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The nuclear forward scattering of synchrotron radiati8R) 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 thshidoer 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 ratgeep slopeat 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.
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I. INTRODUCTION tering of synchrotron radiatiofNFSSR experiments the tar-
gets have to be thick in order to obtain a reasonable NFS
Coupled oscillators play an essential role in many differ-signal. Typically the Mssbauer thicknest=nof is =10,
ent areas of physics. They are important in classical dynamwheren is the number of resonant nuclei per unit areg,is
ics [1], microwaves[2], and laserg3,4], and probably al- the maximal resonance cross section of the nuclear transi-
ready had a large impact at very early times of the Univers¢ion, and f is the Lamb-Masbauer factor. Such big en-
[5,6]. The application of the Mssbauer effedt7—11] and, in  sembles of identical nuclear oscillators exhibit interesting
particular, more recently the availability of strong synchro-properties, in particular because the individual oscillators
tron radiation(SR) sources made it possible to study nuclearmay be coupled via the radiation field. Although the targets
oscillators that are coupled by radiation transmitted have largeT values, each prompt SR pulse typically creates
through resonant absorbes2—16. Mossbauer transitions only one(and more often noresonant excitation in such a
are in many respects ideal oscillators. For example, they exarget. One might conclude that this excitation is localized at
hibit strong scattering power, corresponding in the case ojust one nucleus which has been lifted into the excited state.
the 14.4-keV resonance tMFe to that of several hundreds of This, however, isiotthe case in coherent forward scattering,
electrons, and they are well isolated in energy. The relativelyvhere it is impossible to identify the scattering nucleus.
long lifetimes of Masbauer nuclear levels in the nanosecondRrather, for each individual nucleus in the spatially extended
range make it possible to excite the Sébauer transitions by target there exists the same small probability amplitude that
short and highly brilliant pulses of SR. The propagation ofthis nucleus is excited while all other nuclei are left in the
the SR pulse through a system of resonant oscilld#sl8  ground state. All these small probability amplitudes are
can be studied by the time evolution of coherent delayegphased by the prompt SR flash and have to be added to
radiation, which is reemitted practically background-free in aobtain the total probability amplitude for a photon to be ab-
nuclear forward scattering experimgi9,12—-14. sorbed by the nuclei in the target. Such a collective nuclear
Even though modern synchrotron facilities provide veryexcitation, which is phased in time by the SR flash and can
intensive x-ray beams, in most cases of nuclear forward scaextend over the whole target, is known as a nuclear exciton

[20,21].
Nuclear excitons exhibit interesting cooperative proper-
*Email address: wpotzel@ph.tum.de ties which characterize the time dependence of NFSSR. The
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intensity reemitted immediately after the SR fldsiht=0) cryostat (4K)
is proportional toT2. This might be expected on the basis of
kinematical theory, which takes into account only the inter- X congt: veloc. detector
action with the primary radiation. In this case, the field am- SR — I l D
plitudes of all nuclei have to be added and the total ampli- I
tude has to be squared to obtain the intensity. However, — —
additional aspects come into play that have to be described T fargetA  fargetB
SS (¥Fe)  SS (7Fe)

by a dynamical theory which takes into account the interac-
tion of secondary radiation with the nuclei. The dynamical
effects already manifest themselves at early times @):

the initial decay rate is enhanced leading to a logarithmic FIG. 1. Experimental setup for investigating the time response
slope of the intensity (t), dlin I(t)/dth:o' which is more of the 5Fe nuclei in two separated SS targétandB to the exci-

negative than-1/, yvhgrgr Is the Ilfetlme. of the egxmted tation by a synchrotron radiation pulse. TargetMossbauer thick-
nuclear state of an individual nucleus. This eﬁegt 'S knovVnnessTA, linewidthI",) can be cooled to liquid-He temperatures in
as coherent enhancement or Spe?d'Up of th_e 'n't'a,l decaaYcryostat. TargeB (Mossbauer thickneskg, linewidthI'g) can be
[20,21]. Further, dynamical beat®B'’s) develop in the time  115yeq at constant velocity by a double-loudspeaker drive.
dependence of the reemitted radiation intensity. They are an

important feature of NFSSR. Both initial speed-up and DB'’s
are due to coupling of the individual oscillators in the target X
via the propagating radiation field7,18,13,20—25 A quan- (B) at a constant Doppler velocity.

titative description for the case of SR pulses was first derived In a Comb'”ed target system, the_ reemitted intenisity
in Ref. [20]. Is always increased at very early times+{0) due to the

The initial decay rate of the NFSSR signal can also begreater Maesbauer thickness of the nuclear ensemble as com-

influenced by quite a different process: inhomogeneou?ared to each individual target alone. This increased intensity

broadening. It causes dephasing of the resonant osciIIatorg.riginates from constructive interference. Usually, as, for ex-

Therefore the coherence within the nuclear exciton is parfi%?rlle’tr:n :ée casle_: of resonances \r’]\"th nearl;: n]?ttrl:ra_l “tnel
tially destroyed and the coherent signal is reduced. The resu 1dth, tN€AB coupling causes an enhancement of the initia

of combinations of coherent enhancement and dephasing cay rate, |.e.,_the logarithmic slopin Ildt".:O of the in-
call enlarged decay rates. tensityl att—0 is steeper than that of the time dependence

