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Pulse propagation of synchrotron radiation through a nuclear two-resonance system
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Pulse propagation through a two-resonance medium was investigated in nuclear forward sc¢hESirg
synchrotron radiatiofiSR). The SR pulse was coherently transmitted through a target system exhibiting two
equivalent resonances, the energy separation of which was varied via the Doppler effect. This allowed a
continuous change from a single-resonance medium to a two-resonance system with adjustable splitting. For
increasing splitting, the observed time evolutions of NFS changed from a dynamicall®@avia hybrid
forms of beating into a DB-modulated quantum beat. The experimental results were consistently fitted using a
dynamical theory for NFS of SR.

PACS numbe(s): 42.50.Gy, 42.50.Md, 42.25.Bs, 76.80/

[. INTRODUCTION SR[17]. For reviews on nuclear resonance scattering of SR
see Refs[18-20.

The propagation of electromagnetic wave pulses through Mossbauer transitions are in many ways ideal oscillators,
resonant medi@in short, resonant pulse propagatid®PP]  which perfectly embody the concept of a two-level system.
has been of interest since the beginning of this century, whemhey can be strong resonators, corresponding, for instance,
Sommerfeld and Brillouin began to investigate the propagain the case of the most common S&bauer isotopé’Fe to
tion of a truncated harmonic wave through a strongly disperseveral hundreds of electrons with respect to scattering
sive mediunm(1]. This basic work, which has entered classi- power. By contrast to the common situation with atomic,
cal textbookg 2], has been largely expanded in the last 20molecular, and excitonic resonances, nuclear resonances are
years(see, e.g.[3], and references thergirPredictions con- isolated in energy. Therefore they can be excited by SR in
cerning precursor pulses have been experimentally verifiehe® so-called impulsive limit, where the bandwidth of the
in the late 1960s using microwave radiatig]. The advent Pulse exceeds the natural width of the resonance by a large
of the laser gave a new impetus to theoretical studies of RPEMOUNt, typically by a factor of fo"”_th nuclear oscillators.
in general(for a review see, e.g[5,6]), and in particular of B€cause of the relatively long lifetimes of ésbauer iso-
RPP of weak, small-area pulsE&8]. On the experimental topgs, the t|m.escales of resonant scatterm_g are most!y in the
side, the picosecond laser technology developed in the 198 ?S'ly accessible nanosecond range. In spite of the high bril-

facilitated broad-band excitation and investigations of RP lance of the present SR sources, .RPP .Of synchrojraa-
) L L diation through Massbauer targets is a single-photon event,
of infrared and visible radiation in case of molecul&,

atomic [10], and excitonig[11] resonances. Nowadays, the corresponding to the propagation of weak, small-area pulses

d of subpi dql hnol . - in laser physicg6]. Within this regime, NFS of SR offers
spread of subpicosecond laser technology Implies 10 an Nz ctive possibilities to study RPP. In particular it is easily

creasing degree the impulsive excitation of resonances angh<«iple to shift a nuclear resonance by means of the Doppler
the observation of ultrafast RAE2]. effect up to hundreds of natural linewidths. This way, simple

Studies of RPP at very short wavelengths, however, hagyo-resonance systems with variable energy splitting can be
been initiated already before, when in the early 1960s theeajized, the properties of which with respect to RPP will be
time evolution of M@sbauery radiation transmitted through  studied in the present paper. Such systems can only be
resonant absorbers was investigafd]. In these and later achieved for nuclear resonances because of the extreme
experiments using different pulse shagsse, e.g.[14,15,  sharpness in energy of the ¥&bauer transitions.
and references thergithe rich world of coherent transients RPP relies on multiple resonant scatterisge, e.g.[21—
was revealed in Mssbauer spectroscopy. However, the low23], and references thergirin a single-resonance medium,
brilliance of the radioactive sources and a high backgroundnultiple scattering proceeds within the same resonance. In
due to recoil radiation from the source made such experithis case closed analytical expressions have been derived for
ments difficult. Thus, for the studies of RPP atwave-  the time evolution of RPP at resonant excitation byssto
lengths, great progress was achieved when it became polauer radiation from a radioactive soufds] and after im-
sible to excite the 14.4-keV Msbauer transition if’Fe by  pulsive excitation by laser radiation and $R8,24,25. The
the short and highly brilliant pulses of synchrotron radiationsolutions predicted a characteristic beat with periods increas-
(SR) [16] and to investigate the time evolution of the prac-ing with time and decreasing with increasing sample thick-
tically background-free nuclear forward scatterifdfS) of  ness. This beat has been revealed in NFS of SR in single-

resonance materialsee[26], and references thergirwhere
it was called dynamical bedDB). A similar beat has been
*Electronic address: uwe.vbuerck@ph.tum.de observed also in RPP of broad-band laser puld€s-12,
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called, in the case of excitonic resonances, propagation beatonochromatof34,35. The SR transmitted through the tar-
or polariton beat. get was recorded by an avalanche photodi@37. In the

