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Abstract

The nuclear collective response is investigated in the framework of a doorway

picture in which the spreading width of the collective motion is described

as a coupling to more and more complex configurations. It is shown that

this coupling induces fluctuations of the observed strength. In the case of a

hierarchy of overlapping decay channels, we observe Ericson fluctuationYat

different scales. Methods for extracting these scales and the related lifetimes

are discussed. Finally, w»-8irow that the coupling of different states at one level

of complexity to some common decay channels at the next level, may produce

interference-like patterns in the nuclear response. This quantum effect leads

to a new type of fluctuations with a typical width related to the level spacing.

I. INTRODUCTION

Lifetimes and damping mechanisms are general questions in physics. In quantum me-

chanics, lifetimes are directly related to the width of the considered states through the

Heisenberg relation. Lifetimes of simple systems, such as single particle states are often

related to quantum tunnelling. In many-body systems, the damping of excitations appears

more complex since it can involve many different processes. This is in particular the case

for collective excitations of nuclei for which several origins for the observed width have been

discussed so far [1-3]. On the first hand, a fragmentation of the collective response into
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several collective states is expected, leading to the so-called Landau damping. The collec-

tive motion can also be directly coupled to the continuum of escaping states, giving rise to

the escape width. Finally, the collective strength can decay toward the compound nucleus

configurations. This spreading width is often viewed in a doorway picture as the coupling to

more and more complex states. For instance, a collective excitation built from particle-hole

excitations can be coupled to two-particle two-hole states through the residual two-body in-

teraction [4-6]. Again, those states might themselves decay toward three-particle three-hole

states because of two-body collisions. After many such steps up in complexity, this process

eventually ends in the chaos of compound nucleus states [7]( which may, in general, induce

a fine-structure in the response of the nucleus [8]). In such a picture, collective excitations

of many-body systems exhibit a large variety of time scales for the decay mechanism going

from the short lifetime of the collective motion associated to a width of several MeV, to the

long lived compound nucleus states with a typical width of the order of few eV or even less.

Correlations are a well known tool to measure lifetime of quantal system. Indeed, when

the level spacing is small compared with the typical width of each individual level the

observed spectrum is known to exhibit Ericson fluctuations [9]. In such a case, excitation

spectra presents fluctuations with a correlation width characteristic of the average width

of the overlapping states. As far as the collective response is concerned, because of the

various scales involved in the decay process, one may wonder about the characteristics of

the expected fluctuation pattern. Since the compound nucleus states can be considered as the

true eigenstates of the many-body system, one would predict that the observed fluctuations

should be characteristic of the associated lifetime. However, these fluctuations are over a so

small scale that most experiments are unable to detect them. On the other hand, collective

states have a large width and indeed poor resolution experiments exhibit resonant structure

with several MeV width. Improving upon the resolution one thus expects to uncover more

and more detailed structures directly related to the different levels of complexity in the

damping mechanism. The Landau spreading can be first studied. Then, according to the



commonly admitted picture, one may look at the coupling to the two-particle two-hole states

using a finer coarse graining, and so on and so forth down to the compound nucleus scale.

Is it possible to observe such a multiscale structure in the fluctuation pattern, from the

collective mode toward different levels of complexity down to the compound nucleus chaos?

In such a context, the response function may present more and more detailed structure when

the resolution is improved, so one may even ask himself about a possible fractal nature of

the response function. In this case, are the fluctuations self-similar or not? And so which

interpretation can be given to the observed fluctuations as a function of the resolution in

used?

However, the above discussion might well be too simple. Indeed, the robustness of

the various complexity levels against the effects of the residual interaction, has not been

investigated. Even if from the classical point of view a typical path toward chaos may go

through a sequence of bifurcations, there is no guarantee that, in quantum mechanics, the

coupling of a regular collective motion to an ensemble of chaotic states follows this path.

The simple picture of a hierarchy of more and more complex doorway states is typical of

a perturbative approach, but in such large matrix, one strong element (compared with the

typical level spacing) may be enough to change the spectrum and the properties of many

eigenstates: i.e., at some point, the perturbative approach may break down. Moreover, many

quantum effects can also be expected such as the possibility of interferences or the indirect

coupling of doorway states through their decay at higher orders in perturbative expansions.

In this article we would like to present a critical discussion of the various questions raised

above. The possibility of having multiscale fluctuations is first illustrated in section II. Since,

it might be difficult to disentangle various scales in a fluctuating spectrum, we present in

section III a brief discussion of the various methods for extracting these scales. Finally, in

section IV, we demonstrate through analytical derivations and numerical calculations that

fluctuations may also occur due to quantum interferences.



II. FORMALISM AND RESULTS

Let us first briefly recall some known results about damping mechanism of doorway states

and about the fluctuations of cross sections. In such a way, we will make clear the concepts

and notations used in the article.

A. Ericson Fluctuations in doorway processes

The collective response can be tested by applying an external field to the nucleus. If we as-

sume that the ground state |0) is excited through a time-dependent field XD (e~lEt + e+iEtj,

where D is a hermitian operator. The linear response theory tells us that the state of the

system is1 [10]

where we have assumed that each eigenstate \fj,) of the system has a finite lifetime

rM = 1/IV Then, if we measure any observable A we get the following result for (A(t)\ =

Assuming for simplicity that A = D, using the doorway notations D |0) = \Coll) and per-

forming a Fourier transform of this observation, we get the corresponding spectral response

which reads for positive energies

Since the first term is dominant we can write

R(E) ~ T \{fi \Coll)\2 /(E~E, + iTJ2) (4)

1in all the paper we used h = 1



The associated strength function is given by:

7T

When the various states |/x) are well separated, i.e. when the average distance AE

between two states is much larger than the individual width FM, the strength S (E) presents

isolated peaks with a typical width F^. When the states are strongly overlapping, one can

still extract information about the individual widths by looking at the fluctuations known

as Ericson fluctuations [9]. Indeed, the overlap O^ — \{fi \Coll)\2 can be separated into two

parts

• an averaged part O (E^) which is a smooth function of E^. In the case of a resonance,

this averaged part often take the shape of a gaussian or a lorentzian centered on the

collective energy with a width interpreted as the width of the doorway state [11] ;

• a fluctuating one 80^ = O^ — O (E^).

