
PHYSICAL REVIEW A, VOLUME 63, 043810
Investigation of radiative coupling and of enlarged decay rates of nuclear oscillators
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The nuclear forward scattering of synchrotron radiation~SR! of two spatially separated stainless-steel foils
has been investigated. Immediately after the SR pulse a nuclear exciton extending over both targets is formed,
which then decays under the influence of radiative coupling of the nuclear oscillators both within and between
the targets. Cooling one target to low temperatures causes the Mo¨ssbauer linewidth to increase by inhomoge-
neous broadening, which leads to a rapid dephasing of the nuclear oscillators of this system. In general, the
influence of the radiation field of the upstream oscillators on the oscillators of the downstream target causes the
latter to radiate at a high decay rate~steep slope! at early times. Surprisingly, for the combined targets, the
initial decay can be less steep than that of the inhomogeneously broadened sample alone if this broadening is
sufficiently large. In addition, when the upstream oscillators are broadened in energy they may cause the
downstream oscillators to emit only very little intensity at late times. In the experiments, this influence on the
downstream sample was changed by varying the inhomogeneous resonance broadening and the resonance
frequencies of the targets. Drastic changes of the time evolution of the nuclear forward scattering were
observed, which are discussed within the dynamical theory.

DOI: 10.1103/PhysRevA.63.043810 PACS number~s!: 42.50.Fx, 42.25.Bs, 42.25.Hz, 76.80.1y
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I. INTRODUCTION

Coupled oscillators play an essential role in many diff
ent areas of physics. They are important in classical dyn
ics @1#, microwaves@2#, and lasers@3,4#, and probably al-
ready had a large impact at very early times of the Unive
@5,6#. The application of the Mo¨ssbauer effect@7–11# and, in
particular, more recently the availability of strong synchr
tron radiation~SR! sources made it possible to study nucle
oscillators that are coupled byg radiation transmitted
through resonant absorbers@12–16#. Mössbauer transitions
are in many respects ideal oscillators. For example, they
hibit strong scattering power, corresponding in the case
the 14.4-keV resonance in57Fe to that of several hundreds o
electrons, and they are well isolated in energy. The relativ
long lifetimes of Mössbauer nuclear levels in the nanoseco
range make it possible to excite the Mo¨ssbauer transitions b
short and highly brilliant pulses of SR. The propagation
the SR pulse through a system of resonant oscillators@17,18#
can be studied by the time evolution of coherent dela
radiation, which is reemitted practically background-free i
nuclear forward scattering experiment@19,12–14#.

Even though modern synchrotron facilities provide ve
intensive x-ray beams, in most cases of nuclear forward s
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tering of synchrotron radiation~NFSSR! experiments the tar-
gets have to be thick in order to obtain a reasonable N
signal. Typically the Mo¨ssbauer thicknessT5ns0f is >10,
wheren is the number of resonant nuclei per unit area,s0 is
the maximal resonance cross section of the nuclear tra
tion, and f is the Lamb-Mo¨ssbauer factor. Such big en
sembles of identical nuclear oscillators exhibit interest
properties, in particular because the individual oscillat
may be coupled via the radiation field. Although the targ
have largeT values, each prompt SR pulse typically crea
only one~and more often no! resonant excitation in such
target. One might conclude that this excitation is localized
just one nucleus which has been lifted into the excited st
This, however, isnot the case in coherent forward scatterin
where it is impossible to identify the scattering nucleu
Rather, for each individual nucleus in the spatially extend
target there exists the same small probability amplitude
this nucleus is excited while all other nuclei are left in t
ground state. All these small probability amplitudes a
phased by the prompt SR flash and have to be adde
obtain the total probability amplitude for a photon to be a
sorbed by the nuclei in the target. Such a collective nucl
excitation, which is phased in time by the SR flash and c
extend over the whole target, is known as a nuclear exc
@20,21#.

Nuclear excitons exhibit interesting cooperative prop
ties which characterize the time dependence of NFSSR.
©2001 The American Physical Society10-1
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intensity reemitted immediately after the SR flash~at t50)
is proportional toT2. This might be expected on the basis
kinematical theory, which takes into account only the int
action with the primary radiation. In this case, the field a
plitudes of all nuclei have to be added and the total am
tude has to be squared to obtain the intensity. Howe
additional aspects come into play that have to be descr
by a dynamical theory which takes into account the inter
tion of secondary radiation with the nuclei. The dynamic
effects already manifest themselves at early times (t→0):
the initial decay rate is enhanced leading to a logarithm
slope of the intensityI (t), d ln I(t)/dtut50, which is more
negative than21/t, wheret is the lifetime of the excited
nuclear state of an individual nucleus. This effect is kno
as coherent enhancement or speed-up of the initial de
@20,21#. Further, dynamical beats~DB’s! develop in the time
dependence of the reemitted radiation intensity. They are
important feature of NFSSR. Both initial speed-up and DB
are due to coupling of the individual oscillators in the targ
via the propagating radiation field@17,18,13,20–26#. A quan-
titative description for the case of SR pulses was first deri
in Ref. @20#.

The initial decay rate of the NFSSR signal can also
influenced by quite a different process: inhomogene
broadening. It causes dephasing of the resonant oscilla
Therefore the coherence within the nuclear exciton is p
tially destroyed and the coherent signal is reduced. The re
of combinations of coherent enhancement and dephasing
call enlarged decay rates.

