclear excitation inside the targets for each scattering path.
rametersg, andgg, respectively. We assume the targeto  Correspondingly, the wave packéts andWg represent the
be the upstream ariélthe downstream part of the composed delayed responses of the relevant tardgtese given by Eq.
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(1)], whereas the wave packéf,g is their convolution. It is  site case whefwp—wg|> Ty, illustrated in the right-hand set

found by using the response function technique. of panels of Fig. 1, the radiative coupling is of minor impor-
The wave packetV,g represents the third scattering path tance: note the weak probability waVé,g. It should also be

and reflects the resonant interaction of radiation emergingtrong|y decreased when the widths of the resonances in the

from the upstream target with the nuclei of the downstreanyp- and downstream targets are essentially different. From

target. Thus in accord with its nature this wave packet repthe point of view of radiative coupling the considered ex-

resents theradiative coupling of the nuclear ensemble in treme cases are characterized asdbepled and decoupled

target A with that in target Bin the integral in Eq(2), the  giatesof the system. In the decoupled state mainly the inter-

running timet” is the emission time from targétas well as  ¢orance of the two scattering channels described byvie

the excitation time of targd®; the timet is the emission time and W waves determines the whole scattering picture. For

fr_om targetB as well as the observation tiniéhe time of instance, in the case of shifted resonances their interference
flight of radiation between the targets and between the sec-

ond target and the detector does not count and is omittedyields a prominent quantum beat of the scattering intensity

Time zero is set by the arrival of the SR pulse at the detector(.the uppermost right-hand papevhich occurs at the differ-
In brief, in the third scattering path the polariton propagate£"ce frequenciw=ws-wg [9]. In our example it corre-
in targetA within the time interval from O ta’ and in target SPONdS t0 an energy shifidw=500';. However, we empha-
B from t’ tot. size that in spite of such a large separation of the resonances
The propagation time of a nuclear polariton can vary inthe radiative couplin_g is still present, although with drasti-
broad limits. The more time the polariton was propagatingcally reduced amplitude; compare the amplitudes of the
through the system the more collisions of tequantum Wave packet®W,gin Fig. 1(at the left- and right-hand sides
with the nuclear ensemble occurred. The scale of the propa- We consider now the interference of the wave packets
gation time can be attached to the lifetime of the excitedepresenting the three scattering paths when the targets are
nuclear state. radiatively coupled. Regarding interference one has to take
Thus the overall delayed response of the system is ddhto account both the amplitude and the phase relationship of
scribed asthe interference of the three probability waves the wave packets. Several characteristic time moments are
Wi(t),Wi(t), and Wag(t). As an illustration we consider a marked 'in Fig. 1(left-hand sid& At the fi_rst scattering stage,
hypothetical nucleay resonance in the absence of hyperfine€-9., at timet;, the wavesh, andWg having the same carrier
splitting. Let the scattering system be composed of two tarfrequency are in phase. At the same time they are in opposite
gets having identical characteristics except for their thick-Phase to the wave packéi,g. The latter presents the nuclear
nesses. The probability wavés fact the real amplitudef ~ coherent scattering of thé/, wave by targeB. Because of
the particular scattering channels are displayed in Fig. 1 fofhe additional event of nuclear coherent scattering the phase
targets having thicknesseB,=27 andTg=9. In order to  Of the W,g packet is shifted by . For the same reason the
make the phase relations of the interfering waves visiblehase of th&V,, wave at timet, is shifted by - with respect

their carrier oscillations are artificially slowed down in the t0 the phase of th&V; wave because, belongs already to
figure. the second scattering stage of targeft the timet, all three

At the left-hand side of the figure the case is illustratedscattering paths contribute to the resultant wave with about

where the targets have the same resonance frequency. TH¥ same amplitude whereas at titgehe resultant wave is
pronounced node-antinode structure of the summary wav@ainly built by scattering through the radiative coupling
{Wa+Wg+W,g! is a dramatic consequence of the propagaath, i.e., by the waviV,g.

tion of the nuclear polariton through the targets. As discussed EQuation(2) describes the coherent response of the com-
in [8] (Sec. 6.3, the space-time modulation of the propagat-Posite target when its parts are at rest. In the presence of a
ing field and the nuclear excitation amplitudes in the targetelative motion between the targets @) has to be modi-
reveal sequential events of absorption and reemission of riled- We let targetA move with respect to targed at an
diation by the nuclei. The number of antinodes in the trans@rbitrary velocityv(t) along the beam direction. Because of
mitted field shows the number of scattering stages whicthis motion the wave packet emitted by tardeacquires an
occur within the observation time window inside the givenadditional time-dependent phase

target. For instance, regarding the emission from taRjet om [t

alone, two scattering stages are revealed witirwhereas ot) = ) f dt'v(t'), (3)

for the combined target, three scattering stages are traced, N Jo

see the structure of the relevant wave packets at the left-hand , ,
side of Fig. 1. where the integral represents the displacement of takget

