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TWO-BODY RELAXATION TIMES IN HEATED NUCLEI
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The retardationand temperatureeffectsin two-body collisions are studied. The collision
integral with retardatioreffectsis obtainedon the baseof the Kadanof-Baym equationdor
the Greenfunctionsin a form with allowancefor reachingthe local equilibrium system.The
collisional relaxationtimes of collective vibrationsare calculatedusing both the transport
approachand the doorway statemechanismwith hierarchyof particle-holeconfigurations
in heatednuclei. The relaxationtimes of the kinetic methodare ratherweakly dependent
on multipolarity of the Fermi surfacedistortion and on the modeof the collective motion.
The dependencef the relaxationtimeson temperatur@swell ason frequeng of collective
vibrationsis considere&ndcomparedlt is shavn thatvariationsof thein-mediumtwo-body
cross-sectionwith enegy leadto non-quadratidependencef thecollisionalrelaxatiortime
bothontemperatur@ndon thefrequeng of the collective motion.

PACS: 05.20.+w21.60.Ey21.65.+f,24.10.R, 24.30.Cz

1 Intr oduction

The dampingof the collective excitationsaswell astransportcoeficientsfor viscosityandheat
conductvity are strongly governedby the particle collisions. The relaxationtime methodis

widely usedasthe simplestandratheraccurateapproactfor simulationof the collisional relax-
ationratev, « 1/7, wherer is the so-calledrelaxationtime [1-3]. Relaxationtime method
canbeappliedto the descriptionof the decayratesof arbitrarymodesof motion, but anexplicit

form of the relaxationtime dependson specificfeaturesof the mode. In this contribution, the
collisionalrelaxationtimesresponsibldor thewidth of the collective vibrationsarestudied.

2 Semiclassicakinetic equation approach

The collisional relaxationtimes can be calculatedusing the collision integral of the transport
equation.In studiesof the dampingwidths of collective excitationin the Fermiliquid, they are
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determinecby the coeficientST}i) of the multipole expansionof the total number\ (£) (p) of
thecollisionsin thedirectionp = p/p of themomentunspacg?2, 4]

./\/(i)(f))E/ deJ(i)(p, Z Z d)fib)yfm (1)

0 (>0 m=—tT¢

Here,J ) (p, ¢) arethelinearizedcollision integrals
JE(B,e) = TD(p,r,t) = (J,(p,r,t) £ J,(p. 1, 1)) /2, )

wherethesigns(+) and(—) standfor isoscalaandisovectormodesof vibrations,respectiely,
andthe subscript andn standfor protonsandneutronsrespectiely; J, (p, r, t) is acollision
integral in phasespace(p, r), whena nucleonof thesorta = (p or n) with momentump is
scattereds is nucleorenegy. Thecollisionintegralsarelinearizedwith respecto thedynamical
componenbf the phasespacedistribution functiond f, (p, r, t). Thevaluesféi) determinghe
initial componentsf themultipoleexpansiorof thetotalnumberof thecollisions. Thefunctions
Ve%) arethe partial component®f the enegy-integrateddistribution function § f () (p, r, t) =

(5fp =+ 5fn)/2 = 5f(:t)(f’a €T, t),

/ dedf S (per,t) =) Z ) (2, 6) Yo (D), A3)
0

>0 m=—1¢

whereYy,,,(P) is the sphericalharmonicfunction. In the approximationof a small difference
betweenthe chemicalpotentialsof protonsand neutronsandassumingf, = f, = f, where
f = f(p,r) is theequilibriumdistribution function, the dynamicaldistortionss f () (p, r, t) of
the phasespacedistribution functionsaresolutionsof thelinearizedLandau-Vlase equation

95fF  pasfE  9e® asfE 95U of

b _ _ — g&) 4
ot m Or or Op or Op TP t), “)

wheresU ) = sU ™) (p, r, t) is the Wignertransformof thevariationof the self-consistenpo-
tentialwith respecto the equilibriumvalueé(®). In the nuclearinterior the meanfield variation
SU&*) canbeexpressedn termsof the LandauinteractionamplitudeF ) (p, p/) as

dp/
SU® = NiF / (2;;)3 F®(p,pr) 6 (pr,r31), (5)

where Np = 2ppm*/(gn?h®), pr is the Fermi momentum,m* is the effective massof
nucleonandg is the spin degeneray factor The quantityF(i)(p, p/) is usuallyparameterized

in termsof the LandauconstantsF andF

F&p,pr) =+ FP - p). (6)

In theisoscalarcasethe Landauconstantsarerelatedto theincompressibilitymodulusK [5] of
matterandthe effective massm* [6] by

K=6u(l+ED), m =m (1 + Ff”/:;) . 7)
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Herem is themassof free nucleonandy is thechemicalpotential. We have i1 ~ e = p%/2m*
for T' < ep, Whereep is the Fermienegy andT is thetemperatureln theisovectorcase the

