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We investigate the effect of quantum mechanical diffusion in the space of adiabatic states of intrinsic nucleonic
subsystem on the dissipative properties of macroscopic collective dynamics. By applying the cranking model approach to
the nuclear macroscopic dynamics, we derive the Newtonian-like equation of motion for a single collective variable,
where the dissipative character of the collective dynamics is due to both the Landau-Zener transitions and the Kubo
mechanism. A diffusion equation is used to determine the time evolution of the occupation probabilities of the nuclear
states. The transport characteristics are calculated for Gaussian orthogonal and unitary ensembles of the energy levels.
We discuss under what conditions a time-irreversible energy exchange between the collective and nucleonic degrees of
freedom is possible.

1. Introduction

The theoretical understanding of nuclear dissipation as a consequence of the energy exchange between the
macroscopic collective and intrinsic nucleonic degrees of freedom is far from complete. On the quantum
mechanical level, nuclear dissipation is treated within linear response model [1], dissipative diabatic
dynamics model [2], Fermi-liquid model [3], path integral method [4, 5], and others.

As was proposed by Hill and Wheeler [6], the microscopic origin for the nuclear dissipation is transitions
between the avoided crossings of adiabatic nuclear states. In Fig. 1, we show a typical behaviour of the
instantenious adiabatic energies of the nuclear excited states as a function of collective deformation
parameter. The energy levels fluctuate strongly with the collective deformation and the feature of interest
here is the large number of the avoided crossings.

Deforming a nucleus slowly, the intrinsic nucleonic subsystem is excited due to the transitions from the
lower-lying to higher-lying states at the avoided crossings in the same way as in the standard Landau-Zener
picture [7, 8] illustrated in Fig. 2.
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Fig. 1. Typical dependence of the eigenenergies of the Fig. 2. Typical picture of the avoided level crossing
nuclear many-body states on collective deformation considered in the Landau-Zener model [7, 8].
parameter.

The probability R“ (&,7) of the Landau - Zener transition from the lower-lying initially occupied level to
the higher-lying unoccupied level is given by

e

RLZ(E,U)ZCXPE—W}, (1)

where ¢ is the gap and 77 is the slope of the avoided crossings of two nearest levels. One can see that

quantum statistics of nuclear eigenenergies, i.e., the distribution of the slopes of nuclear levels and the
distances between them, may strongly affect on the dissipative properties of the collective motion.

Besides the Landau - Zener transitions, there are direct interlevel transitions which change the
occupancies of excited nuclear states. In fact, dissipation of the collective energy arises as a result of time-
diffusion of the occupational probabilities of the intrinsic nucleonic subsystem. How such collective
dissipation appears and what are the necessary conditions for that are the main purpose of the present work.
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2. Nuclear many-body system

We start by formulating the nuclear many-body problem and writing the total many-body Hamiltonian as
~ 1 ] -
Htot :EB(Q)q2 +U(Q)+ Him(q)’ (2)

where q(t) is a single collective time-dependent variable, B(q)is the adiabatic mass parameter, U is the

collective potential energy and I:|int represents the intrinsic nucleonic degrees of freedom. The dynamics of
the nucleonic subsystem is determined in terms of the density matrix p,

0P 5 -
in—==[ Hu (@.p]. (3)
We introduce the moving basis functions ‘¥, (q) which satisfy the stationary Schrodinger equation,

H,.. ()%, (0)=E,(q)¥, (). (4)

Using Zwanzig’s projection technique [9], one can get the following equation for the diagonal elements of
the density matrix [10]

0
%(t)zzpnm(t)[pnn(t)_pmm(t)] s (5)
where P, (t)is the transition rate
P.(t)=2Re Dﬁo dt'D,, (t)D,,, (t —t"exp(it 'a)nm)} , (6)
with
.0
Dnm (t) = <\Pn Iha lIlm> > (7)
and
a)nm:(En_Em)/h' (8)

3. Diffusion of occupation probabilities
The transition rate (6) is obtained as a result of second order perturbation theory in (. To avoid the
<an a|:|im /aq‘qjm>

two neighboring levels, we assume that the density matrix varies with time only due to the Landau - Zener
transitions between the adiabatic levels. We introduce the averaged transition rate of the Landau - Zener

difficulty connecting with the divergence of the cranking model parameter (

/., (q) for

transitions <PLZ > ,i.e., averaged over all possible gap sizes & and slopes 77 :