In the present paper we describe a comprehensive s
of radiative coupling and of enlarged decay rates of big
sembles of nuclear oscillators. We will focus on two e
sembles represented by two spatially separated targetsA and
B mounted downstream behind each other in a monochro
tized SR beam. The time dependence of NFSSR by the c
posite target (A1B) is measured@27#. Two types of radia-
tive coupling can be distinguished in such a system, altho
this distinction is somewhat superficial: coupling within ea
individual target and coupling between targetsA andB. Cou-
pling between the different nuclei within each target occ
because the delayed radiation reemitted from the upstr
part of the target interacts with the parts further downstre
Coupling between targetsA andB occurs because the nucl
in the downstream targetB can resonantly interact with th
delayed radiation reemitted from the upstream targetA. Thus
target B is excited by the SR flash and, in addition, it
driven by the delayed electromagnetic field reemitted fr
target A. However, it should be emphasized that radiat
coupling in NFSSR via the propagating radiation field is
one-way street: in both types of coupling, upstream nu
can influence downstream nuclei, but not vice versa.

Of highest interest is the experimental possibility
changing the coupling between the targetsA and B, which
for brevity we will call AB coupling. In our scattering system
the changes inAB coupling will be accomplished in two
different ways:~a! inhomogeneous broadening will be in
creased in one target~A! by changing the hyperfine interac
tion at its resonant nuclei when lowering the temperature
targetA; ~b! a shift between the resonance frequencies of
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nuclei in both targets will be applied by moving one targ
~B! at a constant Doppler velocity.

In a combined target system, the reemitted intensityI (t)
is always increased at very early times (t→0) due to the
greater Mo¨ssbauer thickness of the nuclear ensemble as c
pared to each individual target alone. This increased inten
originates from constructive interference. Usually, as, for
ample, in the case of resonances with nearly natural li
width, theAB coupling causes an enhancement of the ini
decay rate, i.e., the logarithmic sloped ln I/dtut50 of the in-
tensity I at t→0 is steeper than that of the time dependen
for each individual target. In addition, in this case consid
able intensity persists until late timest@t, although modu-
lated by the DB’s. In contrast, it will turn out that whe
targetA is inhomogeneously broadened the initial slope m
become even less steep than that of the broadened targA
alone if the inhomogeneous broadening of targetA is suffi-
ciently large. Furthermore, rather little intensity may be o
served at late times of the NFSSR pattern also for the c
bined target system (A1B).

In addition, the question will be discussed whether t
sequence of targets is of importance. It will be shown t
the results of the present experiments are independent o
target sequence. Future measurements are indicated w
this will no longer be the case. All experimental results a
quantitatively described by the dynamical theory of nucle
forward scattering.

II. EXPERIMENTAL DETAILS

TargetsA andB were made from stainless-steel~SS! foils
of composition Fe55Cr25Ni20 enriched to 95% in57Fe. The
thickness of the foils was22.5 ~A! and ;1.3 mm ~B!. The
SR experiments were performed at HASYLAB~Hamburg! at
the wiggler beamline BW4. In the five-bunch mode of t
storage ring, the time window between the SR bunches
;190 ns. The experimental setup is depicted in Fig. 1. Af
monochromatization of the SR of 14.4 keV to a bandwidth
6 meV by a four-bounce high-resolution monochroma
@28,29#, the SR pulse of typically several 100 ps in leng
excites the nuclei in targetA of Mössbauer thicknessTA and

FIG. 1. Experimental setup for investigating the time respo
of the 57Fe nuclei in two separated SS targetsA andB to the exci-
tation by a synchrotron radiation pulse. TargetA ~Mössbauer thick-
nessTA , linewidth GA) can be cooled to liquid-He temperatures
a cryostat. TargetB ~Mössbauer thicknessTB , linewidthGB) can be
moved at constant velocity by a double-loudspeaker drive.
0-2
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INVESTIGATION OF RADIATIVE COUPLING AND OF . . . PHYSICAL REVIEW A 63 043810
linewidth GA . This target is mounted in a liquid-He cryost
and may be cooled to cryogenic temperatures. Thereafte
SR pulse hits targetB with thicknessTB and linewidthGB .
This target is kept at room temperature and may be move
constant velocities in the range of 0–10 mm/s by a Mo¨ss-
bauer double-loudspeaker drive. A fast-avalanche phot
ode @30–32# is used to detect the radiation transmitted
both targets in the forward direction. The time dependenc
this nuclear forward scattering intensity is digitally stored

The SS material used for the targetsA andB is known as
a single-line absorber in Mo¨ssbauer spectroscopy with
slightly broadened resonance linewidth of;1.5G at tempera-
tures between room temperature and;20 K. The natural
linewidth of G50.098 mm/s corresponds to about 5 ne
The linewidth rapidly increases when the temperature is lo
ered below 20 K. In first approximation the NFSSR tim
dependence of the SS sample at lower temperatures~target
A! can be fitted when increasing the effective linewidth by
additional Lorentzian broadeningDA . As shown in Fig. 2,
DA amounts to;0.5G at 20 K and increases to;12.5G when
the temperature reaches;3 K. This rapid rise has been ob
served in Mo¨ssbauer spectroscopy as well@33–35#. It is
caused by a change in hyperfine interactions, most prob
by electronic relaxation effects@35#. In this article we will
not investigate this temperature dependence. We just use
behavior as a convenient way to change the linewidth
target A. To achieve more detailed fits, in addition to th
dominating temperature-dependent Lorentzian broadenin
small hyperfine splitting by a random magnetic field w
introduced in the fitting procedure. From room temperat
~RT! to 20 K a magnetic field of 0.59 T was assumed. W
temperatures decreasing below 20 K, for consistent fits to
data sets recorded at the various temperatures, increa
field values had to be used, which reached 1.84 T at 2.8