While the wave packet§V, and Wy correspond to free during the timet. The delayed response of the system is then
emission from the targe#s andB after the prompt excitation aS follows:
of the targets by the SR pulse, the wave padkgl de- t
scribes t.he emissiqn from the nuc_lei_ in t_argbt/\_/hen they  Wy,g(t) :ei¢<t>WA(t) + Wg(t) - J dt’WB(t—t’)e“*’“'>WA(t’).
are continuously driven by the radiation incoming from tar- 0
get A. Obviously, this radiative coupling of the targets is (4)
most influential when the radiation is in resonance with the
nuclei, i.e., whenw,=wg: note the well developed probabil- Any relative motion between the targets leads to a perturba-
ity wave W,g at the left-hand side of the figure. In the oppo- tion of the nuclear polariton propagation through the system.
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It is revealed(a) in the phase modulation of the packd,  +—————————
and(b) in the time-dependent variation of the radiative cou- 1 T
pling termW,g. Different cases of the dynamic perturbation . -
of the polariton propagation have already been studied. They 1 "
were determined by the character of the motion: e.g., a sinu-
soidal displacement of the target was investigatgd 8315,

and a trapezoidal displacement[itd]. In the last paper the
transitions between coupling and decoupling regimes during
the polariton propagation were investigated thoroughly. In
these studies the question was raised whether the propaga- ]
tion of a nuclear polariton through the system is invariant to . =
the inversion of the targets. It is obvious that the response of ‘ '

the system is invariant to inversion if the constituent targets .t -t R
are identical, i.e.W,=W;g. We now find the response of a 0 1 2
system in which the sequence of nonidentical targets is in- Time ( in units of lifetime )

verted. We consider the scattering system whgres the

upstream and\ the downstream target. As in the initial case FIG. 2. Comparison of the relative displacements of the targets

targetA is moved. The delayed response of the inverted Sys(_dashed areaduring equal time intervals but different stages of
tem is found as motion. The displacements determine the relative phasing between

exciting field and target response in the third scattering path in the

. t . cases of direct and inverse sequences of the targets; se@ Eajsd
Wi a(t) = Wa(t) + €W, (1) ~ f dt'Wa(t = t)eetOWg(t').  (g).
0

Velocity (arb. units)

(5) gets from O tot’ and for the sequencBA from t—t’ to t.
These displacements are shown in Fig. 2 as marked areas.
With respect to targeB the moved targef\ is now in the  Only for a motion with constant velocityincluding zero
position of the responding target. Its excitation timetis  yelocity) are these displacements identical at any observation
Therefore the phase factor due to the motion in this case is @imet. And only for this type of motion is the response of the
function of the timed’ andt. Hence, the phase is given by scattering system invariant to the change of the sequence of
the integral o(t,t')=(2m/N) [, dt'v(t"), i.e., ¢(t,t')=¢(t) the targets, even if the targets have different thicknesses or
-¢(t"). The expression for the response of the inverted systand different resonance widths. If a motion with a constant

tem now reads velocity is applied the separation of the resonant energies of
_ ot the targets remains constant during the scattering process.
W a(t) = Wa(t) + €¥UW,() Thus, more generally speaking, inversion does not matter

. t - when the relative positions of the target resonances do not
- "”(t)J dt'Wa(t—t")e")W(t’).  (6)  change while the polariton propagates through the system.
0 However, when a time-dependent shift between the reso-
Comparing Egs(4) and (6) it is seen that only the partial Nance energies occurs, the time response of the scattering
wave describing the radiative coupling of the targets is afSystem is different for the different sequences of the targets.
fected by the inversion. To reveal the difference between the The effect of inversion for the same set of targets is illus-
wave packet®V,s andWpg, we transformWg, by first intro-  trated in Fig. 3. Targed is assumed to be moved with con-
ducing the new variable of integratid@¥t-t' and then by Stant acceleration according to the lamt)=a(t-te/2),
naming the variabf@ast’ in the new integraiboth times run ~ Wherea=const stands for the acceleration apts the end of
over the same time interyalAfter such a procedure we can the time window. The insets at the left- and right-hand sides

directly compare the wave pack and We of the figure show the sequences of the targets. Obviously,
y P packal BA the strongest effect of inversion can be expected when the

t ) el , radiative coupling of the targets is still influential, i.e., when
Wag(t) = - f dt'Wa(t = t')e " 'Wiy(t'), (7)) the separation of the resonances in the targets is changed

0 only in the limits of a few resonance widths. Thus in our
example an acceleration is taken to yield a separation of the
resonances in the targets in the limits of A7;5Comparing
the temporal responses of the systéshown in the upper-
most panels of Fig.)3we can see a clear effect due to the
As seen, the convoluted packets are now identical but theihversion of the targets. The difference in the responses
mutual phasing is different. We have to compare the phasesriginates from the completely different radiative coupling of
¢(t') ande(t) - (t—t"). The phase here represents the lengththe targets. When the polariton propagation is perturbed, in-
of the additional optical path arising from the displacementversion of the targets yields a strong amplitude and phase
of the moved target; see E(). In the given case one has to modulation of the relevant wave packet; compare \tg;
compare the displacements at different stages of motion butnd Wy, packets in the upper part of the figure. For refer-
during equal time intervals: for th&B sequence of the tar- ence, theW,g and W, packets are also shown for the case

t
Wia(t) = - f dt' We(t —t')eeOe et w, (1), (8)
0
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FIG. 3. Evolution of nuclear forward scattering of synchrotron radiation from a system composed of two targets exhibiting single line
resonances and having effective thicknesges27 andTg=9. TargetA is moved with constant accelerati¢ee the upper insets and text
The sequence of the targets is different at the left- and the right-hand siBemdBA, respectively. The third scattering path is modified
due to inversion; compare the corresponding probability wAVgs and Wy, in the middle panels. At the same time, inversion does not
result in a modification of this path in the absence of a perturbation; compare the same waves in the bottom panels. The effect of inversion
in the perturbed system is well seen in the shape of the summary wave and of the intensity shown in the uppermost panels.