LandauparameteFé_) is relatedto the nuclearsymmetryenegy bsymm. Namely[7, 8],
1 _
Deymm = §M(1+Fé M. ®)

The quantitieSTé(i) in Eq. (1) canbe consideredas the partial collective relaxationtimes
becausehey determinea collisional contribution to the dampingwidths resultingfrom the two-
body collisionsin thelayerof the momentunspacewith multipolarity £,

/de/dgﬂi (P, €)Y (P // de/dQ5f Yo (D) - (9)

Thesetimesare proportionalto therelaxationtimes 7™ definingthe dampingwidthsF((;i)(L)
of the isoscalarandthe isovectorvibrationswith frequeny w [2,4,9,10] in the regime of rare
collisionswith w7'™) > 1 in the Fermi liquid. In particular the collisional dampingwidths
of giantresonancewith dipole (. = 1) andquadrupolg(. = 2) multipolaritiesresemblethe
widthsin therelaxationrateapproach

(L) =n/rE(L), $L=1)=r2), sH(@L=2) =), (10)

(&

in thecasewhennuclearfluid dynamicalmodelwith relaxationis used[4,9-12]. Thecollisional
dampingwidth [2] of zerosoundin the Fermiliquid with its relative velocity S, ~ 1 is also
givenby Eq.(10)but with the useof the 7)o 7{*) for 7{*)(L). Thetime 7'*) atw = 0'is
thethermalrelaxationtime determiningthe viscositycoeficient of the Fermiliquid [13].

Thevariationsof themeanfield andof thedynamicalcomponenbf thephase-spacdistribu-
tion functionchangeapidly in the systemsawith high frequeng collective vibrations.This leads
to thememory(retardationj.e. non-Marlovian) effectsin thecollisionterm. Therearedifferent
expressiongor memory-dependemllision integral in the Fermiliquid ( [14]- [20]).

Thenon-Marlovian collision term of the semiclassicalandau-Vlase equationvasstudied
in Born approximatiornwith the useof the Kadanof-Baym equationgor the Greenfunctionsin
Refs.[17,19]. Theone-componerfEermiliquid wasconsideredvith the periodictime variation
of the nonequilibriumdistribution functiondf = éf, = dfp, 0f x exp(—iwt). As aresult,
thelinearizedcollision integral consistsof two componentgseeEqgs.(42),(43and(45),(46)of
Ref.[19)]),i.e.,

J(p,r,t) = J(l)(p, r,t)+ J@ (p,r,t), (11)

wherethecomponents/(!) (p, r, t) and.J(? (p, r, t) aredeterminedy the variationsof the dis-
tribution functionandthe meanfield, respectiely, and

T pr,t) =2 [ LRI (p.})5(Ap) B (p.. ). (12

Here,W ({p;}) = (do/dQ)4(27h)3/m? is theprobabilityof two-bodycollisionswith theinitial
momentap; = p, p2 andfinal onesps, p4, (1 = 1 + 4); do/dS) is thein-mediumdifferential
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cross-sectiolin the Born approximation);

BW(p,r,t) =" 6f(t) %ﬁfm [0 (AE+hw) + 0_(Ae— hw)],
k=1 k

(13)

B (p,x,1) = () G

where fi = f(pk,1); 9Q({f;})/0fr arethe derivativesof the s the Pauli blocking factor Q)
with respecto fy,

QUSAY = (=) = f)fsfa— [if2(1 = f3)(1 = fa). (14)

Thee; = &(p;,r) is the equilibrium single-particleenegy and §U; the variationof the mean
field,and A€ = &, + & — &3 — &4, A((SU) = 6U,+ 06Uy — 06Uz — Uy, Ap = p1 + P2 — P3 — P4-
The equilibrium distribution function fi. = f(px,r) dependn the equilibrium single-particle
enegy &. = é(pk,r): fr = f(&). It equalsthe Fermifunction evaluatedat the temperature
T, f(éx) = 1/[1 + exp((éx — p)/T)]. The nonequilibriumcomponent f of the distribution
functioncanbe presentedn thetheform