Then the response can also be splitted into two components (see appendix 1) . On the

one hand, it contains an averaged strength function S (E) proportional to O and on the

other hand remains a fluctuating term SS (E) = S (E) — S (E) associated with 80^. These

fluctuations still contain information about the averaged width F as it was demonstrated

by Ericson [9]. To measure fluctuations, we can define the autocorrelation function of the

strength distribution as

1 rE0+6E

C{E) = — / dE' SS (E') SS (E' + E) (6)
bt, JE0

where SE is the averaging interval. If we assume random correlations between the overlap

fluctuation, i.e. 80^80^ = 80^ 8^, we get the following correlation

2

where AE is the averaged level spacing. This relation shows that the width of the autocor-

relation function is directly related to the typical width of the individual states.



In figure (1), two cases are displayed: in the left part, we illustrate a case with F <C

AE, which leads to the fragmented response (in some cases, this is comparable to the

Landau spreading), whereas in the right part, we show a typical Ericson case with T 3>

AE. On top of this figure, we show the strength function. 2 As discussed in section 3,

instead of performing the autocorrelation technique on the strength function, it appears

more convenient to perform it on the first derivative of the strength function. Indeed,

the autocorrelation on the strength function is particularly suitable when it is applied to

a rather flat average spectrum. However, in general because of the global variation of the

strength, an average strength has to be removed [12] from the distribution in order to extract

the fluctuations [12]. In the case of a resonant average response, we have observed that the

width extracted from the autocorrelation procedure is sensitive to the method used to define

this average (fitting procedure, averaging interval). This might introduce some spurious

fluctuations. A way to remove it, is to consider the derivative of the studied spectrum. The

derivative of the strength function emphasizes its fine structure and avoid the ambiguities

on the averaged strength distribution. In the middle of figure (1), we show the derivative of

the strength function and the associated autocorrelation in the bottom. In both cases the

width of the autocorrelation is directly proportional to the width of the individual states.

2It should be noticed that the energy scale can be scaled we have chosen arbitrary units to display

the various strength functions.
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FIG. 1. Top: Illustration of the strength computed for a collective excitation coupled to an

ensemble of states (decay channel). In left part, few states with a width Y — 3 smaller than

the spacing (AE ~ 10) is used. In right part, the opposite case of a dense spectrum of decay

channels (AE ~ 0.5) with an average width T = 3 greater than the spacing exhibit typical Ericson

fluctuations. In both cases, the collective state is assumed to be spread, giving a variance around 30

in the considered interval. Middle: derivative of the strength function. Bottom : auto-correlation

performed on the derivative of the strength function. In both cases, the averaged width of the

decay channel T can be extracted. Note that half of the width is measured on the autocorrelation

of the derivative of the strength function.

B. Damping of Collective States

In order to get a deeper insight into the fluctuation pattern in the collective response

and into the information which can be extracted from their study, we can now consider the

microscopic mechanism responsible for this damping. Let us first recall one of the standard

description of a doorway state coupled to many decay channels in order to clearly identify

the underlying assumptions which have to be modified to introduce fluctuations.

1. Simple Doorway Picture of a Damping Mechanism

A standard description [11] of a damping mechanism assumes that a state \Coll) asso-

ciated with an unperturbed energy Ho \Coll) = Ec0u \Coll) can be coupled to many states

\i) at energies Ho \i) = E{ \i) through a residual interaction V. Then, the diagonalization of

the Hamiltonian H = Ho + V produces eigenstates

^ ) (8)

associated with the eigenenergies E^. Assuming that {i'\ V \i) = 0, the overlap matrix 0^ —

\{fi \Coll)\2 reads(see Appendix 2)



= 1 7 7 ^ (9)

where we have introduced the functions /„ (E) = ]T),- (E — Ei)~n and where we have assumed

a constant interaction3 (Coll\ V \i)\ = v. If we consider now a regular spectrum of energy

Ef. E{ — Ei-x — AE with i running over both positive and negative integer values, the

overlap matrix simply reads

v2

which is the standard Lorentzian shape with a typical width VQM = 4(u2 + V4T2/AE2). In

the limit of a continuous spectrum and of AE —*• 0 (with v2/AE = cie, one recovers the

standard Fermi-golden rule relation Tcoii — 2TTV2/AE for the spreading width.

2. The escape width FT as a coherent decay of the states ft

In the previous equations, the states fi have an infinite lifetime. However, in nuclei,

eigenstates are coupled to the continuum leading to a finite lifetime FM for each state. This

decay to the continuum is also linked to the escape width 1^ of the collective mode. Indeed,

introducing the continuum states \k) and a coupling with the states (X through a residual

interaction AV, we can estimate the width FM which is related to the transition matrix

elements |{fc| AV | / /} | 2 from the states \JJL) to the continuum states \k). Using the wave

function (8), we get

{k\ AV \Coll) + £ C/i)t- (k\ AV \i)
2

(11)

Since c^coii and the various cMjt are not correlated, the previous expression can be evaluated

as an incoherent sum

AV M | 2 ~ \c^coii\21<*| AV \Coll)\2 + j : KA2 \{k\ AV \i)\2 (12)

3It should be noticed that a separable force will lead to similar result.



showing that, as far as the decay to the continuum is concerned, taking advantage of the

Fermi golden rule, we can write

r^ = |c^o«|2rT + x:i^l2rJ (13)

Here we have introduced the direct coupling of the collective states to the continuum: the

escape width FT <x \(k\ AV \CoU}\ . T^ can thus be splitted into two parts: a collective

one T^"11 — IC^COHI 1^ = OMF^, which is distributed according to a lorentzian shape (cf eq.