that there is no perturbation of the polariton propagattoe  targets identical in all nuclear resonance parameters except
panels at the bottom of the figureAn inversion effect is for their effective resonance thickneEsThe second scatter-
absent here. ing system was composed of two targets having, in addition
Concerning the interference of the waves of the other twao different thickness parameters, different nuclear resonance
scattering paths, it is not sensitive to invers{as was men-  widths. Both targets were prepared of stainless-steel
tioned abovg compare the summary wave packdW®a  Fe Cr,Ni,, enriched up to 95% ii’Fe. The targets were
+Wg} at the left- and right-hand sides. As seen from thefapricated from foils having thicknesses ofl.2,~ 2.3, and
figure, the amplitudes dNag and{Wy+Wpg} (left-hand sid¢ ~ ~2.5 ;ym.
and of Wg and{W,+Wg} (right-hand sidgare comparable Nuclear polaritons with an energy of 14.4 keV were cre-
for most of the time. That is why a modification of the ra- ated by SR flashes in the scattering system. The lifetime of
diative coupling is so influential in the summary wavesthe employed nuclear state ifFe is~141 ns. The propaga-
{Wa+Wg+Wag(Wgp)}. tion of nuclear polaritons was studied under conditions
Finally, one can formulate a general rule concerning thevhere the radiative coupling of the targets was temporarily
effect of inversion. The propagation is invariant to the inver-perturbed. Such perturbations were created by a sudden mo-
sion of the targets if the separation of the resonance energig®n of one of the targets while the polariton was propagating
in the targets is not changed while the polariton propagatethrough the system. In all experiments the moved target was
through the system. Otherwise the polariton propagation i& foil of 1.2 um in thickness and 5 mm in diameter. Further
sensitive to the target inversion. on we call it targetA. It was glued to a driver which was
manufactured of a piezoelectric polymer foil, polyvinylidene
fluoride (PVDF) covered by a conducting layer of nickel-
aluminum to which a voltage signal was applied. This volt-
age signal produced the motion of targetlts velocity can
The measurements were carried out at HASYL&EBmM-  be described by rising and falling exponentials, as expected
burg) at the wiggler beamline BW4. Two kinds of scattering with our experimental setup, where the covered PVDF acts
systems were investigated. The first one consisted of twas a capacitor. For further details see R&1]. The velocity

IIl. PROPAGATION OF A NUCLEAR POLARITON
THROUGH A SYSTEM OF TWO TARGETS: EXPERIMENT
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the time window of the perturbation. The frequency and
shape of the beats are determined by the velocity profile as
discussed in detail if1l]. In addition to the beats a long-
lasting influence of the perturbation on the overall shape of
the transmitted intensity is observed. For instance, it is well

%‘ seen that the perturbation occurring at early times essentially
S ] extends the first scattering stage until about 100ses bot-
£ 1073 tom panels
103’; As to the beats, they change their initial phase while the
10°1 perturbation is shifted from the first to the second scattering
1073 stage; compare the dependences referring to the starting
100; ' ' ' ' times of_4_4 and 82 ns. S'gartir?g at 44 ns the perturbation
0 2'0 4'0 elo alo 160 150 1"10 1('50 causes initially a destrucyve mterferer_lce.effect, whereas
Time (ns) starting at 82 ns it results in a constructive interference pat-

tern, which is especially pronounced for the direct sequence
FIG. 4. Experimental time dependences of nuclear forward scath targets(left-hand pansl Similar changes of the beat struc-