When the medium exhibits two or more neighboring reso-five-bunch mode of the storage ring, the time window be-
nances, inter-resonance interference leads in the singléween the bunches was190 ns.
scattering approximation to a quantum be@B) [27]. Inter-
resonance interference is used in ato[@ig], moleculaf29],
excitonic [30], and nucleaf18] QB spectroscopy to deter-
mine the separations of resonances. For intensity reasons, A. Principle of the method
however, the targets employed in NFS of SR usually have to
be so thick that multiple scattering plays an important role
Multiple scattering via different resonances then seriousl
complicates the time evolution of NFS. Similar difficulties
have been reported for RPP of laser radiation in case
neighboring resonances caused, for example, by Zeem
splitting in an external magnetic fie[@1] or by a high den-
sity of transitiong 32].

In the present paper we describe a comprehensive stuc{?
of RPP through a medium exhibiting two nuclear resonance S ; :
of equal strength and variable energy separation. For increaﬁ—hOWn in Fig. 1, focg§es mainly on the eﬁeq of small split-
ing energy separation, beat patterns were observed th pgsAE on the position of the first [.)B minimum. For the
changed from a pure DB via complex intermediate forms Ofsecond set of measurements, two foils of thlclkr_regs,um.
beating to a DB-modulated QB. Of fundamental interest her@ach were chosen. Now the first thre'e DB minima faII. Into
in particular is the influence of a very small resonance split—the observation wmdo_w V\{hen_ both f0|I_s are at rest._Th|§ set
ting, which was found to cause the first minimum of the DB of_measurements,_whlch IS d|splayed_|n Fig. 2, ”?"?“”'y llu-
to shift to earlier times. minates the blending of DB and. QB in the transition from

This effect is also of general importance for the evaluaZero to very large resonance splittings. .
tion and interpretation of the time spectra of NFS of SR. The% Such target systems composed of two separate foils

Ill. RESULTS AND DISCUSSION

In order to study the effect of a variable splittidge of

the two resonances of the target system on the time evolution

Yof NFS, AE was successively enlarged from zero until

of 180" by increasing the Doppler velocity of one of the

aﬁgils. The results of two sets of measurements are shown in
igs. 1 and 2. In the first set, the target was composed of two

foils of thickness~ 1.3 um each. When both foils are at rest,

e first minimum of the DB appears at100 ns, i.e., well in

e observation window. This set of measurements, which is

method of NFS of SR is the time-domain coherent-scatterin 38.’22 have, for mst:_:mce, been employed in NFS.Of SR.as
variant of the classical Mssbauer spectroscopy. It is now & interferometer in time and energy space. For this applica-

being used to a rapidly increasing extent at modern secongPn: they have bee_n_used either at zero energy split88g

and third generation synchrotron radiation faciliigé]. Be- or at very '3f99 splitting40]. In bOt.h cases a change or loss
cause of the coherent nature of the scattering signal, th%]c the F’T“'%S'”g between the reemitted Waye_packets .and, for
method exhibits pronounced interference effects that make fero splitting, a Change. or loss of the rqdlatlve couplmg.be-
highly sensitive to both strength and energy distribution ofWeen both target foils IS measured. This way perturl_)anons
the nuclear oscillators. Unexpected results of interference if‘?f one of the resonant foif39,41-43 or of an mte_zrmedlate
NFS of SR have previously been demonstrated in the case gpnresonant scatter§j40,46,4z have been mve.stllga%ted.

a continuous asymmetrical distribution of nuclear oscillators For the Interpretation of the present study it is important
[33]. In the present paper such interference effects were stude note that, with respect to NFS, the employed target system

ied for the case of two discrete resonances with variablé’.f two_separate foils is equivalent to a two-resonance me-
separation. dium. This is true as long as the polarization is not changed.