(10)), and an individual coupling to the continuum Fj, = J2 l<wl Tt- which is not expected

to present any particular structure. Since the \c^coti\2 are very small, the FM might be much

smaller than F*. This is actually the case since typical values are the eV for F^ and the

hundreds of keV for FT. Note that, if we take (C^COMI °C 1/N where N is the number of

states coupled to \Coll): N ~ Tcoii/AE with AE the average spacing between two states /x,

we see that the collective contribution to FM is proportional to FT /N = T^AE/Tcoii which

is smaller than F^.

Then one may ask how it is possible to get a large direct decay probability for the

collective state out of small individual decay rates FM ? This is due to a coherence effect.

Indeed, if we excite the collective state \Coll) and we want to compute its decay probability,

in terms of the individual probability F^, using \Coll) = ccoii,^ I/"}, we get

FT <x\{k\AV\CoU}\2 =
2

(14)

This coherent sum can be much bigger than the incoherent analogue to X^ |cco«,J IV

This means that it is possible to have a strong direct coupling from the collective state to

the continuum built out of a coherent sum of many small decay probability.

In the following, the direct decay of the collective state is included in the individual width

F^ of each eigenstates |//). To do so, the coherence should be kept and the width should

fulfill equation (13). However, we will often neglect the energy dependence of the width F^

in the analytical expressions. We have tested numerically that this energy dependence does

not affect the presented conclusions.
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3. Microscopic Description of Ericson Fluctuation in Resonant Phenomena

In the usual derivation of resonance spectra (equation 10), no fluctuation in the strength

function is expected. This can be traced back to the simplifying assumptions about the

density of states \i) and the constant interaction matrix elements (Coll\V \i). Let us, for

example, introduce a fluctuating part of the residual interaction matrix element defined

by (Co//| V + 8V \i)\ = v2(l + 8vi) . Then the overlap matrix can also be split into an

averaged and a fluctuating part <9M = 0^ + 80^ , the averaged being identical to the constant

interaction case (see equation (10) and Appendix 3). Introducing diagonal correlation of the

fluctuating matrix element SviSvj = CiSij we get

6O»6Ov ~ V 801 (15)

where the expression of 80^ is given in appendix 3. Therefore, one get back the conditions

needed to observe Ericson fluctuations.

We have investigated this effect using a numerical diagonalization of the non fluctuating

Hamiltonian H = Ho + V (top part of fig. (2)) and of the fluctuating one with H —

Ho + V + #y(bottom part of fig. (2)). To describe the finite lifetime of the states \fi), an

imaginary part —i FM/2 has been added to each energy E^.
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FIG. 2. Illustration of the strength computed for a collective doorway state coupled to a sery of

decay states damped with a characteristic width larger than the spacing. Top: when the coupling

matrix elements are not fluctuating. Bottom: when the residual interaction contains random terms.

In both cases, the total width is roughly equal to 30 whereas the individual width and spacing are

IV = 3, = 0.5.

On figure (2), we can see that a fluctuating residual interaction produces Ericson fluc-

tuations. The above discussion applies to the second RPA [13-17] description of collective

excitations which takes into account the decay of collective states excited through one body

operators, i.e. the coupling of states built from particle-hole (p-h) type of excitations, into

more complex configurations containing two-particle two-hole (2p-2h) states. In this frame-

12



work, one would expect to observe fluctuations of the collective strength related to the

characteristic lifetime of the (2p-2h) states.

4- Fluctuations within a Microscopic description of the lifetime of the decay channels

In order to get a deeper insight into the fluctuation mechanism, one can try to describe

explicitly the decay of the states \i) into more complex states. To do so, we add a resid-

ual interaction V2 which can couple each state \i) to a dense ensemble of states |jf). The

corresponding collective response can be computed as follows :

• first the state \Coll) is coupled to the \i) by the residual interaction V\ + 8V\ leading

to eigenstates \v)

l,i\i) (16)

• Then, the states \v) are coupled through the residual interaction V2 with the states \j)

in order to built more complex eigenstates \fi)

M = < » + E <;!•?> (17)

i

Therefore we get

< \Coll) + <„ £ <,. |i> + £ <£,. \j) (18)
i j

If we assume that each state \v) decays independently to different ensemble of state \j) noted

Ijv), through a constant interaction

|2 = ^ t ; 2 (19)

then, each \v) will act as a doorway state toward its own decay channels and so will be

spread over a typical width Y2
U = 4 (u| + V%TT2/AE%.) where AE2 is nothing but the level
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spacing at the second level of complexity, i.e. the inverse of the density of states |j^) coupled

with each \v).

With this formalism it is clear that the overlap matrix presents in fact two scales

Cu,Coll = oiol (20)

the one 0}, = Cv,Coll associated with the first level of complexity z/, and a second one

associated with fx. Within the presented approximation of a non fluctu-

ating «2, the second level only provides a lorentzian spreading of each state z/, 0 ^ =

v\ / ( ( £ > — Ev)
2 + T^/4J so that the strength function reads

S ( £ ) = - -
+ iTJ2

(21)

(22)

where we have introduced a width T^ for the states fi. Describing Ou as in eq. (10) and the

8OU as fluctuation, we recover to the case of Ericson fluctuations as discussed in the previous

chapter. Figure (3) illustrates the strength obtained within the above approximation, we

can see again typical Ericson fluctuations with a width Tu — 3.