FIG. 2. Increase of the additional Lorentzian broadeningDA of
the nuclear resonance in targetA when the sample temperature
lowered from 20 to 2.8 K. The results forDA were obtained from
computer fits to the NFSSR data shown in Fig. 4 below w
Lorentzian broadening alone being used as a model to describ
actual line broadening observed.
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The change of the Lamb-Mo¨ssbauer factor between room
temperature and 2.8 K was taken into account in the fits.
time dependences were fitted by the NFS theory imp
mented in the computer codeMOTIF @15#.

III. RESULTS AND DISCUSSION

A. NFSSR of SS targets with almost natural linewidth

Figure 3 shows the NFSSR patterns of each of the
foils at room temperature. A foil of;2.5 mm thickness
(TA'17.9) was used as targetA ~see Fig. 1!. The first mini-
mum of the dynamical beats occurs at;105 ns @see Fig.
3~a!#. The foil of targetB was ;1.3 mm thick (TB'9.3).
With this thickness the initial slope~to be seen in Fig. 3 only
at ;20 ns because of spoiled counting at timest,20 ns) is
rather modest and the first minimum of the DB’s occurs
;170 ns@see Fig. 3~b!#.

The delayed radiation field being reemitted by the tar
of Mössbauer thicknessT is given by@20#

E~ t !}e2t/2teiv0tA~ t !, ~1!

with

A~ t !5Ts~Tt/t!5TJ1~ATt/t!/ATt/t, ~2!

where t is the lifetime of the nuclear state~for 57Fe t
'141 ns),v0 is the resonance frequency~for 57Fe v0'2.1
31019s21), and J1 is the Bessel function of the first kind
and first order. TheJ1 modulations ofE(t) lead to the DB
minima of the scattered intensity. IfT is reduced the DB
minima occur at later times.

the

FIG. 3. Comparison of the NFSSR of targetA ~a! and of target
B ~b! both at room temperature. The thicknesses were;2.5 mm
(TA'17.9) for targetA and;1.3 mm (TB'9.3) for targetB. The
small spike at;95 ns is due to a spurious bunch. In the tim
window up to;20 ns counting is spoiled by electronic gating e
fects and spurious bunches. The data sets are artificially shifted
a better display.
0-3
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W. POTZELet al. PHYSICAL REVIEW A 63 043810
For small Mössbauer thicknessT and/or early times,
Tt/t!1. In this limit, or even forTt/t,3 @22#, one obtains
@36#

E~ t !}Te2~11T/4!t/2teiv0t ~3!

and with I 5uEu2 the initial slope of the intensityI is then
given by

d ln I /dtu t50'2~1/t!~11T/4!. ~4!

Equation~3! gives an enhanced scattering intensity prop
tional to T2. Equation~4! describes a coherent enhancem
of the initial decay rate@20,21,25,26# determined byT/4.

B. Dephasing of nuclear oscillators in the case of
inhomogeneous line broadening

The rapid increase of the linewidth at low temperatu
~see Fig. 2! causes characteristic changes of the time dep
dence of NFSSR. Figure 4 shows the results for targetA in
the temperature range between 20 and 2.8 K. At 20 K
first minimum of the DB’s occurs at;80 ns in agreemen

FIG. 4. NFSSR of a stainless-steel foil~targetA! of ;2.5 mm
thickness (TA'23.6) at temperatures of 20~a!, 16 ~b!, 12 ~c!, 8 ~d!,
4.2 ~e!, and 2.8 K~f!. Note the steep decay at low temperatures d
to the rapid dephasing of the individual oscillators in the target. T
data sets are artificially shifted for a better display.
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with the increased thickness ofTA'23.6 due to the rise of
the Lamb-Mössbauer factorf as compared to the RT valu
@see Fig. 3~a!#. When the temperature is lowered the shape
the time dependence changes markedly. The minimum of
NFSSR intensity moves to;65 ns and the initial slope be
comes steeper. In addition, the time dependences record
4.2 and 2.8 K show hardly any rise of the intensity after t
minimum, in contrast to the 20-K pattern. This is a mo
remarkable feature. The slight increase inf of ;2% between
20 and 2.8 K cannot be responsible for these changes.
rapid decrease of the NFSSR intensity is mainly due to
homogeneous broadening of the resonance width in SS
hyperfine interactions. Such an inhomogeneous broade
is expected to cause a rapid dephasing between the
vidual oscillators, which results in a steep decay and, in
dition, a drastic reduction of the coherent forward scatter
at late times@13,37#. These effects are observed in Fig. 4 f
continuously increasing line broadening.

In the case of inhomogeneous Lorentzian line broaden
described byq511DA /G, Eqs.~3! and~4! are replaced by
@22#

E~ t !}Te2~q1T/4!t/2teiv0t ~5!

and

d ln I /dtu t50'2~1/t!~q1T/4!. ~6!