<PLZ>=QTdan8N(n,€)RLZ(n,6), 9)

where N(77,£)dnde is the number of avoided crossings encountered per unit length with slopes in the
interval [5,7 +dzn] and gap sizes in the interval [¢,& + de]. In the limit of small gap sizes & and assuming

oH
distribution N(7,¢) is given by [11]

that the matrix elements <‘I’n

/ 8q|‘Pm> are independently Gaussian distributed, one can show that the

int

N(7,&) =W (E)nP(&)P'(), (10)

where W (E) is the density of excited states. The functions P(g) and P'(n) are distribution functions of gap
sizes and slopes, respectively.
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For special ensembles of levels, one can get analytical expressions for these functions. Thus, for systems
with time-reversal invariance [Gaussian orthogonal ensemble (GOE)]:

P(g)z%g-W(E), (11)

o
( 80'2} (12)

while for systems without time-reversal invariance [Gaussian unitary ensemble (GUE)]:

n
P'(n) =
(7) Y

P(e)= 2,9 ‘W?(E), (13)
U n’
P'(n)= exp| — . 14
(1) ro p[ 462j (14)
As is shown in [10], we can reduce the master equation (5) into the diffusion equation,

op(E;t) 0 op(E.1)
W(E)———=—W(E)D(E)———, 15
(E) p P )D(E) E (15)

where E is the continious energy variable measuring the excitation of the nucleonic subsystem and D(E) is
the diffusion coefficient

D(E) =W (E) [ dee’P(e) | dnnP'(n)exp(—%]. (16)

We calculated the diffusion coefficient (16) separately for the GOE and GUE ensembles and found that

dW(E) " |q|5/2

GOE: D(E) c W (E)——— : (17)

dW(E)

GUE: D(E) cW?(E)———2 |q| . (18)

We proceed by considering the process of diffusion in the space of the intrinsic degrees of freedom and
introduce a new function F(E,t)

F(E,t) =W(E)p(E,1), (19)

which has a meaning of the density of probability to find the intrinsic nucleonic subsystem in the state with
an energy lying in the interval [E,E + dE].

We rewrite the diffusion equation (15) in terms of the new distribution function F,

oF 0 0°

—=——T1r(E,t)F D(E,tH)F], 20

p 8E[()]+E2[()] (20)
with the drift coefficient

F(E.1) = dD(E,1) N D(E,t) ' dW (E) ' 1)

dE W(E) dE

The excitation of the nucleonic subsystem implies that the distribution function F grows with time. The
necessary condition for that is the positively defined the drift coefficient (21). We see that there are two
different contributions to the drift r . The first one is caused by the growth of the nuclear level-density with
the excitation energy. In view of Egs. (17) and (18), one can say that the second contribution is due to
possible energy increase of the ensemble averaged off-diagonal matrix elements
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We are going to find an analytical solution to the diffusion equation (20) by assuming that the drift and
diffusion coefficients varies slowly with the energy E and putting them at E =E_, where E_ is the Fermi

(22)

energy. In that case, Eq. (20) corresponds to a standard Brownian motion with time-dependent drift and
diffusion coefficients. One can get the analytical expression for the distribution function F, or for the
density matrix p (see Eq. (19)),

1 1 [E-<E(t)>
E.t)= L : 23
PED W(E)\/ZzAz(t)eXp( 22 (1) J =

where the excitation energy of the nucleonic subsystem < E > reads
t
<E(t)>=< E(t:0)>+jr(EF,t')dt’, (24)
0

and the variance A’ is given by
t t' t t 2
A (t) = 4°(t=0)+ 2 r(E,,t)dt' [ r(Eg,t")dt"+ 2[ D(E,t)dt '~ Ur(EF ,t)dt } . (25)
0 0 0 0

4. Coupled dynamics of the collective and nucleonic subsystems

Now we turn to the consideration of time evolution of the classical collective variable . We derive
equation of motion for q by requiring that the total energy of the nuclear many-body system is conserved
with time,

E(t) E<Hm>:%s(q)q2 +U(q)+(H,, ) =const . (26)

Differentiating over time both sides of the last equation, we obtain

d{H,,
_laB(q)qz_GU(q)_l' < > (27)

B(Q)ii —
(@4 2 oq aq g dt

where the rate of change of the nucleonic subsystem’s energy can be represented as
d Hmt ~ - .
u=Tr(Hm,o)=51+52. (28)

The first term in Eq. (28) gives the rate of change of the adiabatic potential energy,