{15+ (A% + w) — 5, (A8)] — [ (A% — w) — 5_(AD)]},

Of (e
of(p,r,t) = —v(p,r,t) {)(? ) (15)
With the useof this relationthe expressiorfor quantity B) canbetransformedo the form
4 _
BW(p,r,t) = - Z Vg m [0+(AE+ hw) 4+ 0_(AE—hw)] =
— 0 €
= AVQ({J@})% [0, (A4 hw) 40 (A — hw)] —6BY,  (16)
w
whereAv = vy + vy — v3 — vy, v = v(pg, 1, t) and
4 o -
0BY = ¥ o QU0+ (Ae + hw) + 6_(A¢ — hw)]}
k=1 O &
! - v
+ QU (AE + hw) + 0_(AE — hw)] —g’; (17)

k=1

Thefirst componentn the Eq.(17)determines probability flux of colliding particleswhich
is connectedwith possibility of variation of the enegy €, whenthe valuesof otherenepies
(€;1 and hw) arefixed. This term shouldbe equalzerobecausef fixing the total enegy in
initial or final statesand thereforeit doesnot contribute to the total numberof the collisions
N&) | Eq.(1). Thelaststatementanbe easilyverified by directcalculationof this contribution
to the V() with theuseof the proceduregproposedy Abrikosos andKhalatnikov (seeEgs.(25)
to (30)) for evaluationof the manifold enegy integrals. A relative dynamicalcomponent;, of
thedistribution functionis slowly dependenbdn enegy andit canbe consideredatleastfor low
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temperature§’ < ep) asafunction of the momentumdirectionratherthanof the momentum:
vy = v(pg,r,t) = v(Pk,er,r,t). Thereforethe secondcomponentin the Eq.(17)is also
negligible andtheterms B(Y in the Eq.(16)shouldberejected,

sBMY =0. (18)

Notethatthe generalizedunctionsd,., §_ appearingn Egs.(13),(16)and(17)includealso
integral contribution,

10 . i1 1 1
Sele) = 5= [ dr e = o = 26(@) = 5P, 0-(e) = 61(0).09)
whered(z) is the deltafunction andthe symbolP denoteshe principal valueof integral con-
tribution. The integral termsof the §.., correspondindo virtual transitions,areusuallyomitted
in the J becausehey assumedo be includedby renormalizingthe interactionsbetweenparti-
cles[21]. Thiscorrespond$o substituting)(x) /2 for 4. in Egs.(13),i.e.,to takinginto account
realtransitionswith conserationof enegy. The shift in enegy A¢ by A w in the agumentsof
the é-functionsof the expressiondor the collision integral agreeswith the interpretationof the
collisionsin the presencef the collective excitationsproposeddy Landau[22]. Accordingto
thisinterpretationhigh-frequeng oscillationsin Fermiliquid canbeconsideredsphononsthat
areabsorbedndcreatedat thetwo-particlecollisions.

In the one-componenEermiliquid the nonequilibriumdistribution function 6 f(p, r, t) =

f(p,r,t) — f(€(p,r)) is asolutionof thelinearizedLandau-Vlase equationin theform

aSf  p.,. 0. .-

2 B =] 2
5 T (P =, (20)
Here,é f is alinear deviation of the distribution function_from its local equilibriumvalue f; .,
wherea function f; .. is equalto the the Fermifunction f(¢) evaluatedwith actualone-particle

enegy e = e+ 06U, fre. = f(e(p.r.t)),

5F =01 = sv = ooty fre = X3 x=vrov 21)

whererelationshipfor §U hasthe form of the Eq.(5) but with the interactionsanddistribution
functionfor one-componerftermiliquid.

Accordingto Eq.(20),a Fermisystemtendsto the local equilibrium (whendé f /ot = 0) if
thecollisionintegralis afunctionalof thed f, J = ®(§f). Thecollisionintegral givenby theex-
pression§11)-(13)and(16), (18) hasthefollowing generaform: 5.7 = 6.JW (5 f) + 6T (5U).
Thereforeit doesnot leadto local equilibrium of a system. The condition of the existenceof
thelocal equilibriumof a systemis generalpropertyof the Landau-Vlase equationin the Fermi
liquid [23,24]at 04 f /0t = 0. Thereforethe Born approximation(11)-(13)for collision integral
is poorapproactwithout additionalmodification,anda revision of the derivation methodof the
collision integral expressions needed.

It shouldbeinitially notedthatthe foregoingrelationshipgor collisionintegral areobtained
with theuseof the perturbatiortheoryin nearlynonhomogeneousystemawith weekinteraction
betweenparticles. A weekinteractioncannot changerapidly the trajectoryof the particleand
dueto thisit cannotleadto rapidvariationsof thedistributionfunction. It meanghatretardation
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effectsareoverestimatedn the expressiorfor collision integral in Born approximationwhereit
wasassumedhatdistribution functionwasvariedvery quickly duringall possiblenterval of the
time changing(—oco < t' < t). Consequentlythe collision integral given by Egs. (11)-(13),
(16),(18) canbein factcorrectin the caseof smallretardationij.e.,for smallvaluesof the fiw.