The forward reemitted intensity starts at the same level p
portional to T2 for t→0 independent of the broadeningq.
However, its initial enhanced decay rate is further increa
by q.1 due to dephasing of the coherent forward scatteri

C. Dependence ofAB coupling on oscillator line broadening

We first discuss the NFSSR of both targets (A1B) to-
gether, for the case that the resonance energies ofA and B
coincide. TargetB exhibits almost natural linewidth and wil
experience the radiation reemitted from targetA, whose os-
cillators exhibit additional line broadening.

Figure 5 displays the time dependence of both targ
(A1B) together, with targetA at various temperatures. Ta
getB is kept at room temperature. The resonance energie
both targets were kept the same within<0.3G by moving
targetB on a Mössbauer drive to compensate for the seco
order Doppler~SOD! shift. From our computer fits we con
clude that the time dependences recorded at 20, 16, and
@see Figs. 5~a!–5~c!# show higher initial intensities and en
larged decay rates~steeper slopes! at early times as com
pared to those of targetA alone@compare Figs. 4~a!–4~c!#.
The DB minimum has shifted from;80 to ;60 ns. With
target A at 20 K @see Fig. 5~a!# the additional Lorentzian
broadening is so small that the two targets together es
tially act at all times as one target with total thickne
TA1B5TA1TB'32.9. This increase in Mo¨ssbauer thickness
explains the increase of initial intensity, the steeper slo
and the shift of the DB minimum. However, the time depe
dences obtained at 4.2 and 2.8 K@see Figs. 5~e! and 5~f!#
look very surprising. In particular, the time pattern of th
NFSSR obtained forA1B together, withA at 2.8 K @Fig.
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5~f!# looks very similar to that forA alone at 2.8 K@see Fig.
4~f!#. In comparison with Figs. 3 and 4~f! two features appea
most striking @16,38#: ~1! The NFSSR of both targets (A
1B) together shows very little intensity for timest>70 ns.
~2! The initial slope of (A1B) is not steeper and is mayb
even slightly less steep than that ofA alone. These two fea
tures will be analyzed and discussed in the following.

1. Reduction of NFSSR intensity at late times

One might expect that, after the rapid decay of the N
SSR intensity of targetA, the signal of targetB should still
be strong and be characterized largely by that of a 1.3-mm-
thick foil @see Fig. 3~b!#. This is not the case. As Figs. 5~f!
and 5~e! clearly demonstrate the NFSSR intensity beh
both foils is strongly reduced at timest>70 ns. Apparently,
in spite of the rapid decay of targetA, AB coupling causes
targetB to radiate at a high decay rate at early times~,60
ns! and to emit only very little intensity at later times.

These results can be understood on the basis of the e
tions describing the radiation field reemitted by the co

FIG. 5. NFSSR of the combined target (A1B) with targetA at
20 ~a!, 16 ~b!, 12.5~c!, 8.4 ~d!, 4.2 ~e!, and 2.8 K~f!. TargetB was
kept at room temperature. The resonance energies of both ta
are kept the same within<0.3G by moving targetB by a Doppler
drive to compensate for the SOD shift. The bottom curve loo
highly similar to that of targetA alone in Fig. 4~f!. Other details for
targetA and targetB as in Figs. 4 and 3, respectively.
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bined target (A1B). The wave field that is present behin
both targetsA andB and the intensity of which is recorded i
the detector is given by@22,39#

E~ t !A1B}H d~ t !2~1/2t!eivBt2~qB/2t!t

3FTAs~TAt/t!ei ~vA2vB!t2@~qA2qB!2t#t

1TBs~TBt/t!2~1/2t!TATB

3E
0

t

dt8ei ~vA2vB!t82@~qA2qB!/2t] t8s~TAt8/t!

3s„TB~ t2t8!/t…G J . ~7!

Inhomogeneous broadening of Lorentzian type is taken
account byqA and qB with qA,B511DA,B /G. The reso-
nance frequencies of the nuclei in the targetsA and B are
denoted byvA andvB , respectively. If both targets contai
nuclei with the same resonance frequency,vA5vB . Equa-
tion ~7! describes four different optical paths@22,39#.

~a! SR is transmitted without interaction at all. This radi
tion is described by the delta functiond(t).

~b! Nuclear scattering of the SR pulse is by targetA only,
represented by the first term in the square brackets.

~c! Nuclear scattering of the SR pulse is by targetB only,
represented by the second term in the square brackets.

~d! Nuclear scattering of the SR pulse is by targetA and
targetB, described by the integral term in the square bra
ets. Radiation having first excited the nuclei and dwelt
targetA up to time t8 excites the nuclei in the downstrea
targetB at time t8. They are deexcited at timet. This term
describes theAB coupling, i.e., the influence of the radiatio
field of the upstream target on the downstream target. S
the integration is performed up to timet, this term is impor-
tant also at late times even though the field ofA might have
vanished long before timet. It is interesting to note that this
term has an opposite sign with respect to the first two, i
the wave associated with it is in antiphase to the two ot
waves. The shiftp in the phase arises from the addition
resonance scattering in targetB: resonance scattering by
nucleus givesp/2 and anotherp/2 is due to the coheren
summation of the wavelets scattered by nuclei lying in
plane wave front of the radiation~Fresnel construction!.

It is also helpful to take an alternative view of the sca
tering event where the optical paths~c! and ~d! represented
by the second and the integral term in the square bracke
Eq. ~7! are combined in one path. In this view Eq.~7! de-
scribes three different radiation fields@40#.