0.04 -

- 4 0 - 2 0 0 20 40
E (a.u.)
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FIG. 3. Illustration, of the strength computed for a collective doorway state coupled to a sery

of decay states damped through a coupling to a second level of complexity when the residual

interaction only at the first level contains random terms. For this figure, a Vcoll of 30 is imposed.

In addition, an average width Vv — 3 is assumed whereas for the eigenstates a small width T^ = 0.5

is taken {AEU = 7 and AE^ = 0.03).

C. Multiscale Fluctuations and the Doorway Hierarchy

In the previous section, we have assumed that the doorway state was directly coupled

to a large ensemble of states with an average intrinsic width. In such a case, fluctuations

with a typical scale, related to this width, are observed in the response spectrum. We

have also considered the possibility that the damping might be due to a coupling to more

complex states. However, we have not yet investigated the possibility that this second level

of complexity might also be fluctuating.

1. Multiscale Ericson Fluctuation

We expect in general fluctuations at this second step of the decay, then the strength

reads

£ g f c (23)

Using a lorentzian shape both for O\ with a width Tcoii a n d f° r O2
 v with a width ]?„, we

can see that two scales Yv and FM are present in the fluctuations of the strength function on

top of the spreading of the collective state Tcoii- This is illustrated in figure (4) where we

have plotted a strength computed with two scales for Ericson fluctuations.
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FIG. 4. Illustration of the strength computed for a doorway state coupled to a sery of decay

states damped to a second level of complexity with a characteristic width larger than their spacing.

The second level of complexity is assumed to present fluctuations in its decay described by a

Lorentzian shape. One can observe several scales for the fluctuations. The first one, the spreading

width, characterizes the global shape of the spectrum and might be obtained by fitting the strength

with a Breit-Wigner distribution (the FWHM [Pcou] being 30). The two other scales present typical

Ericson fluctuations with length characteristic of the different decay channels (Tu = 3, T^ = 0.5,

AE,, = 0.6 and Ai?M = 0.03). On top-right, a part of the spectrum is emphasized.

2. Fluctuations of a fragmented strength

Another interesting situation is the case of Landau spreading. Indeed, at the RPA level

of description [10,18], the strength often appears splitted in several components \Colln).

In such a case, at least three scales might be identified. The Landau spreading can be

directly observe as the fragmentation of the strength while the width of each fragment can be

identified with the lifetime of each individual collective state. Moreover, as discussed above

the strength presents fluctuations on top of each resonant line-shape which are characteristic

of the various decay channels widths. Indeed, if we assume that the different fragments are

decaying toward independent complex states, the strength is simply the sum of the various
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components associated with a collective excitation \Colln)

| 2 / _ \{fi\Colln)\
2

(25)

Such a fragmented strength is illustrated in figure (5).

CO
0.02 -
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FIG. 5. A fragmented collective strength. Each doorway state is coupled to a sery of decay

states damped with a characteristic width larger than their spacing. The various fragments are

assumed to decay toward independent states with fluctuating overlap matrices. In insert, a focus

on the strength is displayed. One can observe several scales for the fluctuations. The first one,

reflects simply the total width of the fragmented spectra (which is approximately equal to 30).

The second one reflects the lifetime of each collective states (Tcolln = 3 and AEcoll = 7) whereas

the last one is the fine structure of the last level of complexity and exhibits Ericson fluctuations

(with rM = 0.5 and AJBM = 0.03).

III. OBSERVATION OF FLUCTUATIONS AT DIFFERENT SCALES

The observation of the collective state width Tcoih the largest scale in the strength, is

rather straightforward using standard techniques such as fits, variance estimation or even

autocorrelation calculations. The extraction of characteristic widths from a spectrum pre-

senting many different scales of fluctuations is a more complicated problem. In this chapter,
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we discuss several methods and propose new approaches for extracting signals of multiscale

fluctuations.

A. Standard method and its extension.

We have seen in the previous chapter that the autocorrelation function is a useful tool

when fluctuations and fragmentation of the response are involved (see figure (1)). On the one

hand, when the autocorrelation techniques is used directly on the strength distribution, the

obtained signal can be related the total width of the collective mode. A standard technique

to extract the fluctuation properties of a fine structure on top of some smooth "background"

is to subtract an averaged distribution [12] from the signal. However, the obtained result

appears to be dependent on the method and parameters (such as the smoothing interval)

used to define this average strength. In order to overcome this problem, we have performed

the autocorrelation analysis on the derivative of the strength distribution. The derivative is

very sensitive to the fluctuations over the smaller scale present in the spectrum since they

are associated with very rapid variations. In this case, the autocorrelation function gives

half of the width of the smallest fluctuations scale.

These two types of autocorrelation analyses, on the strength and on its derivative, are

illustrated in figures (6) and (7) for two cases: a multiscale (two scales) Ericson fluctuation

(left of fig. (6)) and a fluctuation of a fragmented strength (right of fig. (6)). The strength

and the derivative of the strength are displayed respectively in top and bottom of figure (6)

whereas the associated autocorrelation function are shown in top and bottom of figure (7).
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FIG. 6. Top: Strength distribution presenting multiscale fluctuation. Left: Ericson fluctuations

over two scales(equivalent to fig. 4). Right: Small Ericson fluctuations on top of a fragmented

strength (equivalent to fig. 5). Bottom: associated derivatives of the strength distributions. The

total spreading width is equal to Tcoll — 30 whereas the scales of fluctuations of the two decay

channels are Yu = 3 and FM = 0.5.
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FIG. 7. Top: autocorrelation function performed directly on the strength function in the cases

presented in fig 6. Left: Ericson fluctuations over two scales. Right: Small Ericson fluctuations

on top of a spread strength (in insert a zoom on the auto-correlation function). In both cases, the

width of the correlation gives access to Tcoli ~ 30. In addition, in the second case, the typical

width of the first decay channel ( Yv ~ 3) can be spotted (see insert). Bottom: autocorrelation

function performed on the derivative of the strength distribution. In both cases, half of the width

of the smallest scale (T^ ~ 0.5) is extracted from the analysis of the fluctuation of the derivative.