In the present paper we describe a comprehensive stud;yr each individual target. In addition, in this case consider-
of radiative coupling and of enlarged decay rates of big en@0I€ intensity persists until late times 7, although modu-
sembles of nuclear oscillators. We will focus on two en-|ated by the DB's. In contrast, it will turn out that when
sembles represented by two spatially separated tafgatsl targetA is inhomogeneously broadened the initial slope may
B mounted downstream behind each other in a monochromz?—ecom,e even less steep than that Of. the broad(_aned tfurget
tized SR beam. The time dependence of NFSSR by the corﬁ’l-.lone if the inhomogeneous broad.enln'g of tgr.ges suffi-
posite target A+ B) is measured27]. Two types of radia- ciently large. Fl_,lrthermore, rather little intensity may be ob-
tive coupling can be distinguished in such a system, althoug (_ervgd at late times of the NFSSR pattern also for the com-
this distinction is somewhat superficial: coupling within each ine target SystemA(+ B?' . .

individual target and coupling between targatandB. Cou- In addition, the question will be discussed whether the

pling between the different nuclei within each target occursS€duence of targets is of importance. It will be shown that

because the delayed radiation reemitted from the upstreame results of the present experiments are independent of the

part of the target interacts with the parts further downstreami@fg€t sequence. Future measurements are indicated where

Coupling between targe#s andB occurs because the nuclei this W_i" no longer b.e the case. Al experimental results are
in the downstream targd& can resonantly interact with the quantitatively d_escrlbed by the dynamical theory of nuclear
delayed radiation reemitted from the upstream tafgdthus  forward scattering.
target B is excited by the SR flash and, in addition, it is
driven by the delayed electromagnetic field reemitted from Il EXPERIMENTAL DETAILS
target A. However, it should be emphasized that radiative
coupling in NFSSR via the propagating radiation field is a TargetsA andB were made from stainless-sté8lS foils
one-way street: in both types of coupling, upstream nuclebf composition FgCr,:Ni,, enriched to 95% irr’Fe. The
can influence downstream nuclei, but not vice versa. thickness of the foils was-2.5 (A) and ~1.3 um (B). The

Of highest interest is the experimental possibility of SR experiments were performed at HASYLABamburg at
changing the coupling between the targAtend B, which  the wiggler beamline BW4. In the five-bunch mode of the
for brevity we will call AB coupling. In our scattering system storage ring, the time window between the SR bunches was
the changes inAB coupling will be accomplished in two ~190 ns. The experimental setup is depicted in Fig. 1. After
different ways:(a) inhomogeneous broadening will be in- monochromatization of the SR of 14.4 keV to a bandwidth of
creased in one targéf) by changing the hyperfine interac- 6 meV by a four-bounce high-resolution monochromator
tion at its resonant nuclei when lowering the temperature 0f28,29, the SR pulse of typically several 100 ps in length
targetA; (b) a shift between the resonance frequencies of thexcites the nuclei in targek of Mossbauer thicknesE, and

~100ps TA TB
~6meV FA FB

nuclei in both targets will be applied by moving one target
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FIG. 3. Comparison of the NFSSR of targe{a) and of target
FIG. 2. Increase of the additional Lorentzian broadeningof ~ B (b) both at room temperature. The thicknesses wefe5 um

the nuclear resonance in targktwhen the sample temperature is (Ta~17.9) for targetA and ~1.3 um (Tg~9.3) for targetB. The
lowered from 20 to 2.8 K. The results fdr, were obtained from small spike at~95 ns is due to a spurious bunch. In the time
computer fits to the NFSSR data shown in Fig. 4 below withwindow up to~20 ns counting is spoiled by electronic gating ef-
Lorentzian broadening alone being used as a model to describe tfi@cts and spurious bunches. The data sets are artificially shifted for
actual line broadening observed. a better display.

linewidth I, . This target is mounted in a liquid-He cryostat 1o change of the Lamb-lsbauer factor between room
and may be cooled to cryogenic temperatures. Thereafter themherature and 2.8 K was taken into account in the fits. Al

SR pulse hits targe with thicknessTg and linewidthl’s.  ime dependences were fitted by the NFS theory imple-
This target is kept at room temperature and may be moved @tanied in the computer codeoTIF [15].

constant velocities in the range of 0—10 mm/s by askto
bauer double-loudspeaker drive. A fast-avalanche photodi-
ode [30—-37 is used to detect the radiation transmitted by [ll. RESULTS AND DISCUSSION
both targets in the forward direction. The time dependence of
this nuclear forward scattering intensity is digitally stored.
The SS material used for the targétandB is known as Figure 3 shows the NFSSR patterns of each of the SS
a single-line absorber in Msbauer spectroscopy with a foils at room temperature. A foil of~2.5 um thickness
slightly broadened resonance linewidth-e1.5I" at tempera- (Ta~17.9) was used as targlt(see Fig. 1 The first mini-
tures between room temperature ar@0 K. The natural mum of the dynamical beats occurs -atl05 ns[see Fig.
linewidth of I'=0.098 mm/s corresponds to about 5 neV.3(@)]. The foil of targetB was ~1.3 um thick (Tg~9.3).
The linewidth rapidly increases when the temperature is lowWith this thickness the initial slopgo be seen in Fig. 3 only
ered below 20 K. In first approximation the NFSSR time at ~20 ns because of spoiled counting at tinies20 ns) is
dependence of the SS sample at lower temperattaeget rather modest and the first minimum of the DB’s occurs at
A) can be fitted when increasing the effective linewidth by an~170 ns[see Fig. &)].
additional Lorentzian broadeningy,. As shown in Fig. 2, The delayed radiation field being reemitted by the target
A, amounts to~0.5[" at 20 K and increases te12.5" when  of Mossbauer thickness is given by[20]
the temperature reaches3 K. This rapid rise has been ob-