Elzqz

O,
aq nn

(29)

and it will be dropped in the sequel as far as we are interested in the averaged dynamics of the collective
variable, i.e., averaged over all random realizations of the slopes 0E,/0q. The second term in (28) describes

the time-irreversible change of the intrinsic nucleonic energy and gives rise to dissipative effects in the
collective motion. It can be written as

2, =4O [dstA(S)N, (6,5) 0 (S) (30)
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where we introduced the memory kernel

N, (t,8)= Z (S)<

ITI¢FI

aH 1111.

int

|aH

| >(t)< n>(s)|:exp[—ij[dt'a)mnj+C.C}. 3D

We assume that the matrix elements in the expression (31) fluctuate with time much weaker than the
frequencies @,,, and approximately write that
oH,
LP | int \Ijm
o |

To simplify the expression for the memory kernel N, (t,5), we average it over all random realizations of
off-diagonal matrix elements and level spacing:

2

(t=0)cos(a@,,[t=0](t—5)). (32)

N, (t,5) = Z (t—O)

N.(t,5)= 2j deW(E+e)R(s)j dhP(h)cos (e[t - s])h2 (33)

where s=W (E +e/2)e is the level spacing normalized to unit spacing, P(h) is the distribution of the off-
diagonal matrix elements h= <6I:| i/ 8q> ,
nm

P(h)=

(34

1 exp| - h*
\2ro 207 )
and R(S) is the level spacing distribution function; see, for example Ref. [12]. The main contribution to the
integral in (33) gives the region of € where R(S) =1 and therefore, we find

cos (e[t - S])
fde (35)

Ne(t,s)= ZTW(E +e)o’(E,e)

For the variance of the distribution of the off-diagonal matrix elements o we use the result of Ref. [13],
where it is shown that it has a Gaussian shape characterized by the spreading width 7 [14]

1 e’
o W E, Xp(_wf} oo

Here, o, is the variance of the distribution of energy slopes of nuclear mean-field. The spreading width

o’(E,e)=

I is defined by strength of the residual interaction between nucleons <V, >and is given by
Iy =22W <V, >. 37)

Since we consider the limit of highly excited states of the nucleonic subsystem where e << E, one can
expand the level density in the integral (35) in Taylor series and find that

1 dw(E) _[t=sP
N¢(t,8) =20, W(E) = exp( —[h/FG]Z)' (38)

Finally, we get the coupled dynamics of the collective and the nucleonic subsystems:

. 1B, U@ , , 1 dW(E)]
B =3 g 2 e dE I [ s ]q(s)pE(s)ds (39)

I I (E-<E(lt)’
(5= _(E-<E , 40
pe(®) W(E)\/27Z'A2(C][t])exp[ 24 (d[t)) J 4
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5. Summary

Using Zwanzig’s projection technique, we derived the master equation for the occupation probabilities,
Pa» Of the energy levels in the moving frame. We introduced then the Landau - Zener transition rates,

averaged over all possible gap sizes ¢ and slopes 7 of avoided level crossings. Due to the use of the
averaging procedure, we have reduced the basic master equation for p,, to the diffusion equation. Finally,

we have established the coupled equations of motion for the collective and nucleonic subsystems. The main
feature of the obtained equation of motion for the collective variable is the presence of the memory integral
which gives rise to both the dissipative effect and the additional time-reversible force in the collective
motion.

We have studied the structure of the memory integral. Averaging the corresponding memory kernel over
all random realizations of the off-diagonal matrix elements and the level spacing, we have reduced
significantly the memory integral. The key element of its structure is the variance of the distribution of the

off-diagonal matrix elements o”. We show that o has the Gaussian shape and depends on the spreading
width 77, which is derived by the strength of the residual interaction between nucleons, see Eq. (36).

Our approach gives a consistent description of nuclear large amplitude dynamics, including the motion
along a collective path and along the internal excitation of the nucleus. The averaging over the spectral
statistics of avoided level crossings in the moving frame allows us to extract the smeared macroscopic
transport parameters. In particular, the memory integral and the diffusion coefficient can be derived along the
collective path. An essential advantage of such a smearing procedure is the elimination of the level quasi-
crossing problem, which occurs for the quantum cranking model in a moving frame [2, 6]. The result of
Eq. (17) for the GOE and Eq. (18) for the GUE statistics shows the dependence of the memory term in
Eq. (39) and thereby the dissipation energy on the derivative dW (E)/dE of the level density. This means

that the quantum diffusion within the energy level space and the time irreversible exchange between the
collective and internal degrees of freedom is possible if the phase space volume is increasing with the
excitation energy of the system. Using the structure of the memory integral in Eq. (39), one can see that the
classical friction force which is proportional to the collective velocity appears here in the case of the GOE
statistics for the motion close to the ground state. For other cases the velocity dependence of the friction
force is much more complicated.
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BJIUSAHUE CHEKTPAJIBHOM CTATUCTHUKU HA SIIEPHYIO JUCCHUIOALUIO
B. M. Kosiomuen, C. B. Paauonos