In both cases the largest and the smallest scales in the fluctuations can be extracted.

Considering now the fragmented strength case, an intermediate scale can also be observed.

However, when Ericson fluctuations occurs at many different scales, the autocorrelations

techniques applied to the strength and its derivative only gives access to the largest and the
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smallest scales of the fluctuations.

In the next sections, a novel technique, that may help to get a deeper insight in fluctuation

properties is presented.

B. Entropy index for multiscale fluctuation

Recently, a method based on the definition of an entropy index has been proposed by Hwa

[19] in order to extract scaling behavior in fluctuating signal. The entropy index appears as

a good indicator of the existence of different scales in a strongly fluctuating spectrum. We

have adapted this method to the nuclear response case.

The total energy interval AE = EMAX — EMIN, is first divided into n bins of resolution

SE (n — AE/6E). The signal in each bin is analyzed according to a simple overlap with a

step function changing from —1 to +1 in the middle of the considered bin4. Therefore, at

every scale 8E, in each of the bin j , a coefficient Dj (SE) is defined as

rEMiN+j8E
j (SE) = dE S (E) sign (E - (j - 1/2) SE) (26)

The coefficients Dj can be considered as a coarse grained derivative of S. In order to focus

on the global properties of the fluctuations at a given size SE , an entropy factor K (SE)

can be defined as

K (SE) = \ £ Wi (8E) lo§ Wi (SE) (27)

where the coefficient Wj (SE) = Dj/ (Dj) are nothing but the coefficients Dj normalized to

their averaged value ((Dj) = l/nJ2j=i,nDj).

In the reference [19], it is shown that a linear decrease of K (SE) as a function of log (SE)

characterizes the existence of fluctuations at all scales. When fluctuations with specific

scales are considered, a different behavior is expected. Having in mind that the coefficients

4This method can be viewed as a wavelet analysis.
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Wj (SE) might be interpreted as a normalized coarse-grained derivative, K (SE) should

remain almost constant between two typical scales since in-between these scales, the coarse

grained derivative of S do not vary much. However, when going from one scale to another,

the derivative looses part of its structure and one is expecting an entropy variation. This

situation is illustrated in figure (8) for three different cases, where respectively fluctuations

over one, two and three scales have been introduced in the strength. One can see in the

evolution of K (SE) that respectively one, two and three plateaux appear.

0.8 i • i i—• i i—• i i—i 0 . 0 2 0

0.6

0.00 1
10""1 10J 10 -40-20 0 20 40

6E (a.u.) E (a.u.)

FIG. 8. Left: Evolution of K (SE) as a function of the bin size 6E for three different cases.

From top to bottom, respectively one, two and three scales are assumed (F = 30, 3 and 0.5). Right:

The associated strength distribution.
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In all the presented cases, K (SE) is a good indicator of the different characteristic scales

in the nuclear response. Using the positions of the plateaux, the various scales can be

roughly estimated.

IV. CRITICAL DISCUSSION OF THE DOORWAY HIERARCHY PICTURE

In order to observe multiscale fluctuations, we have assumed a particular hierarchy in

the Hamiltonian following the general scenario of a gradual complexification of a collective

motion until it reaches the compound nucleus chaotic states. It is in fact the implicit

assumption of many simulations such as the extended mean-field approach which takes

into account the two-body collisions as a damping mechanism [20-23] or the second RPA

approach which assumes that lp-lh degrees of freedom are damped because of their coupling

to 2p-2h configurations [13-17]. In these cases, a hierarchy of couplings is implicitly assumed,

the main ansatz being that cutting this hierarchy at any level leads to an approximate

strength which is only slightly modified when the next level is introduced. From a quantal

point of view, this means that an ensemble of states ordered by increasing complexity,

such as states with increasing number of quasi-particle excitations, can be defined and that

each level of complexity can be considered as a perturbation on top of the previous level.

However, there is no a priori reason that such a robust hierarchy exists. Indeed, in quantum

mechanics, a modification of few matrix elements is often sufficient to introduce an important

rearrangement of the whole spectrum. Therefore, even if the hierarchy of doorway seems

valid for several decay steps, it is always possible that the introduction of the next level of

complexity deeply transforms the overall picture. Let us illustrate this point with several

important examples.

A. Coupling of Doorway States through their Decay Channels

An important assumption of the previous chapters was that the decay channels of each

states were independent. However, considering states involved in a given strength function,
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their decay channels carry identical quantum numbers. Therefore, the decay channels of

various states can be common or coupled. This should be the case for the different fragments

of a collective strength which should be coupled to the very same density of 2-particle 2-hole

states. In this chapter we will show that the coupling of doorway states to identical decay

channels introduces an effective coupling between them which reflects itself in interference-

like pattern in the resulting strength.

Let us consider the case of several doorway states \v) (with HQ \v) = Ev \u)) which can

be coupled to many states \i) (with HQ \i) = E, \i)) through a residual interaction V. Then

the simple diagonalization of the Hamiltonian H = HQ + V produces eigenstates

Let us now assume that {v\ V \i) — v and the second level of complexity \i) is characterized

by a level spacing AE2 while the states v are associated with a larger spacing AEi, then we

can write the excitation probability 0M of the states \\i) (see appendix 4) 5

where the various states v are supposed to be equally populated with the amplitude \AU\ = A

and where F2 = 2irv2/AE2.