The equivalence relies on NFS being a spatially coherent
scattering process. Analytically this equivalence is based on
Il. SAMPLES AND MEASUREMENTS the additivity of coherent nuclear resonance scattering ampli-

i . . tudes of different resonancésee, e.g.[48]), which allows
Stainless steelSS of composition F&CrsNiz, €n- s o write the refractive index as unity plus the sum of the

riched to 95% in°"Fe, was used as sample material. Thiscontriputions caused by different nuclear resonarfiées
material is a standard single-line material in $8bauer spec-

troscopy, which, however, at room temperature exhibits a
slightly broadened resonance linewidth-efl.6I", with I'y

~5 neV being the natural linewidth. Foils of thicknesses In the case of a single nuclear resonance, multiple scatter-
~1.3, 2.5, and 7um were employed. The target consisted ing leads to a characteristic modulation of the NFS radiation
of two such SS foils of about equal thickness, mountecemplitudeA(t) at timet after an instantaneous excitation of
downstream behind each other. One foil was fixed; the othe® nuclear ensemble at tinte=0 [25],

foil was moved at constant velocities in the range of 0-20

B. Dynamical beat and DB-modulated quantum beat

mm/s by a Mesbauer drive. Special care had been taken to A(D)=Te o™ T2 (Tr). @

secure the foils in such a way that unwanted vibrations rela-

tive to each other were minimized. Here wq is the nuclear resonance frequency(x)
The experiments were performed at HASYLABIam- =J,(X)/\x whereJ; is the Bessel function of first kind

burg at the wiggler beamline BW4. SR of 14.4 keV was and first ordery=t/7, is the time normalized with respect to
monochromatized to 6-meV bandwidth by a high-resolutionthe nuclear lifetimery, and T=oNd f,,, is the effective
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FIG. 1. Time evolution of NFS of SR from twe-1.3-um SS foils, where one foil was moved at constant velocities corresponding to
Doppler shifts of 0(a), 2 (b), 4 (c), 6 (d), 10 (e), 20 (f), 40 (g), and 18, (h). The small spikes at 120 ns are due to spurious bunches.
The solid lines are fits using the NFS thedB8] with effective thicknes§ =2T'=19.

(Mossbauer thickness of the sample, witkr, being the resonances are very large in comparison with the extensions
nuclear resonance cross sectibhthe density of resonant of their respective double-hump structures. In this case, one
nuclei per unit volumegd the sample thickness, arfgy, the  can make the approximatidsee, e.g.[15,33) that the time
Lamb-Mcssbauer factor. The resulting modulation of theevolution of the amplitude#\(t) of the radiation compo-
NFS intensity is the DB. Equivalent expressions for RPP ofnents of resonanck are approximately given by Ed1),

laser radiation in the impulsive limit have been derived inwhere for each resonance of eneriy, the appropriate ef-
[7,8,24. The characteristic beat #éf(t) expressed by Eq1)  fective thicknessT, is used. The resulting NFS amplitude
has been observed in RPP of electromagnetic radiation in w&ill then be given by the sum of all contributions:

very wide range of wavelengths and for resonances of quite
different nature(for a review sed26)).

An explanation of the DB based on the picture of inter-
ference in energy domain was obtained in R&8] by con-
sidering the energy spectrum of the NFS inten$RyE)|?, In the case of two resonances with equal effective thick-
where A(E)=1—R(E) with R(E) the transmission ampli- nessT,=T' this approximation leads to a NFS intensity
tude[25,19. Such a spectrum is displayed in Figagfor a  given by
single-resonance material. The spectrum exhibits a double-
hump structure that is typical for optically thick samples
[50], and that arises from enhanced scattering and dimin-
ished absorption on the wings of the resonance. In this pic-
ture, the DB results from the interference of the dominanwith wg=w;,—w,. The coé term describes the periodic
contributions above and below resonaficgéraresonance in- modulation of the signal due to inter-resonance interference,
terference These contributions with separatiesi wp lead  called QB[27,51,49. The o? term describes the aperiodic
to a DB with frequency of orde® , which is also displayed DB modulation due to multiple scattering within each reso-
in Fig. 3a). nance. Since the effects of inter-resonance and intrareso-

In the case of several resonances, multiple scattering camance interference are factorized, E8).describes the super-
proceed also via different resonances, leading in general tposition of a fast QB and a slow DB envelope, which we
complicated time responses discussed in Secs. Il C anshall call a DB-modulated QB. A typical NFS energy spec-
[l D. But obviously multiple scattering via different reso- trum calculated for the case of two well-separated transitions
nances can be neglected when the energy separations of thkequal strengths is depicted in Figb® The corresponding