tering of synchrotron radiation from a system of two targétand  tUres were observed fril]. - _ o
B manufactured of stainless-steel foil® having thicknesses 1.2 From the general behavior of the scattering patterns it is
and~2.3 um, respectively, and being kept at room temperatoe; IS0 seen that the perturbed system is not commutative. This
having thicknesses 1.2 and~2.5 um, respectively, but with target nNoncommutativity is most clearly observed when the pertur-
B being cooled to 4.2 K. Due to cooling the resonance line in targepation occurs within the second scattering stage, i.e., starting
B is broadened to~10I',. Solid lines are computer simulations at 82 ns and later. Upon perturbation starting at times 111
based on Egqq1) and(2). and 120 ns, beating of the scattering intensity proceeds even
in the opposite phase for the direct and inverted sequences of
profile is displayed in the bottom panels of Figs. 6, 7, 9, andNe targets. , _ _
10. We now shall analyze in detail the effects of perturbation
The time of perturbation of the nuclear polariton was Syn_a_md of inversion for the extreme cases, where the pertl_era-
chronized with the arrival of the SR pulse and could petion occurs at the late and at the early stages of scattering.
Zzltf;ﬁg,wnh respect to this arrival timesee Ref.[11] for 1. Late perturbation
In Fig. 6 the scattering picture is presented where the
perturbation started-120 ns after the creation of the polar-
iton. The perturbation is caused by a short motion of tafget
In these measurements two targets-df.2 and~2.3 um  for about 50 ns. The velocity of the motion is displayed in
thickness were used as paksand B of the scattering sys- the bottom panels of the figure. The constituent wave packets
tem, respectively. Both targets were kept at room temperaare presented in the figure again as the real parts of wave
ture where they exhibited almost natural nuclear resonancamplitudes. The nature of the wave packets was discussed in
width, not taking into account the thickness broadening. Théhe previous section. The waVé, reveals that targek stays
polariton propagation in the observation window is charac-n the single-scattering stage in the entire observation win-
terized by single- and double-scattering stages. This is wellow. The carrier frequency of the wave is modulated due to
seen in Fig. 4a) where the forward scattering of the SR pulsethe perturbation within the time interval 120-160 ns. The
by the system of two targets is shown in the absence ofvave Wy reveals both first and second scattering of the ra-
perturbation. The first scattering stage lies within the timediation in targetB within the observation windows 0-100
interval 0—70 ns whereas the second stage occupies all of td 100-160 ns, respectively. Both waves stay unchanged
remaining observation window. The observed intensity evoafter the inversion of the targets. The wawgg and Wgp
lution does not depend on the target sequence in this caserepresent the radiative coupling of the downstream target
To reveal the polariton propagation through the systenwith the upstream target for the direct and inverted se-
the time dependences of nuclear forward scattering of synguences of targets, respectively. Only these waves are sensi-
chrotron radiation pulses were measured for the difd8t tive to inversion. Since in the considered case the targets are
and invertedBA sequences of the targets. A series of suchn resonance most of the time frorm 0 to 120 ns, the radia-
dependences for different starting timigg of the perturba- tive coupling can result in the excitation of the nuclei in the
tion of the polariton with respect to the SR flash was ob-downstream target to their maximum amplitude. The cou-
tained. Figure 5 displays a set of selected dependences wherting is perturbed only at the end of the time window. It is
the perturbation started within a wide time range from 17 towell seen that the effect of perturbation is different for the
120 ns. The left- and the right-hand panels of the figure refedifferent sequences of the targets: thvgg (Wg,s) waves are
to the direct and inverted orders of the targets, respectivelymodified differently in amplitude and phase during the time
The propagation of the nuclear polariton is drastically af-interval 120-160 ns. The average velocity of the motion cor-
fected by the perturbation. First of all, the perturbationresponds to a shift of the resonances in the targets by about
causes beats of the transmitted intensity which coincide wittfO'y. So one can expect a complete interruption of the ra-

A. Inversion of targets of different thicknesses
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FIG. 5. Experimental time dependences of nuclear forward scattering of synchrotron radiation from a system of twé. @mngés
manufactured of stainless-steel foils having thicknesse® um(T,~10.6 and~2.3 um(Tg=20.2), respectively. Both targets are kept at
room temperature. The scattering is perturbed by a sudden motion of favgétin ~50 ns. The motion starts at different timigs from
17 to 120 ns, as indicated, perturbing the scattering in characteristic stages of its development. The results of the measurements for the direct
AB and inverseBA sequences of the targets are presented at the left- and right-hand sides, respectively. Solid lines are computer simulations
based on Eqq4) and (6).

diative coupling between the targets from time 120 ns on. The primary reason for this noncommutativity of the scat-
After this time the excitation produced in the downstreamtering system is the different thickness of the targets. For the
targets via the third scattering channel should exhibit mainlydirect AB sequence of the targets the wawdgg and Wg
a free decay. For the sequend® the deexcitation of the oscillate in phase for most of the time afted 00 ns because
downstream thick targed should be coherently enlarged as after this time they both are generated by double-nuclear-
compared to the deexcitation of the downstream thin takget resonant scattering. Just at the begin of the perturbation at
in the sequenc8A. That is why the probability waveV,g 120 ns both waves are in opposite phase with respect to the
decays faster thawga. W, wave. That is why the beating starts with constructive
In the summary wave{W,+Wgz+W,5(Wga)} a pro- interference of théWg+W,g} andW, waves when the phase
nounced amplitude modulation is seen during the perturbasf the latter is modulated.
tions which results in the beats of the scattering intensity. However, in the case where the targets are inverted the
However, the beats start with opposite phases for the differwavesWg, andW, oscillate in opposite phase because they
ent sequences of the targets. are created by double- and single-nuclear scattering, respec-
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FIG. 6. Effect of inversion at late perturbati¢gsee Fig. 5. The left (right) panel corresponds to the dire@bverted target sequence
AB(BA), respectively. The velocity of targétis depicted by the solid line in the bottom panel. With the inverted sequence of the targets the
quantum beats caused by the perturbation proceed with opposite fhasesxt The probability wavesV,g andWg, in the absence of
perturbation are displayed by dashed lines.