With thisin mind,wereplacehederivativesof theform 9§ (Aé+hw)/d hw andd & (Ae—
hw)/0 hw in theEQ.(16)by thefinite differencegd, (Ae+hw) — 4 (A€))/hwand(d_ (AE) —
d_(A€ — hw))/hw, respectrely. Thenwe combinethe resultingexpressiortogethemwith con-
tribution B arisingfrom mean-fieldvariationand obtainthe linearizedcollision integral for
one-componerfermiliquid in thefollowing form

0(Ae+ hw) — §(Ae — hw)
fiw '

J(por.t) = / D2D5P1 45 (AD)AYQ

(2mh)6 (22)

With the useof the algebraicelation[23]

(0 R0 AR R0 R Few (T2 )sact i) =0, @
Eq. (22) canbepresenteds

J(p,r,t) =

_ / dp2dpsdpy
(27h)6

where®(hw, T') = §(Ae + hw)[exp(—hiw/T) — 1]/ Iiw.

Thecollisionintegral of theform (22) or (24) providesdriving distribution functiontowards
its local equilibrium valuebecausét dependn thevariations f, J = J(5f). This behaiour
is in line with generalpropertiesof the Landau-Vlasov equationin the Fermi-liquid [23,24]
atdd f /ot = 0. Theexpressiong22), (24) dependonly on the occupationprobability Pspor, =
fif2(1— f3)(1— f4) of the2p-2hstatesn thephasespace Thisfactleadsto interpretatiorof the
collisionaldampingwith linearizedcollision termasthe relaxationprocesdueto the coupling
of one-particleandone-holestatego morecomplicatedp — 2k configurations.

The form of the collision integral (24) in the Markovian limit (w — 0) coincideswith the
standardexpressiorfor the collision integralin Fermi-liquid without retardatioreffects[23,24]
becausén this casethetermin squarebracletsof Eq.(24)tendsto thevalue—d(Ae) /T

The equation(22) for somespecialexplicit form of the quantity x; was usedat first in
Refs.[16,25,26]. Thederivation of the collision integral (22) is performedin Ref.[14] within
framework of the extendedtime-dependenitiartree-fock model. The expressiongor the distor
tion functionsy; correspondindo a perturbatiorapproacton collision termandincluding the
amplitudesof therandomphaseapproximatiorwereusedin this method.

The expressionfor the collision integral in two-componentermi-systenis obtainedfrom
Eq.(24)in the samemannerasdonein Ref. [4] underthe assumptiorthat chemicalpotentials
andthe equilibriumdistribution functionsarethe samefor protonsandneutrons.

Theanalyticalexpressiondor partial collective relaxationtimes7, ( Eq.(9) canbeobtained
in low-temperatureand low-frequeng limits (7, iw < €r). In this casethe momentumin-
tegralsare calculatedusing the Abrikosor- Khalatnikov procedurg23,27-29] which is based

W({Pi})fs(AP)AXflfz(l*fa)(1*fil) [@(hw, T') — ®(—Tw, T],(24)
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on the assumptiorthat particlesare scatterechearFermisurfacewith the momentunvaluesp;

approximatelyequalto the Fermimomentunpr. In this casethe probability W ({p;}) of two-

bodycollisionscanbetakenasa functionof two scatteringanglesp andd, where¢ is theangle
betweerthemomentap; andp,, andd is theanglebetweerthe (p; p2) and(psp4) planesthat
is

cos¢p = (P2-D1),
cos = [P1 X Pa]-[Ps % Pa]/|[P1 x P2]||[P3 X Dal. (25)

It allows to separatehe angularandthe enegy integrationsin the collision integral at arbitrary
scatteringangle[29]. The integrals with respectto momentain expressionfor the collision
integral arecalculatedcemploying thetransformatiorj23,27,29]

/ dp2dpsdpsd(Ap)(...) =

*3 ™ i . 2m oo [e%s} oo
- d / d@% dg / / / desdesdea(. . ). (26)
2 Jo o cosgJo o Jo Jo

Here, ¢ is the azimuthalangleof the momentump- in the coordinatesystemwith the Z axes
alongp;.
Theintegrationwith respecto the azimuthalangley is performedby therelation[28]

27 d R R L
[ 55Yin(0) = Yin (5P (Bs0) (27)
Jo 27
whereP, is aLegendrepolynomial,and
(Psp1) = cos?(¢/2) + sin?(¢/2) cos,
(Pab1) = cos*(¢/2) — sin®(¢/2) cosb. (28)

To performover enegiesin thecollision integral the following expressionareused[23]

+oo
I(y) = / dridzg ... dzr,n(z)n(xs) .. n(z,)0(x1 + 22+ ...+ 2,) =
“+oo “+oo
= / dzyn(xy)L—1(z, +y) = / din(t — y)L,—1(t), (29)

wheren(z) = 1/(1 + exp (z)), n(z) + n(—z) = 1 and

1 y2+ﬂ_2

B 1 y(y?+4n?)
21 +4exp(—y)’