A(t)ocZ A.(t)=2 Tie 't 20 (T) 7). )

|(t)o<T'2cos’-(“’TQt e "o(T'7) 3)
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FIG. 2. Time evolution of NFS of SR from twe-7-um SS foils, where one foil was moved at constant velocities corresponding to
Doppler shifts of Q(a), 8 (b), 12(c), 16 (d), 20 (e), 24 (f), 40(g), and 180", (h). The spikes centered at72 and 92 ns are due to spurious
bunches. The solid lines are fits using the NFS th¢@8} with effective thicknes§ =2T'=104.

time spectrum exhibits a DB-modulated QB. Note that due talynamical modulation of each of the radiation fields emitted
the splitting of the single resonance into two resonances, thiey the two foils. In addition, the interference of these two
effective thickness of each of the separated resonances wgve packets yields a QB. The time evolutions shown in
decreased by a factor of 2, leading to a twice-smaller separigs. 1h) and Zh) clearly exhibit DB modulations, which
ration % w, of the double humps and to a twice-slower DB- are twice as slow as those observed &t=0, and which are
modulation of the QB as compared with the DB of Fige)3  superimposed on a QB witk 5-ns period corresponding to

In reality, however, there remains also in the case of farAE=180".
separated resonances a weak influence of multiple scattering Already a splitting of AE=40I"g [Figs. 1g) and 2g)]
via different resonances. This effect can be taken into acseems to be large enough to allow an interpretation of the
count in Eq.(3) in first approximation by an additional phase observed beat as a DB-modulated QB. The fast beat exhibits
in the argument of the cdderm, which describes a slight an almost regular pattern with period ef22 ns, corre-
shift of the QB pattern to earlier times proportional to samplesponding to the actual resonance splitting. And the slow en-
thickness[49]. In the double-hump picture of Fig(l® this  velopes are practically identical to those observed A&
remaining influence is noticed by the slight asymmetry of=180",. Note that DB envelope and QB are strictly super-
both double humps. imposed and do not interfere. This leads, for instance, to the

In the present experiment, the measurements with the tweemarkable sharp cut of the QB at40 ns in Fig. 2g) that
foils at rest AE=0) shown in Figs. (a) and 2a) represent does not appear in the corresponding time evolution for the
good examples for a DB as described by Eqg. In this case thinner targefFig. 1(g)]. For the thicker target, both wave
both foils have the same resonance energy. Therefore ghackets reemitted from the two foils have the first DB mini-
nuclei are coupled via single-resonance multiple scattering afhum at~40 ns, and this vanishing factor suppresses the QB
the radiation field, and the DB is determined by the totalinterference pattern at this instant in FiggR
thickness of the two foils.

The measurements at very large splittingH=180")
shown in Figs. th) and 2h), by contrast, represent examples
for the opposite limit described by E(B). Now the nuclei of The effect of a small resonance splitting on RPP is not
the two foils have strongly different resonance energies, andbvious. As seen above, a large splitting leads to a reduction
multiple scattering proceeds for each resonance separatel§f the effective thickness in each resonance by a factor of 2
Thus, only the nuclei within each foil are coupled via mul- and thus to twice longer periods of the DB. From this result
tiple scattering of the radiation field. This leads to a separatene could expect an effect into the same direction also for a

C. Shift of the first DB minimum to earlier times
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FIG. 3. Energy and time dependences of the NFS intensity in case of an optically thick scatte®) (with one resonand@) and two
resonances of natural linewidth separated by a lafgeq=40',) (b) or a small Gwg=4I'g) (c) splitting. Each resonance shows the
typical double-hump structure, with separation of the two humpsdy [in (a)] and% wf [in (b)]. Note thatwp,= wp/2. Situation(a) yields
a DB with apparent frequency of order, . Situation(b) gives a time evolution characterized by a fast QB with frequangy modulated
by a DB with a frequency of ordenj, . Situation(c) leads to a shift of the DB minimum to earlier times.

small splitting, yielding a shift of the first DB minimum to which should exhibit periods of-88, 44, and 22 ns for
later times. On the other hand, due to the onset of destructiveplittings of 10, 20, and 4Q,, respectively{compare Figs.
interference of two wave packets centered at slightly differ-1(e,f,g]. As discussed in Sec. Ill B, the beat pattern ob-
ent energies, the evolution of the phase should lead to aserved atAE=40I"y can already be considered in good ap-
additional decay of the NFS signal and thus to a shift of thgoroximation as a DB-modulated QB.
first DB minimum to earlier times. It is not clear which one  In NFS by two foils of different resonance energies,
of these two opposite effects will dominate. The cases otnd# wy, and of different effective thicknessé@g and T, the
Lorentzian and Gaussian resonance broadening, for instanaadiation amplitude can be written f22]
which are not so much different from small resonance split- ,
tings, predict for the first DB minimum no shift or a shift Agp(t)ore " T2B () (4)
towards earlier times, respectivel$3]. ) ) _