tively. Just before the perturbation their summary wave is irtive coupling has two main consequences. At reduced cou-
phase with wavé\g, because the amplitude @i, is larger  pling mainly the two scattering paths, represented bywhe
than that ofW,. Thus the beating now starts with destructive andWg waves, interfere. Since the frequency difference be-
interference of thelW,+Wjga} and Wi waves when their tween the waves is running within the time interval 20-60 ns
relative phase is changed due to the perturbation. their interference yields the amplitude modula’gion of the

In these considerations, the essential feature is the diffelave {Wa+Wg+W,sg(Wga)} and the relevant beating of the
ent role of the phase modification when targestarts to be ~forward scattering intensity in this interval; see the two upper
moved. For the sequenc®B, only wave W, becomes di- panels_of Fig. 7. In addition, the transition to the second
rectly phase modulated, whereas wa\gs, generated in re-  Scattering stage of the whole system is shlfted freimO ns
sponse, i.e., in an indirect way, is only slightly modulatedin the case of the unperturbed polariteee Fig. 4to nearly
[see Eq(4) andW,g in Fig. 6]. This is why the interference 100 ns when the perturbation is applied. This is because
of W, and{Wg+W,g} has to be considered. For the oppositePreaking the radiative coupling reduces the effective thick-
sequenceBA where the downstream targét is moved, Ness of the scattering system.

wavesW, and Wg, become directly phase modulatfske If we compare the scattering patterns for the direct and
Eq. (6) and Wg, in Fig. 6]. Thus now the interference of inverted sequences of the targets we notice that they differ
{W,+Wg, andW; has to be considered. much less drastically as compared to the previous case of late

perturbation: the quantum beats are in phase for both se-

quences, but the beats are less pronounced for the inverted

sequence of the targets. This is because upon decoupling in
We turn now to the case where the polariton starts to béhe sequenc@B the fieldsW, and {Wg+W,g} are of com-

perturbed soon after its creation, at 17 ns. The bottom panglarable amplitude, whereas in the sequeBéethe ampli-

of Fig. 7 shows the velocity profile. The radiative coupling tudes of the fielddVg and {W,+Wg,} differ essentially. In

interrupted at the early stage yields the waVég (Wg,) to addition, the intensity at late times is higher for tAB se-

be less developed in amplitude; compare the relevant panetgience than for thBA sequence. This comes from two rea-

in the Figs. 6 and 7. Moreover, the wave amplitude starts t@ons. First, after onset of coupling, in the sequeA&ethe

decay already at about 20 ns. When the radiative coupling adriving field W, is present at all times, whereas in the se-

the targets is restored after~60 ns the amplitudes quenceBA the driving field Wy crosses zero. Second, the

Wip (Wgp) start rising again. The perturbation of the radia- response of the downstream targeat the onset of coupling

2. Early perturbation
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FIG. 7. Effect of inversion at early perturbatidsee Fig. 5. The left(right) panel corresponds to the dirg@tverted target sequence
AB(BA), respectively. The velocity of targek is depicted by the solid line in the bottom panel. Early perturbation leads to a distinct
modification of the overall shape of the system respdsse text However, inversion yields less dramatic consequences as compared to the
late perturbation: quantum beats are less pronounced upon inversion. The probabilityMyg\aesl Wz in the absence of perturbation are
displayed by dashed lines.

is faster than that of the downstream tar§etue to its larger  scribed by the parametey [see Eq.(1)] [8]. As discussed
thicknesdq 16]. below, these features of the response of taByate essential
for the polariton propagation through the two-target system.
B. Inversion of targets of different thicknesses and different The general features of the polariton propagation through
resonance widths the unperturbed system are seen in Fig)4In contrast to
the previous casllustrated in Fig. 4a)], where both targets
are kept at room temperature, the overall shape of the time
dependences is changed; in particular, the second scattering
stage seems to be largely suppressed. However, in the course
of scattering two regimes of polariton propagation can
clearly be distinguished. They are characterized by the fast
and slow decays of the coherent signal in the time windows
been given inM17]. 0-50 _and 60-160 ns, respectively, revealing a large d_iffe_r-
The broadened resonance in targeprovides quite dif- €nce in the responses of the constituent targets. Vanishing
ferent time characteristics for its coherent response. Becaud@tensity at late times is a rather unique situation. It could
of the resonance broadening the target reacts much faster @y be reached because of the particular choice of the thick-
temporal changes of the external excitation, in particular, tdess of targeB. As will be shown below the coherent scat-
the onset and to the offset of the excitation. A fast responstering at late times is determined by the sum of two contri-
to the onset of the excitation can be explained by the dynanmputions {Wx+W,g (Wga)}. For fixed linewidths of the
ics of y-ray scattering in the energy region around the resofésonances in targetd and B the amplitudes ofw, and
nance: slow scattering on resonance and fast scattering offlag (Wga) Only depend on the target thicknesgeee Egs.
resonancg18]. Regarding the offset, the spontaneous emis{1) and(2)]. In order forW,g (Wg,) to cancelW, only the
sion into the coherent channel proceeds very fast from #hickness of targeB has to be chosen properly. To a large
target with a broadened resonance. The reason for this acce&lxtent this choice is independent of the thickness of takget
eration is the fast dephasing of the spectral components dwgnceW, andW,g (Wg,) depend in a highly similar way on
to the broadening of the emitted radiation spectrum, dethe thickness of targeA.