A. NFSSR of SS targets with almost natural linewidth

. —t27 i wgt
served in Mesbauer spectroscopy as wgB3-35. It is E(t)ce™ e 0A(t), @
caused by a change in hyperfine interactions, most probably
by electronic relaxation effec{85]. In this article we will  with
not investigate this temperature dependence. We just use this
behavior as a convenient way to change the linewidth of At)=To(Tt 7 =TI, (VTURITUT, @

target A. To achieve more detailed fits, in addition to the

dominating temperature-dependent Lorentzian broadening, a

small hyperfine splitting by a random magnetic field waswhere 7 is the lifetime of the nuclear statéfor *Fe =
introduced in the fitting procedure. From room temperature~141ns), w, is the resonance frequenéfpr °Fe wo~2.1
(RT) to 20 K a magnetic field of 0.59 T was assumed. Withx 10'°s™%), and J, is the Bessel function of the first kind
temperatures decreasing below 20 K, for consistent fits to aknd first order. Thel; modulations ofE(t) lead to the DB
data sets recorded at the various temperatures, increasingnima of the scattered intensity. Tf is reduced the DB
field values had to be used, which reached 1.84 T at 2.8 Kminima occur at later times.
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AN ' T T ' ] with the increased thickness @f,~23.6 due to the rise of

¢ the Lamb-Masbauer factof as compared to the RT value
[see Fig. 8)]. When the temperature is lowered the shape of
the time dependence changes markedly. The minimum of the
NFSSR intensity moves te-65 ns and the initial slope be-
comes steeper. In addition, the time dependences recorded at
4.2 and 2.8 K show hardly any rise of the intensity after the
minimum, in contrast to the 20-K pattern. This is a most
remarkable feature. The slight increasd of ~2% between

20 and 2.8 K cannot be responsible for these changes. The
rapid decrease of the NFSSR intensity is mainly due to in-
homogeneous broadening of the resonance width in SS by
hyperfine interactions. Such an inhomogeneous broadening
is expected to cause a rapid dephasing between the indi-
vidual oscillators, which results in a steep decay and, in ad-
dition, a drastic reduction of the coherent forward scattering
at late timeg13,37. These effects are observed in Fig. 4 for
continuously increasing line broadening.

In the case of inhomogeneous Lorentzian line broadening
described byg=1+A,/T", Egs.(3) and(4) are replaced by
[22]

104

%3 E(t)OCTef(quTM)t/ZTeiwot (5)
8 103 o
T and
10! dinl/dt|—o=~—(1/7)(q+T/4). (6)
100
e N . The forward reemitted intensity starts at the same level pro-
0 20 40 60 80 100 120 140 160 portional to T2 for t—0 independent of the broadenimg
time [ ns ] However, its initial enhanced decay rate is further increased

by g>1 due to dephasing of the coherent forward scattering.
FIG. 4. NFSSR of a stainless-steel f@iargetA) of ~2.5 um
thickness T~ 23.6) at temperatures of 28), 16 (b), 12(c), 8 (d),
4.2 (e), and 2.8 K(f). Note the steep decay at low temperatures due
to the rapid dephasing of the individual oscillators in the target. The We first discuss the NFSSR of both targefsH{B) to-
data sets are artificially shifted for a better display. gether, for the case that the resonance energigs aid B
coincide. TargeB exhibits almost natural linewidth and will
For small Masbauer thicknes§ and/or early times, experience the radiation reemitted from targetvhose os-
Tt/7<1. In this limit, or even fofTt/ 7<3 [22], one obtains cillators exhibit additional line broadening.
[36] Figure 5 displays the time dependence of both targets
, (A+B) together, with targef at various temperatures. Tar-
E(t)xcTe (1 TMU2rglodt (3)  getBis kept at room temperature. The resonance energies of
both targets were kept the same withi#0.3[' by moving
targetB on a Massbauer drive to compensate for the second-
order DopplerSOD) shift. From our computer fits we con-
clude that the time dependences recorded at 20, 16, and 12 K
[see Figs. B)-5(c)] show higher initial intensities and en-

: : PR ; larged decay rateésteeper slopgsat early times as com-
Equation(3) gives an enhanced scattering intensity propor-
q ®9 9 Y prop ared to those of targét alone[compare Figs. @)—4(c)].

tional to T2. Equation(4) describes a coherent enhancemen

- : he DB minimum has shifted from-80 to ~60 ns. With
f th tial 1¢20,21,25,2 t byT /4. . . .
of the initial decay rat¢20,21,25,2 determined byT/ target A at 20 K [see Fig. %a)] the additional Lorentzian

broadening is so small that the two targets together essen-
tially act at all times as one target with total thickness
Targ=Ta+ Tg~32.9. This increase in Misbauer thickness
The rapid increase of the linewidth at low temperaturesexplains the increase of initial intensity, the steeper slope,
(see Fig. 2 causes characteristic changes of the time deperand the shift of the DB minimum. However, the time depen-
dence of NFSSR. Figure 4 shows the results for tafget ~ dences obtained at 4.2 and 2.8[&ee Figs. &) and 5§f)]
the temperature range between 20 and 2.8 K. At 20 K théook very surprising. In particular, the time pattern of the
first minimum of the DB’s occurs at-80 ns in agreement NFSSR obtained foA+B together, withA at 2.8 K[Fig.