MpI uccnenyeM BIHsIHAE KBAaHTOBOH TUQQY3UN B IPOCTPAHCTBE aquabaTHISCKIX YPOBHEH BHYTPEHHEH HYKIIOHHON
MOJICUCTEMBl Ha MPOLECCHl JUCCHMAIMK TPH MaKpPOCKOINMYECKOM KOJUIEKTHBHOM BO30ykaeHMH siapa. Mcmomb3ys
KPEHKMHT-MOJEIBHBIM MOAX0A K ONMCAHUIO MAKPOCKOIMYECKOW SIIEPHOM NMHAMHMKH, MBI IOJIY4YaeM HBIOTOHOBCKOE
yYpaBHEHHE I OJHOW KOJUIEKTHBHOW MEPEMEHHOM, B KOTOPOM JHCCHUIIATUBHBIN XapaKTep KOJUIEKTUBHOIO JBHMKCHUS
oOycnosnen nepexonamu Jlannay - 3eHepa u Mexanu3smom juccunaiuu Ky6o. YpaBHenue auddy3uu ucnonb3yercs
IIPU 9TOM AJIsl ONIPENEICHUs] BPEMEHHOW 3BOJIIOLUU BEPOSTHOCTU 3aIOJHEHMs AJAEPHBIX ypoBHEH. IIpu BbluMcIeHUU
TPaHCIOPTHHIX KO3()(HUIIMEHTOB HCIIOJIB30BaHbl T'ayCCOBCKMH OpPTOTOHAJIBHBIH M YHHUTapHBIA aHcaMOiM YpOBHEW
SHEpruu siapa. Mpl HCCIielyeM TakXkKe YCIOBHS, IIPH KOTOPBIX BO3MOXKEH 0OMEH 3HEpruell MexXJy KOJUIEKTHBHBIMHU U
BHYTPEHHUMH CTEHEHSIMH CBOOOBI si/pa.
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BILIUB CIEKTPAJIbHOI CTATUCTUKU HA SIIEPHY JUCHUIIALIIO
B. M. Kojgomienb, C. B. Pagionos

Mu nocipKyeMo BIUIMB KBaHTOBOT Andy3ii y mpocTopi afiadaTHuHUX PiBHIB BHYTPIIIHBOI HYKJIOHHOI IiICHCTEMHU
Ha MPOLIECH AWCHIIALI] IPH MAaKPOCKOIIIYHOMY KOJIEKTUBHOMY PYCi siipa. 3aCTOCOBYIOUM KPEHKIHI-MOJEIbHUH MiXin
JIO OTIACY MaKPOCKOIIIYHOI SIePHOI TUHAMIKH, MH OTPHIMYEMO HBIOTOHIBCHKE PIBHSHHS PyXy U OJHI€1 KOMEKTUBHOI
3MIHHOI, B SIKOMY IWCHIIATUBHHNA XapaKTep KOJEKTHBHOTO pyXy oOymoBieHmii mepexomamu JlaHmay - 3eHepa Ta
MexaHizMoMm mucumnarii Ky6o. PiBHSHHA mudy3ii 3acTOCOBYEThCA NMpH HBOMY ISl BH3HAYCHHS YaCOBOI EBOIIOIT
IMOBIpHOCT] 3amOBHEHHA SAepHHUX piBHIB. [Ipm o0umciIeHH] TPaHCIIOPTHUX KOEQII[iEHTIB BUKOPUCTAHI rayCCiBCHKUI
OpPTOTOHAJIBHUM Ta YyHITapHHIA aHcaMOii PiBHIB eHeprii sapa. Mu AOCTiIKyeMO TaKOXX YMOBH, 3a SIKHX MOMIJIMBUH
OOMIH EHEepri€l0 MiXK KOJIEKTHBHUMHM Ta BHYTPIIIHIMH CTYNEHSIMHU BOJII S/Ipa.
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