In these studies the targets having thicknesses- b2
and ~2.5 um were employed as the pamsand B of the
scattering system, respectively. Tar@etvas cooled down to
4.2 K, increasing its Mossbauer thickness b28%. In ad-
dition, at 4.2 K the resonance line was broadened 1@l
due to magnetic relaxation processes in the matéoalde-
tails see[10]). A preliminary report on this experiment has
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FIG. 8. Experimental time dependences of nuclear forward scattering of synchrotron radiation from a system of twé @ngdds
manufactured of stainless-steel foils having thicknessé<2 um(T,=~10.6 and ~2.5 um, respectively. TargeB was cooled to 4.2 K
resulting in a Mdssbauer thicknessTgf= 28.2; in addition, at 4.2 K the resonance line in taf§etas broadened te-10'y. The scattering
in the system is perturbed by a sudden motion of tafgetithin ~50 ns. The motion starts at different timgg from 17 to 110 ns, as
indicated, perturbing the scattering in characteristic stages of its development. The results of the measurements foABaidrécterse
BA sequences of the targets are presented at the left- and right-hand sides, respectively. Solid lines are computer simulations based on Eqgs
(4) and (6).

Figure 8 shows a collection of measured time depen- The time dependences for the invertBé order of the
dences of the nuclear forward scattering of SR pulses by thiargets are essentially different. When the start of perturba-
system in the presence of perturbation: for different perturtion crosses the range of50 ns quantum beats are no
bation times and for the two target sequences. The quantuionger formed. These drastic effects of the inversion of tar-
beats caused by the perturbation are well formed in thgets we will again analyze separately for the late and early
whole set of dependences obtained for the dikBtse- perturbation times.
guence of the targettsee left-hand panels The beating
starts from destructive interference for the early perturba-
tions (starting at 18 and 29 hsand then transforms to con- The time dependence where the perturbation started at 98
structive interference for perturbations at later times. ns is a representative example of this case. The wave packets

1. Late perturbation
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FIG. 9. Effect of inversion at late perturbatidsee Fig. 8 The left(right) panel corresponds to the dirg@verted target sequence
AB(BA), respectively. The velocity of targétis depicted by solid lines in the bottom panel. The pronounced quantum beats observed in the
direct sequence of the targets disappear completely after invéegerthe uppermost panels and teXhe probability wave§V,g andWga
in the absence of perturbation are displayed by dashed lines.

presenting the three scattering paths and the summary wawehoice of the thickness of targBtthe amplitude of th&N,g
packet are shown in Fig. 9, along with the forward scatteringvave reaches a value comparable to that of \tjewave.
intensity. The response of targ&talone is the same as dis- That is why, in the time range until 98 ns thé, and W,g
cussed earlier. Within the time interval 98—160 ns the wavevaves being in opposite phase mostly cancel each other.
packet is phase modulated due to the target motion. The rédowever, when the upstream targets put in motion they
sponse of targeB alone is strongly different from that of quickly reach constructive interference yielding the pro-
targetA. While targetA radiates for the whole time window, nounced bump of the intensity at the begin of the quantum
targetB stops emitting already at about 60 ns after the exciPeat structurgleft-hand panel This does not happen when

tation by the SR flash. The main reason for this strongly!/9€tA is moved in the downstream positidright-hand
accelerated decay of the wave amplitudé is the fast side. When the motion starts at 98 ns g, andW, waves

dephasing of the spectral components of the forward scafi€ frequency modulated in the same way and stay in oppo-
tered radiation, as discussed above. site phase, all the time canceling each other.

. Thus, for the different sequences of the targets, the per-
The stage of the fast decay of the coherent sigs top turbed system exhibits an essentially different behavior: ra-

pane} IS dete_rrmned toa large extent just b.y e scatter- diating or not radiating coherently in the late stage of scat-
ing path. Within the first~20 ns the main contribution ojng" This result clearly shows that the nuclear polariton
comes from constructive interference of th, and Ws  propagates through the system in different fashions for the
waves, where th&Vs wave plays the dominant role. After gifferent sequences of targets. For thB sequence at late
this time the increasing amplitude of the,s wave starts  times before the start of perturbation the polariton propagates
Canceling the contribution of tl’WA wave, SO that the whole 0n|y in the upstream target A. The fact that it propagates
scattering pattern within the time interval 0-60 ns is formedthrough this target is indicated by the presence of the wave
mainly by theWg channel. field W, behind the targeA. At the same time, the total field
The nuclear double scattering in the composite systembehind targeB is strongly suppressed because of destructive
runs here only through thé/,g (Wg,) scattering channels. In interference of the wave/, emitted by the upstream target
the case under study these channels are less strong thanand the waveN,z generated in the downstream targ@etiue
the previous experimerisee Fig. 6, because of the essen- to the double scattering of the radiation firstArand then in
tially different resonance widths of the targets. NeverthelessB. Since there is no wave field behind tar@etve conclude
the targets stay radiatively coupled to a certain degree fathat the probability amplitude for a nuclear polariton being
most of the time until the motion starts. As a result of ourpresent in targeB is vanishing.
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FIG. 10. Effect of inversion at early perturbati¢see Fig. 8 The left(right) panel corresponds to the dirdatverted target sequence
AB(BA), respectively. The velocity of targét is depicted by the solid line in the bottom panel. The overall shape of the system response
changes considerably when the target sequence is inVsgedext The probability wave®V,g andWg, in the absence of perturbation are
displayed by dashed lines.