The experimental answer is unambiguous: The DB mini-With a slowly varying envelope given by
mum is immediately shifted to earlier times. Already when a i wp)t
small splitting of ~2T, is introduced[Fig. 1(b)], the DB  Ban()=Tao(Ta7)€e a4 Tpo (T )
minimum is shifted from~ 100 to 92 ns. This shift to earlier T.T,
times goes on continuously for increasing splittilg==4 -
or 61" yields a shift of the first beat minimum te 71 or 56
ns[Figs. 1c,d], respectively. This shift to earlier times dem- (5)
onstrates that the phase evolution due to inter-resonance in-
terference dominates over the reduction of the effectivavherer’ =t'/7,. For AE=%(w,— wp,) =0 this expression is

t : ’
[ aver et o mormy- 1,
2’7'0 0

thickness. equivalent to
For larger values of the splitting, the time evolutions of
NFS approach more and more the shape of a DB-modulated Bap(t)=(Ta+Tp) o[ (To+Ty) 7). (6)
QB. The slow DB envelope with a first minimum at200 ns
outside the observation window becomes evident A&t Equation (6) describes a pure DB where the envelope

=20, [Fig. 1(f)]. In parallel, the observed fast beats corre-B,y(t) is real. This also causes the intensity at the first DB
spond to an increasing degree in shape and period to a QBjinimum to vanish completely. For small splitting€ and
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short timest the complex envelopB,(t) given by Eq.(5) D. Hybrid beat for the thicker target

can be expanded in terms ob{— wp)t and (W, — wp)t’. The blending of DB and QB into hybrid forms of beating
The expansion shows that for smalE#0 the intensity at \yas also studied in a different thickness regime, where sev-
the former position of the first DB is proportional tw{  eral dynamical beats fall into the observation window. By
—wp)? and does not reach zero any more. For a furthegontrast to the previous view, which was centered mainly on
analysis, the functionr(x) must be expanded in order to the fate of the first DB minimum under the influence of a
evaluate the integral in E@5). We find, however, that such small resonance splitting, the present case allows us to fol-
an expansion does not contribute to elucidate the problem aéw the hybridization of the first three DB minin{aee Fig.

the shift of the first DB minimum. 2).

Instead, more insight can be gained from the double- In particular, we studied the time evolution of NFS for
hump picturg19]. The situation with two closely lying reso- resonance splittingd E in the range from 8 to 24, [Figs.
nances is depicted in Fig(8. Here we can see that a reso- 2(b—f)]. In this range, the QB period of inter-resonance in-
nance splitting, which is small in comparison with or of the terference would vary from-111 ns ahE=8I"g to ~37 ns
same order of magnitude as the separation of the two humpg AE=24I",. This means QB and DB would exhibit com-
of a double hump, leads to an increase of the effectivgyarable periods, and therefore strong effects of hybridization
double-hump separation. An increased double-hump splittan be expected. Below and above this transition regime, i.e.,
ting, however, means a faster beating and thus a shift of thgt AE=0 andAE=40T",,, the beat can be identified as a DB
beat minima to earlier times. The point is why the doubleand a DB-modulated QB, respectively.
hump is changed in that specific way. The reason is found in - For increasingAE, the first minimum of the beat is again
the interference of the wave packets from neighboring oscilcontinuously shifted to earlier times, starting-a0 ns for
lators, like in the case of an asymmetric continuous oscillaton g = [Fig. 2a)] and reaching-11 ns forAE =40, [Fig.
distribution[33]. The pronounced dis_pers_ion around each ofz(g)]_ Thus, like for the thin target, the first DB minimum
the resonances causes destructive interference of th@ntinuously goes over into a first QB minimum. From this
forward-scattering amplitudes in the region in betwée®,  pehavior one could expect also for the remaining beats a
above the lower and below the higher resonarame con-  gjmjlar development for increasingE: shift to earlier times
nances. This leads to an effective increase of the doubIeQB_ Such a simple compression, however, is not observed.
hump separation. _ o The transition from DB to DB-modulated QB is more com-