I = 30
Finally we getthefollowing relationfor relaxationtimesusingthe collisionalintegral of the
form givenby Eq.(24):

I3(y)

h
5 = R@,T) (04, ®") + (07,007 (31)
Te
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whereoy,, = (o, + 0,,)/2; 0}, = dojj; /dS is in-mediumdifferential cross-sectiorfor
scatteringof the nucleonsj andj’ ( here,j = n or p, andsimilarly 7 = p or n). The quantity
R(w,T) resultfrom the enegy integrationsandhasthe following form in low-temperaturend
low-frequeng limits (7, iw < er) in theapproximationn* ~ m
2 r
R(w,T) = = —{(hw)? + (2aT)%}. (32)
37 h
Thesymbol(...) in Eq.(31)denotesveragingoveranglesof therelative momenteof the collid-
ing particles,

1 s . ™
((...))y = —/ dgf)sm(¢/2)/ de(...). (33)
™ Jo 0
Thefunctions@ii) in (31) definethe angularconstraintson nucleonscatteringwithin the
distortedlayersof the Fermisurfacewith multipolarity ¢:

&) =1+ Py(cos ¢) — Pu((psp1)) F Pe((pabdr)), (34)

wherethe scalarproducts(psp;) and (p4p1) aregiven by Eq.(28). It follows @éié(d),@) =
<I>§J:r)1(¢, 0) = <I>§;2](¢, 6) = 0. Theserelationsleadto possibility of the two-bodycollisionsin
layersof the Fermi surfacedistortionwith multipolarity beginning with thevalueééﬂ =2in
the isoscalarcaseandﬁgf) = 1 for the isovectorvibrations. As aresult, the isovectordipole
relaxationtime rz(;f hasa finite value,thatmeansa nonconserationof the isovectorcurrentin
thepresencef n — p collisions[30].

Dueto themomentunconserationandconditionsp;= pr, theanglef agreeswith thescat-
tering anglein the centerof-massreferenceframe of two nucleons. The angle¢ definesthe
magnitude®f therelatve momentak; = (p2 — p1)/2 andk; = (ps — p3)/2 beforeandafter
collision,respectiely. Thevalueof totalmomentumP = p; + p2, alsodepend®namagnitude
of the¢. We have

kiky = k?cosO, k* =k} =k} = ppsin®(¢/2), P? = dpp cos®(4/2). (35)

Thereforetherelative kinetic enegy E,..; of two nucleonsaswell astheenegy of centrummass
motion E.,,, aredependenbn angle¢

Bro = k?/m = 2epsin®(¢/2), E.n = P?/2m = 2ep cos®(¢/2) (36)

andthetotalenegy E;,; = E,.; + E.,, holdsonly fixed, F;,; = 2¢g. Thereforethein-medium
differentialcross-sections’, ,,, of two nucleonscatteringdependbntherelatve momentek; and
k; atfixedtotal enegy ratherthenat fixed relative kinetic enegy £,..;, becaus¢he magnitude
of E,..; changesvith angle¢ betweercolliding particles. Thetransfermomentag = k; — ky =
p3 — p1 andq’ = —(k; + ky) = p1 — pq4 for scatteringdueto directandexchangenteractions
respectrely arealsofunctionsof the ¢ and6: ¢ = 2k(¢) sin(0/2) andq’ = 2k() cos(0/2).
Now we estimatethe collisional relaxationtimesin the caseof the isotropicscatteringwith
independenbf enegy the angle-intgratedcrosssectionss ;. Performingangularintegration

in (31) with the useof Eqgs.(33)and(34) we find that 1 /Téggﬂ =0and

h 1 1 8m "
— = — [(hw/27)% + T?], —:—ca‘—l—d( 0,], 37
Téi) agi) [( / ) } ) agi) 3712 L0 av Y] np ( )
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2 (=)t 1= (=1) -
e Gl M S R el G O d(+):d§:2)205:o=c£:1:07

2w+1 2041

whereo,, = [0pp + Onn + 20,,)/4 is the in-mediumspin-isospinaveragednucleon-nucleon
crosssection. The magnitudeof thein-mediumcrosssectionan/ is taken usuallyproportional

to the value of thefreespacecrosssectlona(f 7<) with afactor F' = o,/ /a(f "), sothatthe

Cy =

parameteag ) canberewrittenin theform
of) =a{?/F, &P =418/ e, + 1347, MeV, (38)

Here thevaluess\*® = 3.75 fm? ando f’ee =5 fm? areadopted10,16]; they correspond
to thefree spacecrosssectlonmearFerml enegy