When the perturbation is applied the interference\)f  turbation of the radiative coupling of the targets allowed us
and W, results in the quantum beat structure obserigm#®  to distinguish these different modes of polariton suppression.
Fig. 9, left-hand pangl Hence, in the presence of perturba-  Even though in the absence of perturbation the polariton
tion a polariton can be found in the targé&tsandB. This is  vanishes in the downstream target for both sequences, the
indicated by the presence of the wave fi®lfl behind the excitation in this target still remains. However, it is now
targetA and by the presence of the wave figM/,+W,g} localized at a particular nucleus, which deexcites via the in-
behind the targeB. Since the nuclei in targd are no longer  coherent channel, i.e., via conversion electrony cadiation
driven by W,, the constituent fieldV,g rapidly decays be- into 47 (see Fig. 12 in Ref[8]). As a consequence, the
cause of dephasin@imilar to W at early timeg Thus also  excitation decays with a time constant corresponding to the
the probability amplitude to find a nuclear polariton B natural lifetime. Simulations show that the distributions of
(related toW,g) rapidly vanishes with time. the nuclear excitation over the scattering system are strongly

For the BA sequence at late timg#n the time window dependent on the target sequefit8].

60-160 ng there is no polariton in either target. In the up-
stream targeB the polariton vanishes because of the fast
decay of the coherent field in this target which is caused by This case is illustrated by the time dependence where the
the resonance broadening. In the downstream takgtite  perturbation starts at17 ns, Fig. 10. Now the radiative cou-
polariton is strongly suppressed because of destructive intepling between the targets is interrupted before the excitation
ference of the wave®/, andWg,. In contrast to the former of the downstream target by the delayed radiation from the
case both waves are generated now in one and the sarppstream target is saturated.

target:W, by the SR pulse an@/z, by the radiation emitted After decoupling of the targets in their direct sequence the
from targetB. Therefore the phasing of the waves inside thewaveW,g decays rather fast because of the rapid response of
target cannot be modified by perturbation. targetB described earlier in this section. Therefore the con-

Thus in the absence of perturbation the polariton is suptribution to the summary wav@N,+Wg+W,g} within the
pressed in the downstream target for both sequences of taime interval 20-90 ns is mainly determined by W& and
gets but in different ways: in the direct sequence the wavé&\Vy waves, where the role of th&/, wave dominates in the
W, g is canceled from the outer sour@apstream targef), second half of the interval. The intensity betweeAO and
whereas in the inverted sequence the we¥g is canceled 90 ns is almost completely determined by #hMe scattering
from the inner sourcédownstream targeA itself). The per- path alone. The quantum beats in the direct sequence are