When we follow the fate of the first minimum of the beat, pjicated, also including, for instance, the annihilation of a
we notice a continuous shift of its position, starting from peat. Such an annihilation is observed for the third beat with
~100 ns forAE=0 [Fig. 1(a)] and reaching~11ns for  maximum at~100 ns in the time evolution of the DFFig.
AE=40I [Fig. Ag)]. In parallel its character is changed 2(a)]. For increasing\E, this beat is shifted to earlier times,
completely. It starts ahE=0 as a pure DB minimum, with both width and intensity continuously decreasjfigs.
caused by multiple scattering within one resonance. And ibp_g]. It finally disappears foA E =24l at ~47 ns[Fig.
ends up for large values &fE as a QB minimum, caused by 2(f)]. Altogether the intermediate steps in the transition from
to be interpreted as the result of an entangled combination of Nevertheless, these sets of quite different beat patterns
intraresonance and inter-resonance interference. observed in case of the thinnéFig. 1) and of the thicker

These model experiments are also of practical importancgyrget (Fig. 2) have been consistently fitted using the NFS
for the evaluation of NFS spectra. They give a warning, thatheory [23]. In these fits, the slightly broadened resonance
a shift of the DB minimum to earlier times could not only be |inewidth of SS at room temperature of1.6I', was mod-
caused as usual by an increase of the effective thicknesged by a small hyperfine splitting corresponding to a random
(e.g., due to an increase of the Lamb-ddbauer factof ),  magnetic field of 0.589 T. This model takes into account
but also by a small splitting in enerd$2]. In studies of the  sma|l deviations at late times of the time evolutions of Figs.
temperature dependence of the Lambsitoauer factor, a 1 and 2 from those for a target of natural linewidth. For each
shift of the DB minimum to earlier times could therefore set of measurements, the foil thicknesses were kept fixed,
easily be misinterpreted. The ambiguity can only be avoidedyith slightly different values of 1.1 and 1(6.7 and 7.3 um
by choosing the experimental timg window sufficiently largefor the foils of each pair. The values of the parameté
to cover also the second DB minimum. Often, however, th&yere those obtained previously from a calibration of the con-
gffectlve thllc'kness lof the 'sample is so small 'that even thgtant velocity drive. The good agreement between experi-
first DB minimum is outside of the observation window. ment and theory demonstrates that the time evolution of RPP

samples. Then only the time evolution of the initial decay ofj, case of NFS of SR.

the NFS signal is observed, which is determined not only by
the effective thickness, but possibly also by relaxafib8]

or diffusion[54,55 effects or just by a small hyperfine split-
ting. A unique interpretation is then difficult if no additional =~ RPP in a two-resonance medium is made complicated by
information is available. multiple scattering via different resonances. Analytical solu-

IV. SUMMARY
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tions exist only in the limiting cases of no splitting or of very In studies of the temperature dependence ofshauer pa-
large splitting, where multiple scattering via different reso-rameters via NFS of SR, such shifts could be easily misin-
nances can practically be neglected. For impulsive excitaterpreted when the observation window is not large enough.
tion, these solutions yield in the first case a DB, and in the The sets of measurements were consistently fitted using a
second case a superposition of a DB envelope over a QB. Falynamical theory for NFS. We conclude that the time evo-
the transition region in between these limits, numerical solufution of RPP in a medium exhibiting two equivalent reso-

tions have to be employed. nances of arbitrary splitting can be fully described in the case
This transition region of RPP was investigated in theof NFS of SR.
present study in the regime gfradiation with~1-A wave- The present paper focuses on RPP in the case of two

length. A target system consisting of two foils was used tadentical resonances with variable separation in energy. The
continuously vary the resonance splitting via the Dopplerinteresting case of two separate resonances of different
effect. Sets of measurements of NFS of SR were performedidths is presently under stud$%6].
for targets of different thicknesses. For the limiting cases of
zero and very large splitting, beat patterns were observed that
can be easily interpreted as DB and DB-modulated QB, re-
spectively. For the transition in between, hybrid forms of This work has been funded by the Bundesministeriim fu
beating with generally complex beat patterns were found. Bildung, Wissenschaft, Forschung und Technologie under
Already a small resonance splitting made the first mini-Contracts No. 05 643WOA/SK8WOA and No. 05
mum of the DB shift to earlier times. This exhibits the influ- 643GUAL. The authors are grateful to G.V. Smirnov and
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