~a! SR transmitted without interaction.
~b! The radiation field amplitude reemitted by the u

stream targetA, which we denote byAu(t).
~c! The radiation field amplitude reemitted by the dow

stream targetB, which we denote byAd(t). This field re-
flects both that targetB is charged by the SR pulse and th

ets
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it is driven by the radiation field reemitted by targetA, i.e., it
gives the total response of targetB.

This notion will also be of importance when we discu
implications of the sequence of targets in Sec. V below.

First we study the role ofAB coupling in greater detail by
computer simulations, and start by discussing the simple c
that in both targets no additional broadening is present. B
targets are kept stationary. As a consequence, theAB cou-
pling is maximal and the two targets act as a combined ta
of total thicknessTA1B5TA1TB . Figure 6 shows the enve
lopesA(t) of Eq. ~2! for the case@40# that A(TA'23.6) is
upstream ofB(TB'9.3). Since the upstream target infl
ences the downstream target and not vice versa, the enve
Au(t) of the upstream target is known as well as the to
amplitudeAT(t) of both targets combined. ThusAd(t) of the
downstream target can be calculated asAd(t)5AT(t)
2Au(t). As Fig. 6 demonstrates,Ad(t) is modified quite
strongly as compared toAB(t), the envelope of targetB if it
were just radiating by itself without being driven by the r
diation field of A. For example, the first zero crossing
Ad(t) has been shifted to;30 ns as compared to;200 ns
for AB(t). These big changes are caused by the driving
tion of A, which is described by the coupling term in Eq.~7!.
The radiation fieldAd(t) emitted by the downstream targetB
results from the superposition ofAB(t) and this coupling
term.

In the more general case that targetA is kept at reduced
temperature and exhibits additional broadening, the en
lopes A(t) can only be calculated numerically. The ma
results of preliminary simulations are the following. The r
diation field ofA will be rapidly diminished due to dephasin
of the oscillators inA. However, due toAB coupling, targetB
will radiate with a higher decay rate~increased slope! at
early times and with little intensity at late times as compa
to targetB alone. Thus each target will emit only weak r
diation fields at late times (t.70 ns): targetA because of
rapid dephasing of its oscillators and targetB because ofAB

FIG. 6. Envelopes of the radiation fields according to Eq.~2! of
the combined (A1B) targetAT(t), of the upstream targetAu(t),
and of the downstream targetAd(t) for the case thatA is upstream
of B. AB(t) denotes the response of targetB if it were present alone.
TargetA,TA'23.6; targetB,TB'9.3. For both targets natural line
width was assumed.
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coupling which drastically decreases the nuclear excita
amplitude in targetB and thus reduces the radiation fie
reemitted by targetB. It would emit much more strongly a
later times, if it were not driven by targetA.

We now look at the results of simulations for the tim
dependences of the NFSSR intensity. Figure 7 shows si
lations that cover the range of additional Lorentzian bro

FIG. 7. Computer simulations of the NFSSR for targetA alone
~dashed lines!, targetB alone~dash-dotted lines!, and the combined
(A1B) target~solid lines! for values of the additional Lorentzian
broadeningDA for targetA in the range from 0G to 80G. Note that
for large DA values the combined target (A1B) exhibits a less
steep initial (t'0) slope than for targetA alone~compare also Fig.
8 below!. At later times the NFSSR of (A1B) resembles that of
target B alone, although at a reduced intensity. TargetA, TA

'23.6; targetB, TB'9.3.
0-6
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ening of targetA up to DA580G. Both targets are kept sta
tionary. AB coupling is strongest if no additiona
broadening is present. Then simply a thicker target
formed, which exhibits higher initial intensity, enhanced d
cay rate, and earlier DB minima as compared to the co
sponding properties of the individual targets~see Fig. 7, top!.
Since there is no dephasing a strong coherent signal f
targetA is visible until late times. The same holds for targ
B and for the combined target (A1B) where the intensity of
the latter, in general, is larger than that of each individ
target alone. WhenDA is increasedAB coupling is reduced
because of reduced overlap of the two sample resonance
the energy scale. This decrease inAB coupling is indicated in
Fig. 7 by the shift of the DB minima to later times@16,22#.

In the intermediate region (8G<DA<12G) both AB cou-
pling and dephasing determine the time evolution. Here
later times the combined targets emit much less inten
than targetB alone would do. For example, atDA<12G, the
intensity emitted by (A1B) at late times (t>300 ns) is
about a factor of 10 less than that ofB alone. In particular, in
the time window between 60 and 160 ns, this reduction
the simultaneous occurrence of the DB minimum cause
duction of the NFSSR intensity from the combined target
a factor of 10–100 with respect to the response of targeB
alone.

For very large broadenings (DA580G), the AB coupling
is so weak, except for very early times (t<20 ns), that the
two foils scatter almost independently. As will be show
below @see Sec. III C 2, Eqs.~8! and ~9!#, at t→0 the AB
coupling is independent ofqA andqB and therefore att→0 it
is not diminished by inhomogeneous broadening; only
later times does this occur. IfDA is made very large (DA

580G, Fig. 7! AB coupling can be effective only at and from
very early times@see Eq.~7!#, where the signal from targetA
is still strong, in spite of the rapid dephasing of the oscil
tors in A. After this dephasing the NFSSR pattern of t
combined target is very similar to that of targetB alone al-
though at a slightly reduced level of intensity~see Fig. 7!.
The amount of reduction is determined by the coupling te
in Eq. ~7!, which depends onDA .