C. Dependence ofAB coupling on oscillator line broadening

and with | =|E|? the initial slope of the intensity is then
given by

dint/dt|,—o=~—(Ur)(1+T/4). (4)

B. Dephasing of nuclear oscillators in the case of
inhomogeneous line broadening
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bined target A+B). The wave field that is present behind
both targetsA andB and the intensity of which is recorded in
the detector is given bj22,39

E(t)arg| 8(t)—(1/2r)e! et~ (9200

i)

© 0099

X | Tpo(Tat/ 7)€l (@A~ @p)t=[(da~dp)27]t

b

fo

lo
o

5 6 0 §oaP00

o

+TBO'(TBt/7') - (1/27)TATB

L1
00

t
Xf dt’ gi(@a=wp)t ~[(@a=ae)2t (T 7/ 7)
0

o Joamoob 0

vy
o ®

Xo(Tg(t—t")/7)

) . (7)

T

o

] Inhomogeneous broadening of Lorentzian type is taken into
P account byg, and gg with gag=1+A,g/I'. The reso-
104 pég 4 nance frequencies of the nuclei in the targatand B are
= 103 denoted byw, andwg, respectively. If both targets contain
= nuclei with the same resonance frequeney~ wg. Equa-
102 tion (7) describes four different optical patfi22,39.
10! (a) SR is transmitted without interaction at all. This radia-
100 tion is described by the delta functiai{t).

L L _ . (b) Nuclear scattering of the SR pulse is by targeinly,

20 40 60 80 represented by the first term in the square brackets.

(c) Nuclear scattering of the SR pulse is by tarBeinly,
represented by the second term in the square brackets.

FIG. 5. NFSSR of the combined targei € B) with targetA at (d) Nuclear scattering of the SR pulse is by targeand
20(a), 16 (b), 12.5(c), 8.4(d), 4.2(e), and 2.8 K(f). TargetBwas  targetB, described by the integral term in the square brack-
kept at room temperature. The resonance energies of both targee$s. Radiation having first excited the nuclei and dwelt in
are kept the same withis0.3[' by moving targeB by a Doppler  targetA up to timet’ excites the nuclei in the downstream
drive to compensate for the SOD shift. The bottom curve lookstargetB at timet’. They are deexcited at time This term
highly similar to that of targe# alone in Fig. 4f). Other details for  describes thé\B coupling, i.e., the influence of the radiation
targetA and targeB as in Figs. 4 and 3, respectively. field of the upstream target on the downstream target. Since
the integration is performed up to timgthis term is impor-

5(f)] looks very similar to that foA alone at 2.8 {see Fig.  tant also at late times even though the fieldAafight have
4(f)]. In comparison with Figs. 3 and# two features appear yanished long before time It is interesting to note that this

most striking[16,38: (1) The NFSSR of both targetsA(  term has an opposite sign with respect to the first two, i.e.,
+B) together shows very little intensity for timés70ns.  the wave associated with it is in antiphase to the two other
(2) The initial slope of A+B) is not steeper and is maybe \yayes. The shiftr in the phase arises from the additional
even slightly less steep than thatAfalone. These two fea- esonance scattering in targt resonance scattering by a
tures will be analyzed and discussed in the following. nucleus givesn/2 and another/2 is due to the coherent
summation of the wavelets scattered by nuclei lying in the
plane wave front of the radiatiofiFresnel construction
One might expect that, after the rapid decay of the NF- It is also helpful to take an alternative view of the scat-
SSR intensity of targed, the signal of targeB should still  tering event where the optical patfy and (d) represented
be strong and be characterized largely by that of auh8- by the second and the integral term in the square brackets of
thick foil [see Fig. &)]. This is not the case. As Figs(fb>  EQq. (7) are combined in one path. In this view EJ) de-
and Fe) clearly demonstrate the NFSSR intensity behindscribes three different radiation fiel@40].
both foils is strongly reduced at timés 70 ns. Apparently, (8 SR transmitted without interaction.
in spite of the rapid decay of targét AB coupling causes (b) The radiation field amplitude reemitted by the up-
targetB to radiate at a high decay rate at early tinje60  stream targeR, which we denote by"(t).
ns and to emit only very little intensity at later times. (c) The radiation field amplitude reemitted by the down-
These results can be understood on the basis of the equstream targeB, which we denote byA%(t). This field re-
tions describing the radiation field reemitted by the com-flects both that targeB is charged by the SR pulse and that

time [ ns |

1. Reduction of NFSSR intensity at late times
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FIG. 6. Envelopes of the radiation fields according to &.of
the combined A+ B) targetAT(t), of the upstream target'(t),
and of the downstream targaf(t) for the case thad is upstream 104
of B. AB(t) denotes the response of targf it were present alone. = 10%
TargetA,To~23.6; targeB, Tg~9.3. For both targets natural line- =/ 102
width was assumed.