When the width F2 is smaller than A^i the above strength presents a sequence of peaks

with a characteristic width directly proportional to ^ as illustrated in figure (9). However,

in the opposite case, when T2 ~> A2?i, the strength do not present Ericson fluctuation but

minima each time the energy E^ is close to (n + 1/2) AEi as in an interference pattern.

Then, the autocorrelation function exhibits typical width which is directly proportional to

the level spacing AEi (see figure (9)).

5To get this result we have to assume that the various c^v or Av contains random phases so that

the sums over v can be performed incoherently (see appendix 4).
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FIG. 9. Illustration of the strength computed for doorway states coupled to the same decay

states. In the first case the width 72 is supposed to be smaller than the distance between the two

states (1^ = 1, AE\ = 23) while the reverse situation is depicted in the bottom part (1^ = 100,

AJEi = 23).

This conclusion is robust against all type of variations of the residual Hamiltonian as

illustrated in figure (10). The presence of interferences should be considered as generic as

soon as the states can be coupled through their decay channels.
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FIG. 10. Same as figure 9 but computed introducing all types of fluctuations in the residual

hamiltonian (fluctuating level spacing and interaction).

We have here reached the important conclusion that, in the case of possible interferences

and of a feedback of the decay channels on the properties and the coupling of the doorway

states, the fluctuation pattern can reflect the typical level spacing and not the typical width.

B. Interferences in the Damping of a Resonance

We can finally consider the related case of a single collective doorway state \Coll) damped

through a residual interaction Vi toward a first level of complexity described by the states

\u) which are then coupled to many states \i) by a second part of the residual interaction
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V2 • Then, the simple diagonalization of H = Ho + Vi + V2 (where \Coll), \v) and \i) are

eigenstates of Ho) produces eigenstates

^ \Coll) + £ c ^ W) + E C|M- |t) (30)
v i

Let us assumed that (Coll\ V\ \v) = Vi, {u\ V2 \i) — v2 and that the second level of complexity

\i) is characterized by a level spacing AE2. Then we can take the limit v\ —* 0 and AE2 —> 0

keeping ^ = 2nvl/AE2 constant. In the case of a regular ensemble of states v with a spacing

Ai?i, we can write the overlap matrix (see Appendix 5)

2 2
rM |2
CColl\

^ (£„ - ECMf + -^ {{E, - Econ) tan

where we have introduced I\ = 2TTVJ/AEI. When T2 >̂ A£i. In such a case, the overlap

Ofj. has a typical scale of fluctuation not related to 1^ but to AE\ since the denominator

goes to infinity each E^ = (n + 1/2)AE\ in eq. (31).

Again we have tested that all type of fluctuations of the residual Hamiltonian as illus-

trated in figure (11). This figure presents strong oscillations with a width related to AE\ as

shown by the autocorrelation function. Therefore, the occurrence of interference like pat-

tern characteristic of the level spacing AEi should be considered as generic. We would also

like to mention that a strong coupling between the first and second decay channel induces

a narrowing of the apparent width of the collective states. This effect is analogous to the

motional narrowing described in [25].
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FIG. 11. Illustration of the strength computed for a doorway state coupled to many decay states

themselves coupled to an ensemble of states and computed introducing all types of fluctuations

in the residual hamiltonian. For the calculation, we have taken Fi = 100, AE\ = 3 , F2 = 30

and AE2 = 0.5. In addition, a small width F^ = 1 has been assumed for the eigenstates of the

hamiltonian in order to draw the strength function. In insert, the autocorrelation function is

plotted demonstrating that the widths are proportional to AE\.

This illustration stresses the fact that in the case of a coupling of several states through

their decay channels one should expect interference pattern due to a feedback of the decay

channels on the properties and the coupling of the doorway states. Then, the fluctuation

pattern can reflect the typical level spacing and not the typical width.

V. CONCLUSION

In conclusion, we have studied the role of several steps in the decay of doorway states

We have shown that, in some cases, in particular when the decay channels of each states

encountered at each level of the decay cascade can be considered as independent, one should

expect to observe several scales in the fluctuation pattern of the response function. In

such a case, the various fluctuations are characteristic of the typical lifetime at each level of

28



complexity encountered in the path from the doorway toward the chaotic compound nucleus

states. We have shown that this multiscale Ericson fluctuations can be partially revealed

by applying the autocorrelation technique on the strength. However, standard methods

which involve different smoothing procedures seem to bias the obtained results. In order

to overcome this problem, we have proposed two new techniques: the first one consists

in computing the autocorrelation function on the derivative of the strength distribution in

order to extract the smallest scale in the fluctuations, the second one, called Entropy index,

gives information on how many scales does exist in the fluctuation pattern.Therefore, high

resolution experiments are indeed very interesting tools to study the damping mechanism

of collective states.

Finally, the analytical results as well as the numerical simulations of the last chapter

illustrate that a hierarchy of scales in the fluctuation, directly related to the lifetime of

each level of complexity, is not the generic case and that often the fluctuations can be

related to other physical quantities. In particular we have investigated the effects of decay

channels interacting via the states encountered at a higher level of complexity. In this case,

interferences between different decay channels are found and the induced fluctuations are

not related to the decay width of the considered states but to their spacing. In such a case,

experiment with a very high resolution will present fluctuations which are characteristic of

the level spacing and not of the width as in Ericson fluctuations.

Caution should thus be used when interpreting the observed width of the fluctuations.