2. Initial slope of the time dependences

Figure 7 shows that for large values ofDA the initial slope
for (A1B) is less steep than forA alone. This is exhibited in
greater detail in the computer simulations of Fig. 8, wh
shows the time dependences fromt50 up to 50 ns. It is seen
that for small values ofDA the initial slope for the combined
target (A1B) is steeper than that for targetA alone, whereas
for values ofDA>12G this relation is inverted. This behav
ior can be understood from Eq.~7!.

Using Eq. ~7! for the reemitted radiation, the field att
50 is determined byE(t)}(TA1TB). Thus the initial inten-
sity, being proportional to (TA1TB)2, is enhanced; it is,
however, independent ofqA and qB @compare Eq.~5! for t
50#.
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The initial (t→0) slopes of the intensitydIA1B(t)/dtu t50
andd ln IA1B(t)/dtut50 can be calculated as

dIA1B /dtu t50}2~1/2t!3~1/2!@TA
2~qA1TA/4!

1TB
2~qB1TB/4!1TATB~qA1TA/4!

1TATB~qB1TB/4!1TA
2TB/21TATB

2/2#

~8!

and

FIG. 8. Enlarged view of the NFSSR patterns of Fig. 7 at ea
times ~between 0 and 50 ns! showing the initial slopes of the time
dependences. Other details as in Fig. 7.
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d ln I A1B /dtu t50}2~1/t!
1

~TA1TB!2 @TA
2~qA1TA/4!

1TB
2~qB1TB/4!1TATB~qA1TA/4!

1TATB~qB1TB/4!1TA
2TB/21TATB

2/2#.

~9!

Equations~8! and ~9! show that there exist three differen
contributions to the initial slope.

~1! The first two terms in the square brackets describe
individual contributions of targetA and targetB. These terms
originate from the inhomogeneous line broadening charac
istic for each target and from the coupling of the oscillato
via the radiation field within each target. The coupling a
inhomogeneous line broadening are represented by
Mössbauer thicknessTA,B and by the additional Lorentzia
broadeningqA,B , respectively.

~2! The next two terms in the square brackets of Eqs.~8!
and~9! originate from the interference of the two wave fiel
reemitted individually from targetA and from targetB.
These two terms also depend onTA,B andqA,B .

~3! The last two terms in the square brackets of Eqs.~8!
and ~9! originate from the integral term of Eq.~7! and de-
scribe theAB coupling by the radiation field fromA imping-
ing ontoB. These terms depend onTA,B ; however, they are
independent ofqA,B ~for t→0). It may seem surprising tha
for t→0 the AB coupling is independent of the addition
broadening, whereas the other two contributions do dep
on qA,B . This can be understood qualitatively: couplin
within a resonance target is determined only by the effec
thickness of the target and in the case of Lorentzian bro
ening does not depend on the resonance width~see, e.g.,
@37,41# and references therein!. An increase of the width
causes an additional increase of the NFSSR decay rate
cause of dephasing. As to theAB coupling, it is sensitive to
the resonance width only if there exists a difference of
widths of the resonances in the targetsA and B @see the
integrand in Eq.~7!#. At the initial stage of the decay wher
both resonances are strongly broadened according to
time-energy uncertainty principle@13,22#, qA,B become un-
important. In such conditions theAB coupling is maximal. At
later stages of the decay the dependence onqA,B is restored
andAB coupling is reduced.

Equation~9! can also be written as

d ln I A1B /dtu t50}2~1/t!@~qATA1qBTB!/

~TA1TB!1~TA1TB!/4#. ~10!

Here the first term in the sum gives the weighted slope of
initial decay in the kinematical approximation. The seco
term describes the effect of the total coupling, including b
the coupling within each target and theAB coupling. Note
again that fort→0 the total coupling does not depend onqA
andqB .

For targetA alone we get@TB50 in Eq. ~10!#

d ln I A /dtu t5052~1/t!~qA1TA/4!. ~11!
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The initial slopes defined by Eqs.~10! and ~11! are equal if

qA5qB1~TA1TB!/4, ~12!

i.e., if the Lorentzian broadening inA is larger thanqB by an
amount that is determined by the total coupling.

If qA,qB1(TA1TB)/4, the slope of (A1B) is steeper,
whereas ifqA.qB1(TA1TB)/4, the slope ofA alone is
steeper. In the present experiment,qB'1.5 and (TA1TB)
'33 lead to equal initial slopes forqA'10, which corre-
sponds toDA'9G ~compare Fig. 8!.

According to Eq. ~9!, on the logarithmic scale
d ln IA1B /dtut50 is normalized to the intensity att50 by di-
viding by (TA1TB)2, i.e., an average is taken over bo
targets. On a linear scale, however, where such a norma
tion is not performed, the slope for the combined targ
dIA1B /dtu t50 is always more negative than the slop
dIA /dtu t50 for targetA alone.

D. Dependence ofAB coupling on the relative shift of the
resonance energy

The AB coupling can also be influenced by changing t
resonance energy of the nuclei in one ensem
@22,38,42,43#. This can be achieved by Doppler-shifting on
target~B! with respect to the other~A!. Figure 9 displays a
set of NFSSR time dependences recorded with targetA ~at
20 K! kept stationary and targetB ~at room temperature!
shifted by various Doppler energiesDE. Figure 10 shows a
similar set of data obtained with targetA at 2.8 K and target
B again at room temperature and Doppler shifted.