107

10°

it is driven by the radiation field reemitted by targeti.e., it 102
gives the total response of targgt 10*
This notion will also be of importance when we discuss 10

implications of the sequence of targets in Sec. V below.
First we study the role oAB coupling in greater detail by
computer simulations, and start by discussing the simple cass

102
10°

that in both targets no additional broadening is present. Both 102

targets are kept stationary. As a consequence AB€ou- 10%

pling is maximal and the two targets act as a combined target .

of total thicknessT o, g=Ta+ Tg. Figure 6 shows the enve- 10

lopesA(t) of Eq. (2) for the casd40] that A(Tp,~23.6) is 1

upstream ofB(Tg=~9.3). Since the upstream target influ- 100

ences the downstream target and not vice versa, the envelop 102

AY(t) of the upstream target is known as well as the total .

amplitudeAT(t) of both targets combined. Thug!(t) of the 10

downstream target can be calculated AS(t)=AT(t) o T
—AY(t). As Fig. 6 demonstratesA%(t) is modified quite 0 50 100 150 200 250 300 350 400
strongly as compared #@5(t), the envelope of targe if it .

were just radiating by itself without being driven by the ra- time [ns]

diation field of A. For example, the first zero crossing of

AY(t) has been shifted te-30 ns as compared t6200 ns FIG. 7. Computer simulations of the NFSSR for targedlone

for AB(t). These big changes are caused by the driving actdashed lines targetB alone(dash-dotted lingsand the combined
tion of A, which is described by the coupling term in E@).  (A+B) target(solid lineg for values of the additional Lorentzian
The radiation fieldA%(t) emitted by the downstream targgt  broadeningA, for targetA in the range from D to 80I". Note that

results from the superposition @&B(t) and this coupling for large A, values the combined targefB) exhibits aless
term. steep initial (~0) slope than for targeA alone(compare also Fig.

In the more general case that tardets kept at reduced 8 below. At later times the NFSSR ofA(+.B) re;embles that of
temperature and exhibits additional broadening, the envé@rget B alone, although at a reduced intensity. Target T,
lopes A(t) can only be calculated numerically. The main ~23-6; targeB, Tg=~9.3.
results of preliminary simulations are the following. The ra-
diation field of A will be rapidly diminished due to dephasing coupling which drastically decreases the nuclear excitation
of the oscillators ilPA. However, due té\B coupling, targeB ~ amplitude in targeB and thus reduces the radiation field
will radiate with a higher decay raténcreased slopeat reemitted by targeB. It would emit much more strongly at
early times and with little intensity at late times as comparedater times, if it were not driven by targét
to targetB alone. Thus each target will emit only weak ra- We now look at the results of simulations for the time
diation fields at late timest>70ns): targetA because of dependences of the NFSSR intensity. Figure 7 shows simu-
rapid dephasing of its oscillators and tar@abecause oAB  lations that cover the range of additional Lorentzian broad-
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ening of targetA up to A,=80I". Both targets are kept sta-
tionary. AB coupling is strongest if no additional

1
broadening is present. Then simply a thicker target is 0 ;
formed, which exhibits higher initial intensity, enhanced de- 100
cay rate, and earlier DB minima as compared to the corre- i
sponding properties of the individual targé&ee Fig. 7, top e
Since there is no dephasing a strong coherent signal from i
targetA is visible until late times. The same holds for target 10!
B and for the combined targeA@ B) where the intensity of
the latter, in general, is larger than that of each individual 100
target alone. When , is increasedAB coupling is reduced 3
because of reduced overlap of the two sample resonances o 104

the energy scale. This decreas@\ coupling is indicated in
Fig. 7 by the shift of the DB minima to later tim¢6,22.

In the intermediate region (8<A,<12I") both AB cou- :
pling and dephasing determine the time evolution. Here at 100
later times the combined targets emit much less intensity :
than targeB alone would do. For example, At,<12I'", the
intensity emitted by A+B) at late times {(=300ns) is
about a factor of 10 less than that®flone. In particular, in
the time window between 60 and 160 ns, this reduction and 3
the simultaneous occurrence of the DB minimum cause re- 100 L
duction of the NFSSR intensity from the combined target by :
a factor of 10—100 with respect to the response of taBjet oty
alone.

For very large broadeningd\(,=80I"), the AB coupling
is so weak, except for very early times{20ns), that the
two foils scatter almost independently. As will be shown
below [see Sec. IlIC2, EqY8) and (9)], att—0 the AB
coupling is independent af, andqg and therefore at— 0 it
is not diminished by inhomogeneous broadening; only at
later times does this occur. K, is made very large X,
=80I', Fig. 7) ABcoupling can be effective only at and from
very early timegsee Eq(7)], where the signal from targét I
is still strong, in spite of the rapid dephasing of the oscilla- . 3
tors in A. After this dephasing the NFSSR pattern of the (T T T
combined targ_et is very similar to tha'F of ta_rgmalone al- 0 10 20 30 40 50
though at a slightly reduced level of intensityee Fig. 7.
The amount of reduction is determined by the coupling term time [l’lS]
in Eq. (7), which depends o\, .

10"

wE

~~
~
N’
pnee|

100 |

FIG. 8. Enlarged view of the NFSSR patterns of Fig. 7 at early
2. Initial slope of the time dependences times (between 0 and 50 nshowing the initial slopes of the time
dependences. Other details as in Fig. 7.