Therelative reIaxatlontlmesfe /TZ ) with thefreespacecrosssectionsareshavn onFig.1
in relationto the multipolarity ¢ of thedlstortedlayersof the Fermisurfacewhich areaccessible
to particlecollisions. Solidanddashedinesconnecthevalueswhich correspondo isoscalaand
isovectormodesof vibrationsrespectrely. The magnitude®f therelaxationtimesaredifferent
for isoscalaandisovectormodesof vibrationsandthey aredependenbnthemultipolarity £. As
seenfrom the Fig.1, the collisional relaxationtimesratherslowly vary with multipolarity ¢ and
with collective motionmodeat isotropicscatteringwith enegy independenfree crosssections.
In particular parameter@f,jc which definerelaxationtimesby theEq.(37),take thesamevalue

ate — o0, aﬁ,ﬂm =a = 4.18 MeV, and@/al_) ~ 0.9,a' ) /al") ~ 1.1, a/a' ") ~ 0.8,
a[ 3/0‘/ 5~ 1.4.
r!\ .
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Fig.1: Therelative relaxatlontlmes / Fig.2: Therelaxatlontlme7-2 in dependence

versusmultipolarity ¢.Solid and dashedlnes of T athw = 0 in unitsof 10~22 sec.
connect the values which correspond to
isoscalaandisovectormodesof vibrationsre-
spectvely.

Thedependencef theviscosityrelaxatiomimeTﬁg (w = 0,T) onthetemperaturés shavn
in Fig.2. The value of a » is usedfrom Eq.(38). The temperaturedependencearisesfrom
smearingout the equmbrlum distribution function nearthe Fermi momentumin heatednu-

clei.Thecollisional ratesl/Té(i) given by Egs.(31)and(37) are quadraticboth in temperature
andin frequeng with the samerelationshipbetweerthe componentsnuchasin thezerosound
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attenuationfactor of heatedrFermi liquid within the Landauprescription[9, 14,16,22]. The
relaxationtimeSTlfi) dependn frequeny w dueto the memoryeffectsin the collisionintegral.

3 Doorway statemechanismin heatednuclei

The relationship(10) givesthe possibility to evaluatethe relaxationtime in systemwith weak

dampingin anindependentvay from decayrates)\f;i) = Fﬁi)/h. We adoptthe following
physicalnotion: AF = P((;i)/h is the spreadinglecayrateof theinitial state|u2.(i)) to thefinal
state\u}i)) within first- orderapproximatiorof thetime-dependerperturbatiortheory asgiven

by thegoldenrule
2 [
AE) = 1/7) = _7T|M(i)|2p§ci) (39)

wherep(fi) is thedensityof theavailablefinal states.

Thequantity|M (£)]2 is themeansquarematrix elementfor transitionsdueto residualinter-
actionV,..s

MO = (| Vres 1) 2, (40)

wheretheline over symbolsdenotesan averageover final states’ [31].

The initial stateshoulddescribegiant collective vibration in heatedsystemat given tem-
peratureT. It is taken asa mixture of a collective state(G'R) and a thermalstatewhich is
approximatedy uncorrelatedsuperpositiorstatesof mp — mh configurationwith m excited
particlesand holescorrespondindo the most probablenumberof excitonsn = 2m at given
temperaturd’. The excitationenegy of the systemis thesumof collective enegy 7w andther
mal excitationenegy U = 7z with £ = 727'/(121n2) for the averageexcitation enegy per
thermalexciton [34]:

lvi) = {GR}, {mpmh}), E = hw + U, U = aT?, 7 = 2m = 29T n 2, (41)

wherethe expressiorfor 7 is takenfrom [34]; a = 72¢/6. Thequantityg is the singlenucleon
statedensityat the Fermisurfaceandthe samevaluesof g aretakenfor neutronsandprotons.

Next we acceptcommonfeaturethat giantresonancetate(GR) is formedby coherentsu-
perpositionof mary (predominantlycorrelatedone-particleone-holeconfigurationsanddueto
this fact wave function of initial statecanbe presentedasthe sum of wave functions|{(m +
1)p(m+1)h}) = |{n;}; k;) of incoheren{m + 1)p — (m + 1)k configurationsvith n; = 2+ 7
excitons, k; standgfor otherquantumnumbers

iy = Cril{ni}: ki), (42)
kg

wherethequantityC}* defineghemagnitudeof theadmixtureof differentcomponentsf quasi-
particleeigenstates.

2To simplify the presentationye will omit in the following the superscripi(%) andincludethemonly whenit is
necessaryo avoid confusion.
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Becausef two-bodycharacteof the residualinteractionV;.., the final statecanconsistof
configurationswith ny = n;,n; + 2 excitons. The averagedsquaredmatrix elementg M |2 of
thetransitionsto stateswith fixed numberof excitonscanberewritten as

M2 =3 Gy ({ng}s kyVeesl {ni}s ki) ({ni}s k{[Vies {ng}s y) =

M ICEPIns Y5 kg ViesH{ni}s ki) ~ M (n; — ny, B), (43)

where M?(n; — ng, E) = |({ns}|Vres|{n:})|? is effective meansquarematrix elementfor
transitionbetweerincoherenparticle-holestates.