Indeed, the interferences, due to an interaction of some states sharing the same decay chan-

nels, may produce narrow fluctuations which may mimic long lived systems. This is an

important finding which can modify the interpretation of Experimental data.
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APPENDIX 1: Ericson Fluctuations in doorway processes

Let us consider the spectral response as derived in eq. (4)

When we introduce an averaged overlap and a fluctuating one, |{/x |Co//)| = 0 (E^) +

80^, the response can also be split into two components. On the one hand, it contains an

averaged response function R (E) = JSE dE' R (E1) which can be written as for E > 0

R W -IE L dE'" & (E-°E')'l,T/2 ^ °iE) (33)

where we have introduced the density of states p (E) = Yl^ S(E — E^), the average density

of states p = Js^dE' p(E') /8E = 1/AE and an averaged width T (the integration interval

SE being taken much larger than F). On the other hand remains a fluctuating term

?(£^;,T/2 (34)

These fluctuations still contain information about the averaged width T as it was demon-

strated by Ericson [9]. Indeed, the autocorrelation function of this noise is given by

1 rE0+5E
CR(E) = -r= dE' 8R* {E') 6R{E' + E) (35)

oh JE0

E ( 3 6 )

where we have introduced complex energy notations £M = E^ — iT^/2. If we assume that

8E ^> F, we can extend the integration to infinity, so that, taking advantage of the relation

(x — y)~ (x — z)~ = (y — z)~l ((x — y)~l — (x — z)~l), it is possible to perform a Cauchy

integral leading to

CR(E)= Yl TF

If we assume random correlations between the overlap fluctuation

Ou = 801 <W (38)
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in average, we get the correlation

A similar equation holds for the strength function associated to equation (3)

(40)
TV — " y (E - Erf + ry4

Indeed, we can define the autocorrelation function of the strength distribution as

1 rEo+&E

C(E) = TT; dE' 8S (Ef) 8S (E1 + E) (41)
oh JEo

Noting that S(E) = -l/(2iV) (R(E) - R*{E)) we have

2 60' (42)
?2 + r

This relation shows that, even in the case of strongly overlapping states, one can still extract

information about the typical width by looking at the fluctuating part of the considered

autocorrelation spectrum as it was demonstrated in [9].

APPENDIX 2: Simple Doorway Picture of a Damping Mechanism

The diagonalization of the Hamiltonian H = Ho + V with

Ho \Coll) = Ecoii \Coll) (43)

Ho \i) = Ei \i) (44)

produces eigenstates

i

associated with the eigenenergies which fulfill the following dispersion relation

(En) v2 (46)

where we have considered a constant interaction v2 = (Co//| V \i)\ • If we assume that the

residual interaction V fulfills (i'\ V \i) = 0, the overlap matrix 0^ = \{fJ, \Coll)\ reads

31



< 4 7 )

In the previous equations, we have introduced the functions fn

^ 1

^j^W (48)

which are related by a recurrence relation

fn+i (E) = -n dE (49)

In order to get the usual Lorentzian shape, we assume a regular spectrum of energy E{\

E{ — Ei-x = AE with i running over both positive and negative integer values. Then, using

the relation J2i 1/ (x — i) = ir cot (trx), the dispersion relation becomes

= h {E») = -£2 cot ( TT̂  — '-\ (50)

On the other hand, the overlap matrix can be found using the relation (49)

h {EM) = -£jp 11 + cot2 ITT " AE
CoU J J (51)

Taking advantage of the dispersion relation (50), fa (E^) can be recast as

2 ( ^ ) = I A ^ + ^ (52)

so that the overlap matrix simply reads

^ ^ — 7 (53)

which is the standard Lorentzian shape with a typical width V2
Coll — 4 (v2 + v47r2/AE2). In

the limit, of a continuous spectrum, one recover the standard Fermi golden rule equation

Tcoii = 2TCV2/AE.

APPENDIX 3: Microscopic Description of Ericson Fluctuation in Resonant

Phenomena

Following Appendix 2, let us, for example, introduce a small fluctuating matrix 8V. Then

we define a fluctuating part for the f functions
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<54>

where we have used the notation (Co// | V + SV \i}\ = u 2 ( l + Svi) . The new dispersion

relation reads

v\h (£,) + &h (£„)) (55)

while the overlap becomes

In the case of a regular spectrum of states \i), using the relations derived above, the disper-

sion relation becomes

- ECM = F2 ( J L c o t (*iE»JCotl)) + Sfl (EJJ (57)

so that, we may use this relation in order to compute fi (E^)

,,\ \
(58)

) (59)

The latter equation can be introduced in the overlap matrix leading the perturbative result

OM = 6» + 80^ (60)

with an averaged value identical to the one derived in appendix 2

and with a fluctuating part given by

60^ = 01 (2 (E^ - Ecou) 8h {E») - vHf2 {Ej) (62)

To summarize we get :

Ol^SvM^Ei) (63)
i
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with

This is a fluctuating correction to the averaged overlap which looks like the one needed

in order to observe Ericson-like fluctuations. Indeed, the correlation 80J>0v reads as a

function of the correlation of the fluctuating matrix element 8vi8vj =

U; = O\Ol £ Cij8o, (Ei) 6ou (Ej) (65)
ij

If we now assume uncorrelated fluctuations for the matrix elements ctj = C{Sij we get

i) 8ou {Ex) (66)
i

because of the dispersion relation, the energy E^ is always very close from one particular state

\i) which we note |iM) associated to an unperturbed energy Ei^. Then, in 8o^ , mainly this

state i^. is participating to the sum over i so that 80^ ~ O^Svi^b^ [EiA and the correlation

reads

Ol « 8^ 01 ajol (Eitl) = 8^ 801 (67)

Therefore, one get back the correlations needed to observe Ericson fluctuations. However,

it should be noticed that compared with the simple constant correlation assumed in eq.