Figure 7 shows that for large values&f the initial slope
for (A+B) is less steep than f@gk alone. This is exhibited in The initial (t—0) slopes of the intensitgt o, g(t)/dt|;—¢
greater detail in the computer simulations of Fig. 8, whichandd In 1, g(t)/dt;—, can be calculated as
shows the time dependences from0 up to 50 ns. It is seen
that for small values oA , the initial slope for the combined
target A+ B) is steeper than that for targ&talone, whereas dlasp/dt|i—ox — (1/27)3(1/2)[ Ta(qa+ Tal4)
for values ofA,=12I" this relation is inverted. This behav-
ior can be understood from E¢0). +T3(As+ Te/4) + TaTg(Aa+ Tal4)

Using Eq.(7) for the reemitted radiation, the field &t 2 2
—0 is determined bE(t)x (T a+ Tg). Thus the initial inten- T TaTe(Gs+ Te/4) + TaTe/2+ TaT5/2]

sity, being proportional to {5+ Tg)?, is enhanced; it is, 8
however, independent af, and qg [compare Eq(5) for t
=0]. and
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1 The initial slopes defined by Eg&l0) and (11) are equal if
2
dInla g/dt]i—gx—(1/7) T To) [Ta(gat Tal4)

=Qgt(TatTe)/4, 12
+T3(p+ Ta/4) + TaTe(da+Tal4) 4a=dt(TatTe) (12)

+TaTa(ds+ Te/d) + TaTe/2+ TaT3/2]. i.e., if the Lorentzian broadening ivis larger thargg by an
9) amount that is determined by the total coupling.
If ga<qg+(Ta+Tg)/4, the slope of A+B) is steeper,
Equations(8) and (9) show that there exist three different Whereas ifga>qg+(Ta+Tg)/4, the slope ofA alone is
contributions to the initial slope. steeper. In the preslenfc experimegg~1.5 and .(I'A+ Tg)

(1) The first two terms in the square brackets describe thé=33 lead to equal initial S'OPeS faya~10, which corre-
individual contributions of targeA and targeB. These terms ~ SPONds toA ,~9I" (compare Fig. 8 o
originate from the inhomogeneous line broadening character- According to Eq. (9), on the logarithmic scale,
istic for each target and from the coupling of the oscillatorsd IN la+s/dti—o is normalized to the intensity at=0 by di-
via the radiation field within each target. The coupling andViding by (Ta+Tg)? i.e., an average is taken over both
inhomogeneous line broadening are represented by tH&rgets. Ona linear scale, however, where such a normaliza-
Mossbauer thicknesE, s and by the additional Lorentzian tion is not performed, the slope for the combined target
broadeningg, g, respectively. dla g/dt];—o is always more negative than the slope

(2) The next two terms in the square brackets of Bgs.  dla/dt|;—o for targetA alone.
and(9) originate from the interference of the two wave fields
reemitted individually from targefdA and from targetB.
These two terms also depend DR g andqp s -

(3) The last two terms in the square brackets of E§s.
and (9) originate from the integral term of Eq7) and de- The AB coupling can also be influenced by changing the
scribe theAB coupling by the radiation field from imping- ~ fésonance energy of the nuclei in one ensemble
ing ontoB. These terms depend dn, s ; however, they are [22,38,42,43 This can be achieved by Doppler-shifting one
independent ofj g (for t—0). It may seem surprising that target(B) with respect to the otheg®). Figure 9_d|splays a
for t—0 the AB coupling is independent of the additional Set of NFSSR time dependences recorded with takget
broadening, whereas the other two contributions do depend0 K) kept stationary and targes (at room temperatuye
on gap. This can be understood qualitatively: coupling Shifted by various Doppler energiésE. Figure 10 shows a
within a resonance target is determined only by the effectivéimilar set of data obtained with targ&tat 2.8 K and target
thickness of the target and in the case of Lorentzian broad® @gain at room temperature and Doppler shifted.
ening does not depend on the resonance widte, e.g., With targetA at 20 K, Fig. 9 exh|b|ts thg transition from
[37,41 and references ther@inAn increase of the width Pure dynamical beats &tE=0 [Fig. 9a)] via hybrid beats
causes an additional increase of the NFSSR decay rate b4l (WhenAE is not larger than a few) to quantum beats
cause of dephasing. As to tB coupling, it is sensitive to (QB’s) for large AE [AE~87I", Fig. Af)]. For small values
the resonance width only if there exists a difference of theof AE up to a fewI" [Figs. 9a)-9(d)] the coupling term is
widths of the resonances in the targétsand B [see the important. The beat patterns closely resemble those of a dy-
integrand in Eq(7)]. At the initial stage of the decay where namical beat except that with increasitg the minima are
both resonances are strongly broadened according to th#ifted to earlier times. We want to emphasize that in con-
time-energy uncertainty principlel3,23, qa g become un-  trast to the case of line broadenifgee Fig. 7 now in the
important. In such conditions th&B coupling is maximal. At case of line separation the minima are shifted to earlier
later stages of the decay the dependence g is restored times. This effect is caused by destructive interference due to