Thistransformationis performedby the useof thefollowing assumptiorandproperties:

i) The compensatioof the binary productsof the matrix elementsouplingtogetherincoherent
exciton stateswith differentvaluesk; is assumedo take placedueto very complicateccharacter
of thefinal state;

i) Approximatenormalizatiorof thefactorsCy* isused,y, |C}* | ~ 1;

iii) Themeansquarematrix elementdor transitionsbetweerincoherenexciton stateswith dif-
ferentvaluesof thenumbersk;, k¢ aretakenasequalto the samemagnitudeM? (n; — ng, E)
whichis dependenonly on numbersf excitonsandthetotal excitationenegy. We alsoassume
thateffective meansquarematrix elementsM?(n; — ny, E) for interactionsbetweendifferent
kindsof nucleonsareequalin magnitudg32-35].

With the useof (43), the collisional relaxationrate \. (Eq.(39))coincideswith the particle
interactionsrate of the exciton modelstartingfrom the n; configuration34]. Therelation(39)
for thecollisionalrelaxationtime 7. = 7.(w, T') is

TE =2t M (ne =+ 2, E) pe(E) 4+ 2aM?(ne = 71, E) pa(F), (44)
(&

E=hw+U, U=dT? #=0bT, a=r’g/6, b= 0.843a,

whenprocessesf creationandof annihilationof theparticle-holepairsareincluded. Thematrix
elementdor bothprocessearetakento bedeterminedy thenumberexcitonsn . in thesimplest
state[36] andp.. (p.) is thedensityof thefinal accessiblstatescorrespondingo thepaircreation
(annihilation).

The transitionsto final configurationwith ny = n; + 2 = 7 + 4 dominateat low excita-
tion enegies. Using the simplestexpressionwithin the exciton model[34] for densityof final
accessiblstatesp.(E) = (¢°/2)(E?/(n; + 1)), the Eq.(44)is givenby

h (hw + aT?)?
Te(w, T) 34 0T

Accordingto theexcitonmodelstudieq [33]- [40] theeffective meansquaranatrixelements
M?2(n;, E) is enegy-independenat low excitation enegiesandit is inverselyproportionalto
enegy at higherexcitations. The enegy-independengstimationM? wasobtainedwith the use
of the Fermi gasmodelas[37,38] M? = Kj;/A3, Ky ~ 15.3 MeV?, where A is the mass
number The behaiour of collisional relaxation,asgiven by Eq.(45),with suchmagnitudeof
themeansquarematrix elementagreeswith estimation(37) basedon kinetic equationapproach
atlow temperature¥’ < hw.

= 1P M*(ne =i +2,E = hw +U) (45)
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Therearedifferentestimatedor the meansquarematrix elementwith dependencen enegy
andnumberof excitons[33,39,40]. The fulfillment of the conditionof equiprobabilityof all
particle-holeconfigurationss assumedn mostof themandthereforethey cannot be usedin
theconsideredaaseof collective (predominantlyl p-1h)stateoverlappedvith temperature-figd
backgroundgarticle-holestates The expressiorfor M?(n, E') withoutassumptioron a uniform
sharingof the excitationenegy F into n excitonswasproposedn Ref.[40]:

_n<+1 K

2
Mi(n<, B) 4 AE

(46)

wherequantity K is not changedwith £ andn but canbe dependenbn numbersof protons
andneutronsCp = 190 MeV?. If this valueof M? is employed asthe squaredntronuclear
matrix element,the collisional relaxationtime 7. is a linear function of the collective enegy
hw andthermalenegy U. The correspondingxpressiongEqgs.(45)and(46)) for therelaxation
time have the sameform asthatoneobtainedwithin testparticleapproachwhencollisionswere
simulatedby modelings-wave scatteringbetweerpseudoparticleptl,42]:

o 2 (et D) o = 20/ (@)

The relaxationtimes given by Egs.(37)and (47) can agreetogetherat zerotemperaturef the
magnitudeof K5 is equalto thevalue Ky = (hw/a)(A/(gn))3. Here,Kg = 70.9hw/a ~
220 MeV? for giantisovectordipole resonance# heary nuclei, whenhw ~ 13 MeV, g =
A/13 anda = & = 4.18 MeV. Thisvalueof K is rathercloseto the K5z = 190 MeV3. It
meanghatin cold nucleitherelaxationtimesfor the GDR within doorway statemechanisnare
nottoo differentfrom thoseobtainedwithin thetransportapproach.