With targetA at 20 K, Fig. 9 exhibits the transition from
pure dynamical beats atDE50 @Fig. 9~a!# via hybrid beats
@44# ~whenDE is not larger than a fewG! to quantum beats
~QB’s! for largeDE @DE'87G, Fig. 9~f!#. For small values
of DE up to a fewG @Figs. 9~a!–9~d!# the coupling term is
important. The beat patterns closely resemble those of a
namical beat except that with increasingDE the minima are
shifted to earlier times. We want to emphasize that in c
trast to the case of line broadening~see Fig. 7! now in the
case of line separation the minima are shifted to ear
times. This effect is caused by destructive interference du
the phase evolution of the radiation fields emitted by os
lators of two slightly different energies@see the phase facto
exp$i(vA2vB)t% in the second term of Eq.~7!#. This transi-
tion region of small values forDE has been described i
greater detail in Refs.@18,22#. With DE'87G, the two tar-
gets are essentially fully decoupled. This can also be s
from Eq. ~7!. SinceuvA2vBu is large, the integrand in the
coupling term is a rapidly oscillating function which und
integration causes this term to nearly vanish. QB’s
formed due to the interference of the radiation fields emit
from A andB separately. Att'85 ns@see Fig. 9~f!# the am-
plitude ~contrast! of the QB’s is almost zero. After the mini
mum of contrast the phase of the QB is shifted byp. This is
due to the passage through zero ofAu(t) for the thicker
target ~compare the dotted line in Fig. 6! @17,22#. This is
another indication of complete decoupling.
0-8
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Figure 10 shows the results when targetA is cooled to 2.8
K and exhibits substantial line broadening corresponding
DA'12G. Figure 10~a! depicts the time dependence wh
DE is still kept small (DE'0.3G) by moving targetB to
compensate for the SOD shift. The nuclear oscillators
both targets contribute constructively in the forward dire
tion and, in addition, theAB coupling, although reduced b
the line broadening of targetA, is still significant. However,
in contrast to Fig. 9~a!, the strong line broadening now lead
to a completely different time evolution, as already discus
in Sec. III C in connection with Fig. 5~f!. An enlarged decay
rate ~steeper slope! is observed at early times and the inte
sity is very low for timest>70 ns, where targetB alone
would still emit strongly.

In Fig. 10~b! target B was kept stationary. The valu
DE'1.2G obtained from the fit is due to the second-ord
Doppler shift of the stainless-steel alloy between room te
perature and 2.8 K. An increased intensity between 60
110 ns compared to Fig. 10~a! is clearly discernible. This
indicates a slight reduction of theAB coupling that is respon
sible for the low intensity for timest>70 ns in Fig. 10~a!.

FIG. 9. NFSSR of the combined target (A1B) with targetA ~at
20 K! kept stationary and targetB ~at room temperature! Doppler
shifted by 0.03G ~a!, 1.3G ~b!, 2.5G ~c!, 4.0~d!, 11G ~e!, and 87G ~f!
relative to targetA. For other details see Figs. 3 and 4.
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WhenDE is increased further@see Figs. 10~c!–10~e!# the
AB coupling is also diminished further and a QB develo
due to the interference of the radiation fields emitted fro
the two targets separately. The minimum in the time dep
dence att'25 ns in Fig. 10~e! is already mainly caused b
the QB’s originating from the Doppler shiftDE511G. At
DE590G, targetA is essentially fully decoupled from targe
B @see Fig. 10~f! and Eq.~7!#. A QB exhibiting a period of
;10 ns corresponding toDE590G is visible as long as the
signal from A is still intense. The QB interference patte
almost vanishes fort>70 ns where the radiation field fromA
alone@see Fig. 4~f!# has also been found to disappear. Sin
the two targets are essentially fully decoupled and targeA
no longer radiates, the NFS pattern at later times (t>70 ns)
is very similar to that of targetB alone@compare Fig. 3~b!#.

Thus the Doppler shift is a very effective method of d
stroying theAB coupling. On the other hand, the time depe
dences react very sensitively even to small changes of
coupling and allow, for example, the determination of t
SOD shift to a high precision.

FIG. 10. NFSSR of the combined target (A1B) with targetA
~at 2.8 K! kept stationary and targetB ~at room temperature! Dop-
pler shifted by 0.3G ~a!, 1.2G ~b!, 2.1G ~c!, 4.0~d!, 11G ~e!, and 90G
~f! relative to targetA. Curve ~b! corresponds to the SOD shift o
stainless steel between room temperature and 2.8 K. For othe
tails see Figs. 3 and 4.
0-9
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E. Sequence of targets

Since targetA has different values for thickness and lin
width from targetB the experiment might not be symmetr
with respect to an interchange of the targets, i.e., the NFS
through the two targets might not be independent of the
get sequence. Nevertheless, on the basis of Eq.~7! the invari-
ance of NFSSR can be shown@22,39#. Clearly, if no cou-
pling term were present, Eq.~7! would be symmetric, i.e., it
would remain the same under interchange ofA andB. How-
ever, it is also symmetric if the integral term is include
InterchangingA andB in the integral term results in a mutua
replacement of the time variablest8⇔t2t8, which corre-
sponds to a shift in time. Taking into account that2* t

0dt8
5*0

t dt8 it is seen that Eq.~7! is invariant under interchang
of A andB.