2. Early perturbation
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formed by interference of the wav&¥, and{Wg+W,g}. () = U Tl AV R[] — @AVt AL <t < tgp.
In the inverted sequence of the targets the wagg de- 9)
cays much more slowly. Therefore its contribution to the
summary wave during the decoupling period and thereaftefime ty; denotes the start ang), the stop of motion;ty,
turns out to be noticeable until the end of the observatior=ty;+60 ns. When fitting the experimental data, four param-
time window. In particular, it is added destructively to the eters of the velocity profile were variedy,q,, At, 7, and .
wave W,, strongly diminishing the role of the latter. This is In the experiments where targBtwas cooled to low tem-
the reason for the strong difference in intensity in the timeperatures, a constant velocity corresponding-t5I’, origi-
window ~40-90 ns for the two target sequences. In the inhating from the second-order Doppler shift was taken into
verted sequence, the quantum beats are formed by interfeaccount. The solid curves on Figs. 5 and 8 present the results
ence of the wave®Vg and{W,+Wga}. of the fitting. Calculations were done with the help of a code
One should emphasize that the nature of the double scapased on Eqgs(4) and (6). Slightly different results were
tering represented byW,g and Wz, in the time interval obtained for the two kinds of experiments described in Secs.
~80-160 ns is quite different for the dire&B and inverted 1l A and Il B. Consistent results for the whole set of depen-
BA sequences of the targets. In the direct sequence the ugences displayed in Fig. 5 were reached with the following
stream targeA still radiates in the time range after80 ns.  values of the parameters; ;2 92I'g, At=15 ns,7,=7.5 ns,
This means that the downstream tarBeis being driven all andr,=12 ns. Fitting of the data displayed in Fig. 8 yielded
the time after the motion of target stops and, hence, the the following parameters for the velocity profila:,y
radiative coupling is established again. As a re¥, starts 2 106y, At=13 ns,7;=7.5 ns, andr,=19 ns.
to increase in amplitude acquiring a phase shift af with
respect toW,. Therefore, the two scattering channels repre-
sented by the probability wavea/, and W,g interfere de-
structively, resulting in a drop of the scattering intensity at The propagation of nuclear exciton polaritons, or simply
~90 ns to a very low level. This drop is quite fast due to thenuclear polaritons, through a scattering system composed of
accelerated response of targgtto the onset of radiative two spatially separated targefs and B was studied. The
coupling with targetA. The stepwise fall in intensity is thus targets were highly enriched by resonant nucféFe). A
a direct fingerprint of the onset of coupling. nuclear excitonic state was created in both targets almost
In the inverted sequence of the targets the upstream targgtstantly by a very short flash of synchrotron radiation. The
B no longer radiates in the forward direction afte60 ns.  subsequent propagation of nuclear polaritons through the
This means that excitation and deexcitation of the downsystem was investigated by the delayed coherent response of
stream targeA by the delayed radiation from the upstream the system in the forward direction.
target are separated in time. The energy pumped into tArget  The theory was restricted by regarding the nuclear reso-
from targetB within the first ~17 ns is gradually released nance in the absence of hyperfine interactions. Within this
during all the rest of the time; see the waltg,. Within the  limitation a general theory of propagation was developed,
time interval between~60 and 160 ns, the interference of where the constituent targets were allowed to have an arbi-
the two scattering channels presented by the probabilityrary resonance energy and different effective resonance
wavesW, andWg, is now determined by the character of the thicknesses and resonance widths. In addition, the resonance
relative motion of the targets during the perturbation. In thefrequencies of the targets could be modulated in time. Such
considered example they are only partially phased, yielding anodulation created a perturbation of the nuclear polariton
moderate emission from the whole system during this time propagation. The effect of inversion of the targets in the scat-
tering system was the focus of the study.
C. Fitting of the experimental dependences The response of the system is described in terms of three
with the theory scattering paths specific for the system. Two paths represent
the scattering from the individual targets as if they were

E ??\1/)6 r&l) pgg(rg;a Lear\?eligsbcenﬁlnnc?wahsj ;;mﬁedeexpeer;gﬁggg Hlone in the beam and the third path represents the sequential
as.tb). %), P nuclear resonant scattering of radiation in the upstream and

data with the theory. They are the thickness parameters, th(?ownstream targets, where the delayed nuclear radiation

. Mrom the upstream target is scattered by the nuclei in the
eters. The parameters Of. the thickness and of th‘? reSONANGE v nstream target. The scattering paths are described by the
width were obtained by fitting the forward scattering 'men'probability wavesi,,We, andWig, respectivelyWs origi

. . .. . A B AB:» VVAB -
sity frO'T‘ the |nd|y|dual targets that were employed in thGnates from the radiative coupling of the targets. The mutual
composite scattering system. All these parameters are glVea{]mplitude and phase relations of the waves determine the
in the text above.

The velocity was approximated by the dependence detefESPONSE of the scattering system. A perturbation can influ-

. ST o .~ ~ence only the third scattering path, introducing amplitude
trc\/lgepda:)tgl:?ovlvltg?;fz??c:?étlrt:g?igg‘gr:g(itliltVtvc?tsoj:‘\cl)lrd?hdemtoanq phase modulation of _the relgvant probability wave. The
fall of the velocity. The velocity law within these time inter- o result of the theory is that in generiag: #Wiga-,
vals was modeled by two exponentials where asterisks indicate the perturbation of the system, while

in the absence of perturbatiohl,g=Wg,. Thus the scatter-
V(1) Svmall -]t <t <t +At, ing system is commutative in the absence of perturbations

IV. SUMMARY AND CONCLUSION
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and is in general not commutative in the presence of a peradiative coupling of the targets are changed during the po-
turbation. lariton propagation through the systerA. particular case,
The experimental studies were performed on two kinds ohamely, the Doppler modulation of the radiative coupling,
scattering systems. In the system of the first kind the targetgas demonstrated as a model example. However, the radia-
differed only by their thicknesses. In the system of the sective coupling of the targets can also be modulated during
Ond. k'ind, in. addition to different thicknesses the tal’geFS als%o|ariton propagation through the System by other means,
exhibited different resonance widths. The propagation otaysing a dynamical change of the resonance structure in the
nuclear polaritons through the system was disturbed by Dopygets or of the polarization state of the radiation. For in-
pler shifting the resonance energy of one target within a liMmyiance  this could be an induced relaxation of the hyperfine
ited time window during the propagation. The inversion Ofstructure or induced atomic dynamics synchronized with the
the target sequence strongly affected the polariton I:’rc’pag%'rrival of the SR pulse, or employment of polarized targets

tion in the presence of perturbation. Also the starting time o
the perturbation turned out to be essential. The perturbatioﬁtc” The rule formulated abové(ag) # Wigay, can be ap

was most effective when radiative coupling was allowed toPlied for the general case of perturbation.
develop. Good agreement was found between experimental
data and theory. The time dependences of the system re-
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