The dependencef the collisional relaxationtimes.(w, T') on temperatureandenegy fiw
is demonstratedn Figs.3-6.Solid anddashedines correspondo the relaxationtimesr.(w, T')
within doorway statemechanismwith the meansquarematrix elementsM?(n., E) « 1/E
andM?(n-, E) = const respectiely. Dot-dashedines correspondo thecollisionalrelaxation
timesTlf;f within theframework of thetransportapproactwith thevalueag’) determinedy free
n — p cross-sectiolf see Eq.(38)). ThefactorskCy; andC g of themeansquarematrix elements
arefixed from the conditionof the coincidenceof therelaxationtimesr.(w = Eqpr/h,T =
0) andre(:_f (w = Egpr/h, T = 0) in cold nuclei at a frequeng correspondingo the GDR
enegy. The magnitudeof this enegy is takenasequalsto the GDR enegy in 2 Pb: Eqpr =
13.43 MeV. Thevaluesof therelaxationtimesaregivenin unitsof 10~22 sec.

Figures3, 4 show relaxationtimesatw = 0 (Fig.3)andw = Egpr/h (Fig.4)in relationto
thetemperature.
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& 1000 ]

T, MeV T, MeV
Fig.3: The relaxationtime 7 in dependence Fig.4: Therelaxationtime in dependencef T
of T at hw = 0 in unitsof 10722 sec. Solid athw = Egpg in unitsof 10722 sec. Nota-
anddashedinesdenoter within doowvay state tionsarethe sameasin Fig. 3.
mechanismwith M? o 1/E and M?
const. Dot-dashedine is 7 within the frame-
work of thetransportapproach.

Figuresb, 6 demonstrateependencef therelaxationtimesonenegy e = hw in cold (Fig.3,
T = 0) andheatedFig.4,7 = 2 MeV) nuclei.
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Fig.5: The relaxationtime in dependencef Fig.6: The relaxationtime in dependencef
e = hw atT = 0in unitsof 10722 sec.Nota- ¢ = hw at7 = 2 in unitsof 10~22 sec.Nota-
tionsarethe sameasin Fig. 3. tionsarethe sameasin Fig. 3.

The collective relaxationtimesin heatednuclei canbe approximatelypresentedy the ex-
pression

1/7e(w,T) = q1[w® + 2T /[g3 + auT7°, (48)

whereg; aresomeconstantsindthe exponentsarethe functionsof frequeng andtemperature
andthey are3 = 2,v =1, 6 = 0 in thetransportmethod;the 3, v arechangedrom 2 to 1 and
6 variesfrom 1 to 0 with growing of the excitation enegy in the doorway stateapproachwith
allowancefor pair creation.
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4 Resultsand conclusions

The retardationand temperatureeffectsin two-body collisionsin heatedFermi systemswere
studied. An expressionfor non-Marlovian collision integral of the Landau-Vlase transport
equationwas obtainedin a form which allows for reachingthe local equilibriumin system. It
is basedn the Kadanof- Baymequationgor Greenfunctionswithin thelimit of smallretarda-
tions.

The expressiondor collisional relaxationtimes of the collective vibration in heatednuclei
are derived with the useof the non-Marlovian collision integral aswell asof decayratesof
exciton model. The relaxationtimes dependon frequeng of the collective vibrationsandthe
temperatureThetemperaturelependencarisesfrom smearingout the equilibriumdistribution
function nearthe Fermi momentumin heatednuclei. The frequeny dependenceesultsfrom
theretardationmemory)effectsin the collisions. Analytical expressiondor relaxationtimesof
theisoscalarandisovectormodesof the collective motionarederivedin the caseof the enegy
independenisotropiccross-sectionms thetwo-bodycollisions. Therelaxationtimesvary rather
slowly with multipolarity of the Fermi surfacedistortionsgovernedby collective motion and
two-body collisions. It enableso usethe approximationof the relaxationtime ansatzfor the
collision integral. The relaxationtimesdependon type of collective motion mode,suchasthe
lifetimesof the particle-holeconfigurationsn two-componenexciton modelof the Ref.[32].

New approacHor calculationof the collision relaxationtime in heatechucleiareproposed
usingtheformulaefor thetransitionratesof theintranucleatransitionbetweerthermalstatewith
collective vibrationsandincoherenpatrticle-holeconfigurations.This methodleadsto the same
resultsasthe transportapproachn the caseof low temperatureandenegy-independenmean
squarematrix elementof particle-particlecollisions. It makespossibleto take into accountthe
enegy dependencef the in-mediumcross-sectiong1 a simple phenomenologicalvay by the
useof the parametrizatiomf the meansquarematrix elementM? of particle-particlecollisions
from exciton modelof nuclearreactions.The dependencef the matrix elementM? (i.e., the
in-mediumcross-sectionpn enegy leadsto non-quadratiddependencef the relaxationtimes
ontemperatur@ndcollective vibrationfrequeng.
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