(38) one may have here a smooth energy dependence of 80^. This however do affect the

conclusions reached about the width of the autocorrelation function.

APPENDIX 4: Coupling Doorway States through their Decay Channels

Considering the case of several doorway states \u) (with Ho \u) = Eu \v)) which can be

coupled with many states \i) (with HQ \i) = Ei \i)) through a residual interaction V. Then

the simple diagonalization of the Hamiltonian H = Ho + V produces eigenstates

M,-I0 (68)
v i

The Schrodinger equation leads to
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Assuming that6 {i/\ V \i) = v and introducing a*

the relations (69) and (70) as

a n < ^ G^ =

va.

va,

(69)

(70)

we can recast

(71)

(72)

so that we get the following relations between a1 and a2

a = >

which defines the two functions /„ and Fn

Therefore the eigenenergies E^ should fulfill the following dispersion relation

1 = v2 F1 (E») h (E,)

Moreover, the coefficients a1, a2 can be found using the normalization condition

|2 _ ..2

which leads to

v2 h (E») + v* f2 (E.) F2

6The same restilts can be obtained assuming a separable interaction.

(73)

(74)

(75)

(76)

(77)

(78)

(79)

(80)
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which allows the calculation of all the matrix elements

f2 F2

"AM

1 1

(E, - Ei)2 h (EJ + v* ft F2 (EJ

(81)

(82)

Let us now assume that the second level of complexity \i) is characterized by a level spacing

AE2, then we can write for / i

E " (83)

and the dispersion relation becomes

cot
A~En 7TV'

(84)

Using the relation (49), the corresponding relation for f2 can be obtained

h (E) = ^ 1 (1 + cot2 (*—)) = (^ + v-4 Fr2 (Ej) (85)

then we get for the coupling coefficient c

(86)
(E, - Evf \n + Ff2 (E») + v*F2 (£„) Fr1 (E,)

where we introduce v2j'AE2 = T2/27r.

In order to compute a strength we should introduce an excitation amplitude Av for each

state v. We will also introduce additional approximations to get simple equations. We will

discuss two cases:

• i) many states v coupled to each \i : we assume that the various states v are populated

with a constant average probability\AV\ — A2,

EA» (87)

if in addition, we introduce random phases between the various products Avc^v, then,

the excitation probability 0^ becomes an incoherent sum
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(88)

To simplify the discussion we can assume that v is very small so that the overlap

matrix reduces to

0 -

ii) only few states v coupled to each (j, : the incoherent sum assumption does not hold.

However, assuming again that the states v are populated with a constant average

strength Au = A, we obtain

/ „
A2v2

= A\aA =

In the limit of small t;, we obtain

A2v2

In order to go further we should specify the states v.

Let us consider the case of a regular ensemble of states v with a spacing A£i then we

can write for F\

and for F2.

Therefore the overlap matrix reads in the coherent case ii)

A2v2

° '= in+ ±
whereas for the incoherent case i), the equation (89) becomes

( 9 2 )

( 9 3 )

( 9 4 )
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The latter equation is the one used in he text.

APPENDIX 5: Interferences in the Damping of a Resonance

We can finally consider the related case of a single doorway collective state \Coll) damped

through a residual interaction Vy toward a first level of complexity described by the states

| v) which are then coupled to many states \i) by a second part of the residual interaction V2

. Then, the diagonalization of H — Ho -f V\ + V2 (where \Coll), \v) and \i) are eigenstates

of Ho) produces eigenstates

», \Coll) + £ c^ W) + Y: ^ \i) (96)
v i

The Schrodinger equation leads to

(E, - Ecoii) = £ c^ (Coll\ Vx \v) = vxa\ (97)
V

^ (E, - Ev) = c^Coll H % \Coll) + J2 <w M % |j> = vlC^Coll + v2al (98)

W (E, ~ Et) = £ c^ (u\ V2 \z)* = v2a\ (99)

where we have assumed that (Coll\ Vi \v) = ul5 {i/\ V2 \i) = v2 and where we have introduced

a\ = J2u cw> a\\ — Hi cti,i- The first equation gives

" • ' • • (ioo)

so that the two other relations reads

1
c..,. =

<** =

(101)

Therefore, the following relations between a\ and a2 can be derived, using the function

defined in the previous appendix,
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2a
2\ F1(Elt) (104)

Then the eigenenergy E^ fulfills the following dispersion relation

1 = ( "* + v\ /a (£„)) Fi (£„) (105)

Moreover, the a coefficients can be found using the normalization condition

F2{EI1) (106)

which leads to a condition on a, through the use of the relation (103), in order to remove

j2

V- i . . 2

allowing to extract the coefficient a,}

,) \tin-Ecoll ) J

Then the overlap matrix, O^ = |cMic0/;| , reads

?72

Q — 13 (109)

Let us now assume as usual that the second level of complexity \i) is characterized by a level

spacing Ai?2, then we can write for fj

^ ( ^ ) (110)

Using the relation (49), the corresponding relation for / 2 can be obtained

We get the dispersion relation
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f

h
(112)

then we get for the coupling coefficient c£

,2,,2

where we introduce F2 = 2%v\j AE2- If we assume that the interaction v\

approximate the overlap by

,,2,,2

(113)

— \CColl\ —

+

0 we can

(114)

Let us now consider the case of a regular ensemble of states v with a spacing A £ l 5 we can

write for F\

cot

and the overlap reads

_ !„/* I2 _
— \cColl\ ~ r2

where we have introduced v\j'AJ5i = TI/2TT.

tan

(115)

(116)
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