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

and AB coupling is reduced. the phase evolution of the radiation fields emitted by oscil-
Equation(9) can also be written as lators of two slightly different energigsee the phase factor
expli(wa—wp)t} in the second term of Ed7)]. This transi-
dinlarg/dtl_ox — (Un)[(qaTa+qeTs)/ tion region of small values foAE has been described in

greater detail in Refd.18,22. With AE~87I", the two tar-
(Ta+Tg)+(Ta+Tg)/4]. (100  gets are essentially fully decoupled. This can also be seen

from Eq. (7). Since|wa— wg| is large, the integrand in the
Here the first term in the sum gives the weighted slope of theoupling term is a rapidly oscillating function which under
initial decay in the kinematical approximation. The secondintegration causes this term to nearly vanish. QB's are
term describes the effect of the total coupling, including bothformed due to the interference of the radiation fields emitted
the coupling within each target and td3 coupling. Note  from A andB separately. At~ 85 ns[see Fig. &)] the am-
again that fot— 0 the total coupling does not depend@n  plitude (contrast of the QB’s is almost zero. After the mini-

andqg . mum of contrast the phase of the QB is shifted7byThis is
For targetA alone we gefTg=0 in Eq.(10)] due to the passage through zero Adf(t) for the thicker
target (compare the dotted line in Fig.) 617,22. This is

dinla/dtli—g=—(17)(qa+ Talb). (11 another indication of complete decoupling.
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FIG. 9. NFSSR of the combined targ&t { B) with targetA (at FIG. 10. NFSSR of the combined targef{ B) with targetA

20 K) kept stationary and targé& (at room temperatujeDoppler (at 2.8 K kept stationary and targ& (at room temperatujeDop-

shifted by 0.08 (), 1.3 (b), 2.9 (¢), 4.0(d), 11I" (e), and 8T (f) pler shifted by 0.8 (a), 1.2" (b), 2.1I" (c), 4.0(d), 11" (e), and 9@

relative to targefA. For other details see Figs. 3 and 4. (f) relative to targetA. Curve (b) corresponds to the SOD shift of
stainless steel between room temperature and 2.8 K. For other de-

Figure 10 shows the results when targes cooled to 2.8 tails see Figs. 3 and 4.

K and exhibits substantial line broadening corresponding to o _

A ~12T. Figure 1@a) depicts the time dependence when WhenAE is increased furthefsee Figs. 1@)-10e)] the

AE is still kept small AE~0.3') by moving targetB to AB couplmg is also diminished fur.th(.—:‘r ar)d a QB.deveIops
compensate for the SOD shift. The nuclear oscillators of!u€ t0 the interference of the radiation fields emitted from
both targets contribute constructively in the forward direc—the two taNrgets se_parately. The minimum in the time depen-
tion and, in addition, thé\B coupling, although reduced by ?henceB?lI~2_5_nst_ln Ff|g. 19:2 |sDaIrea|1dy rﬂir;iii%seztby
the line broadening of targey, is still significant. However, e? S orginating rom the Loppler shi '

in contrast to Fig. @), the strong line broadening now leads A%S_egog’ talrgc)ab;\r:z (Ess?%t]lal'lg ggye?(ﬁ(i:[?iﬁﬁlei frzrr?otgrgfet
to a completely different time evolution, as already discusse(is10 ns c?).rrespondingqt.ﬁE.=90I‘ is visible ags Ioﬁg as the

in Sec. Il C in connection with Fig. (). An enlarged decay

: . : signal fromA is still intense. The QB interference pattern
rr?lte (steeper slopeis qbserved at early imes and the inten- almost vanishes fdr="70 ns where the radiation field froa
sity is very low for timest=70ns, where targeB alone

) g alone[see Fig. 4f)] has also been found to disappear. Since

would still emit strongly. _ the two targets are essentially fully decoupled and tafget

In Fig. 10b) target B was kept stationary. The value nq |onger radiates, the NFS pattern at later times 70 ns)
AE~1.2" obtained from the fit is due to the second-orderijg very similar to that of targeB alone[compare Fig. ®)].
Doppler shift of the stainless-steel alloy between room tem-  Thus the Doppler shift is a very effective method of de-
perature and 2.8 K. An increased intensity between 60 angtroying theAB coupling. On the other hand, the time depen-
110 ns compared to Fig. (@) is clearly discernible. This dences react very sensitively even to small changes of the
indicates a slight reduction of thA&B coupling that is respon- coupling and allow, for example, the determination of the
sible for the low intensity for time$=70ns in Fig. 10a). SOD shift to a high precision.
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FIG. 11. Change of sequence of the targets. TaBg&it room

temperaturg downstream(@) and upstreantb) of targetA (at 2.8
K). The targets were kept stationary. A SOD shift-e1.2I" [see
Fig. 10b)] is taken into account in the fits. Within statistical accu-
racy both NFSSR time dependences are identical. : : : : : : -
0 50 100 150 200 250 300 350 400

E. Sequence of targets time [ns]

Since targei has different values for thickness and line- £ 12 Envelopes of the radiation fields according to @yof

width from targetB the experiment might not be symmetric the combined A+B) targetAT(t), of the upstream targea“(t),
with respect to an interchange of the targets, i.e., the NFSSBnd of the downstream targaf(t) for the cases thak is upstream
through the two targets might not be independent of the taref B (bottom andB is upstream of (top). Other details for targets
get sequence. Nevertheless, on the basis ofBdhe invari- A andB as in Fig. 6.