This invariance can also be shown directly in ener
space: in nuclear forward scattering, the response functio
given by the transmission amplitude@R(v) in Ref. @20##.
The response function for the combined target is given
the product of the transmission amplitudes of the constitu
targets which is invariant to the order of the individual fa
tors.

In Fig. 11, two measured time dependences are compa
with targetB downstream of targetA @Fig. 11~a!# and vice
versa@Fig. 11~b!#. Within the statistical accuracy there is n
difference between the two patterns. Thus it is also exp
mentally confirmed that the target sequence is of no imp
tance in the case analyzed.

Still it is interesting to gain additional physical insight. A
mentioned in Sec. III C 1 above, one should combine
second and the integral terms in Eq.~7! to get the total re-
sponse of targetB. In this notion the radiation field reemitte
by targetB reflects both that targetB is charged by the SR
pulse and that it is driven by the radiation field reemitted
targetA.

FIG. 11. Change of sequence of the targets. TargetB ~at room
temperature! downstream~a! and upstream~b! of targetA ~at 2.8
K!. The targets were kept stationary. A SOD shift of;1.2G @see
Fig. 10~b!# is taken into account in the fits. Within statistical acc
racy both NFSSR time dependences are identical.
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Considering at first again the simple case~see Sec. III C 1!
that both targets are stationary and kept at room tempera
Fig. 12 shows the envelopesA(t) of Eq. ~2! for the situations
that A is upstream ofB ~bottom! and vice versa~top! @40#.
Figure 12~bottom! is the same as Fig. 6 and has been rep
duced for direct comparison. The time evolution of the to
amplitudeAT(t) is identical in both panels of Fig. 12. How
ever, looking at the same target~A or B!, Fig. 12 clearly
demonstrates thatAd(t) when the target is in the downstrea
position, is changed quite strongly as compared toAu(t)
when the same target is in the upstream position~compare,
for instance, the zero crossings!. Thus, if the radiation fields
of A and B were measured separately, the target seque
would indeed matter. However, if both targets remain
gether the radiation intensity measured by the detecto
independent of the target sequence in spite of the strik
difference of the radiation fields ofA andB between the two
sequences.

Even more interesting is the case when targetA is kept at
reduced temperature and exhibits additional line broaden
As discussed in Sec. III C 2, ifA is upstream ofB, the radia-
tion field of A will rapidly decrease due to dephasing, an
because ofAB coupling, targetB will also emit only weak
radiation at late times.

If foil B is upstream of foilA the situation will be quite
different. The radiation field ofB being emitted from an
oscillator system having unbroadened resonances exh
the usual DB pattern, i.e., foilB still emits strongly at later

FIG. 12. Envelopes of the radiation fields according to Eq.~2! of
the combined (A1B) targetAT(t), of the upstream targetAu(t),
and of the downstream targetAd(t) for the cases thatA is upstream
of B ~bottom! andB is upstream ofA ~top!. Other details for targets
A andB as in Fig. 6.
0-10
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INVESTIGATION OF RADIATIVE COUPLING AND OF . . . PHYSICAL REVIEW A 63 043810
times also. The field ofA would be diminished rapidly due to
dephasing ifA were present just by itself. However, due
BA coupling the oscillators ofA are now driven in addition
by the radiation field emitted byB. The field reemitted by
target A is then shifted byp, as discussed in Sec. III C 1
Thus at late times each target still emits strongly in the f
ward direction. However, the two radiation fields are opp
site in phase, which leads to the drastically reduced inten
observed in the detector for this target sequence also. Fu
experiments allowing determination of these phase shifts
amplitudes and the consequences of the inversion of the
get sequence are under way.

IV. CONCLUSIONS

We have investigated the time response of two spati
separated ensembles of nuclear oscillators to excitation
SR pulse. The two ensembles were provided by t
stainless-steel targetsA and B mounted downstream behin
each other. Cooling one ensemble~A! to cryogenic tempera
tures made it possible to greatly increase the linewidth of
system by inhomogeneous broadening while systemB being
kept at room temperature exhibited almost natural linewid

Inhomogeneous broadening causes rapid dephasing o
nuclear oscillators. The radiative coupling between the r
idly dephasing ensemble and the regular oscillator system
almost natural linewidth was investigated. In the target
quenceAB, a strong influence of the dephasing ensemble~A!
on the regular system~B! was observed. ThisAB coupling
causes targetB to radiate at a high decay rate~steep slope! at
s
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.
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early times and to emit only little intensity at late times
the NFSSR pattern. TheAB coupling decreases with increa
ing inhomogeneous broadening and can be destroyed
effectively by changing the resonance frequency of
nuclear ensemble of one target. This was shown experim
tally by Doppler-shifting one target with respect to the oth
by means of a constant-velocity drive.

At early times after the SR pulse the decay rate of
NFSSR intensity for the combined target (A1B) is usually
much larger than that for each individual target alone. Rad
tive coupling within and between the two targets and inh
mogeneous broadening are the major contributions to
enlarged decay rate. However, on a logarithmic scale
initial slope of the intensity for the combined target (A
1B) can be less steep than for one target~A! alone if the
inhomogeneous broadening of this target is sufficiently lar

In all experiments performed in this investigation, the s
quence of the targets does not matter. This has also b
shown theoretically. However, the radiation fields emitted
each individual target can be very different and can very w
depend on the target sequence. From this point of view,
observed independence of NFSSR of the target sequence
striking feature. This question will be the focus of futu
investigations.
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