ance of NFSSR can be showWg2,39. Clearly, if no cou-

pling term were present, E7) would be symmetric, i.e., it Considering at first again the simple cdsee Sec. IlIC 1
would remain the same under interchange\aindB. How-  that both targets are stationary and kept at room temperature,
ever, it is also symmetric if the integral term is included: Fig. 12 shows the envelopégt) of Eq. (2) for the situations
InterchangingA andB in the integral term results in a mutual that A is upstream oB (bottom) and vice versdtop) [40].
replacement of the time variablés<t—t’, which corre-  Figure 12(bottom is the same as Fig. 6 and has been repro-
sponds to a shift in time. Taking into account thaf ’dt’ duced for direct comparison. The time evolution of the total
=[4dt’ it is seen that Eq(7) is invariant under interchange amplitudeA(t) is identical in both panels of Fig. 12. How-
of A andB. ever, looking at the same targéh or B), Fig. 12 clearly

This invariance can also be shown directly in energydemonstrates that%(t) when the target is in the downstream
space: in nuclear forward scattering, the response function igosition, is changed quite strongly as comparedAt(t)
given by the transmission amplitud®(w) in Ref. [20]].  when the same target is in the upstream positmmpare,
The response function for the combined target is given byor instance, the zero crossing3hus, if the radiation fields
the product of the transmission amplitudes of the constituenof A and B were measured separately, the target sequence
targets which is invariant to the order of the individual fac-would indeed matter. However, if both targets remain to-
tors. gether the radiation intensity measured by the detector is

In Fig. 11, two measured time dependences are comparethdependent of the target sequence in spite of the striking
with targetB downstream of targed [Fig. 11(a)] and vice difference of the radiation fields & andB between the two
versa[Fig. 11(b)]. Within the statistical accuracy there is no sequences.
difference between the two patterns. Thus it is also experi- Even more interesting is the case when tadyet kept at
mentally confirmed that the target sequence is of no imporreduced temperature and exhibits additional line broadening.
tance in the case analyzed. As discussed in Sec. llIC 2, A is upstream 0B, the radia-

Still it is interesting to gain additional physical insight. As tion field of A will rapidly decrease due to dephasing, and,
mentioned in Sec. IIIC1 above, one should combine théecause ofAB coupling, targeB will also emit only weak
second and the integral terms in E@) to get the total re- radiation at late times.
sponse of targeB. In this notion the radiation field reemitted If foil B is upstream of foilA the situation will be quite
by targetB reflects both that targe® is charged by the SR different. The radiation field oB being emitted from an
pulse and that it is driven by the radiation field reemitted byoscillator system having unbroadened resonances exhibits
targetA. the usual DB pattern, i.e., foB still emits strongly at later
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times also. The field oA would be diminished rapidly due to early times and to emit only little intensity at late times of
dephasing ifA were present just by itself. However, due to the NFSSR pattern. Th&B coupling decreases with increas-
BA coupling the oscillators oA are now driven in addition ing inhomogeneous broadening and can be destroyed very
by the radiation field emitted bf. The field reemitted by effectively by changing the resonance frequency of the
targetA is then shifted by, as discussed in Sec. IIIC1. nuclear ensemble of one target. This was shown experimen-
Thus at late times each target still emits strongly in the for-tally by Doppler-shifting one target with respect to the other
ward direction. However, the two radiation fields are oppo-by means of a constant-velocity drive.

site in phase, which leads to the drastically reduced intensity At early times after the SR pulse the decay rate of the
observed in the detector for this target sequence also. FurthBlfFSSR intensity for the combined targe&&{ B) is usually
experiments allowing determination of these phase shifts antchuch larger than that for each individual target alone. Radia-
amplitudes and the consequences of the inversion of the tative coupling within and between the two targets and inho-

get sequence are under way. mogeneous broadening are the major contributions to this
enlarged decay rate. However, on a logarithmic scale the
IV. CONCLUSIONS initial slope of the intensity for the combined targeA (

) ] ) . +B) can be less steep than for one tar¢®) alone if the
We have investigated the time response of two spatiallynnomogeneous broadening of this target is sufficiently large.
separated ensembles of nuclear oscillators to excitation by a |, g experiments performed in this investigation, the se-
SR pulse. The two ensembles were provided by tWoyuence of the targets does not matter. This has also been
stainless-steel targets and B mounted downstream behind g 6wn theoretically. However, the radiation fields emitted by
each other. Cooling one ensemiphy to cryogenic tempera- gach individual target can be very different and can very well
tures made it possible to greatly increase the linewidth of th'?jepend on the target sequence. From this point of view, the

system by inhomogeneous broadening while sysebeing  opserved independence of NFSSR of the target sequence is a
kept at room temperature exhibited almost natural “”ew'dthstriking feature. This question will be the focus of future

Inhomogeneous broadening causes rapid dephasing of ﬂi‘ﬁvestigations.
nuclear oscillators. The radiative coupling between the rap-
idly dephasing ensemble and the regular oscillator system of
almost natural linewidth was investigated. In the target se-
guenceAB, a strong influence of the dephasing ensentBje This work was supported by the Bundesministerium fu
on the regular systertB) was observed. Thi&\B coupling  Bildung, Wissenschaft, Forschung und Technologie under
causes targeB to radiate at a high decay rateteep slopeat  Contract Nos. 05 643WOA/SK8WOA and 05 643GUAL.
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