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TWO-BODY RELAXA TION TIMES IN HEATED NUCLEI
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The retardationand temperatureeffects in two-bodycollisionsare studied. The collision
integral with retardationeffectsis obtainedon thebaseof theKadanoff-Baym equationsfor
theGreenfunctionsin a form with allowancefor reachingthelocalequilibriumsystem.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 surfacedistortionandon the modeof the collective motion.
Thedependenceof therelaxationtimeson temperatureaswell ason frequency of collective
vibrationsis consideredandcompared.It is shown thatvariationsof thein-mediumtwo-body
cross-sectionswith energy leadto non-quadraticdependenceof thecollisionalrelaxationtime
bothon temperatureandon thefrequency of thecollective motion.

PACS: 05.20.+w, 21.60.Ev, 21.65.+f,24.10.Pa,24.30.Cz

1 Intr oduction

Thedampingof thecollective excitationsaswell astransportcoefficientsfor viscosityandheat
conductivity are strongly governedby the particle collisions. The relaxationtime methodis
widely usedasthesimplestandratheraccurateapproachfor simulationof thecollisionalrelax-
ation rate ���������
	 , where 	 is the so-calledrelaxationtime [1–3]. Relaxationtime method
canbeappliedto thedescriptionof thedecayratesof arbitrarymodesof motion,but anexplicit
form of the relaxationtime dependson specificfeaturesof the mode. In this contribution, the
collisionalrelaxationtimesresponsiblefor thewidth of thecollectivevibrationsarestudied.

2 Semiclassicalkinetic equationapproach

The collisional relaxationtimescanbe calculatedusing the collision integral of the transport
equation.In studiesof thedampingwidthsof collective excitation in theFermi liquid, they are
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determinedby thecoefficients 	� ���� of themultipoleexpansionof thetotal number� ������������ of
thecollisionsin thedirection ������ �
� of themomentumspace[2,4]

� � ��� ������ � !" #%$'& � ��� ���� ( $ �)� �+*,�'- .0/1
�

2�3�4 �
5 � ���� 2	� �6��

7 � 2 ������98 (1)

Here, & � ���:����)( $ � arethelinearizedcollision integrals

& � ��� ���� ( $ � � & � ��� � � (<;=(?>���� � &%@ � �)(
;=(9>��BA &0C � �)(
;=(?>��D� �:E ( (2)

wherethesigns �DF � and �9G � standfor isoscalarandisovectormodesof vibrations,respectively,
andthesubscripts� andH standfor protonsandneutrons,respectively; &%I � � (<;=(?>�� is a collision
integral in phasespace� �)(
;%� , whena nucleonof the sort J � � �LK%M H � with momentum� is
scattered;$ is nucleonenergy. Thecollisionintegralsarelinearizedwith respectto thedynamical
componentof thephasespacedistribution function N�O I � �)(
;=(9>�� . ThevaluesP �����" determinethe
initial componentsof themultipoleexpansionof thetotalnumberof thecollisions.Thefunctions�Q� ���� 2 arethepartial componentsof the energy-integrateddistribution function N�O � �6�:� �)(
;=(?>��R�� N�O @ A N�O C � ��E � N�O � �6�:����)( $ (
;=(9>�� ,

!" #0$ N�O � ��� ���� ( $ (<;=(?>��)� �+* "
�

2�3�4 �
5 � ���� 2 � ;=(?>�� 7 � 2 ������9( (3)

where
7 � 2 ������ is the sphericalharmonicfunction. In the approximationof a small difference

betweenthe chemicalpotentialsof protonsandneutronsandassuming SO @ � SO C � SO , whereSO � SO � �)(
;%� is theequilibriumdistribution function,thedynamicaldistortionsN�O � �6�:� �)(
;=(?>�� of
thephasespacedistribution functionsaresolutionsof thelinearizedLandau-Vlasov equationT N�O � ���T > F �

U
T N�O � ���T ; G T S$ � �6�T ;

T N�O � �6�T � G T N�V � �6�T ;
T SOT � � & � ��� � � (<;=(?>��?( (4)

whereN�V � �6� � N�V � �6�
� � (<;=(?>�� is theWignertransformof thevariationof theself-consistentpo-
tentialwith respectto theequilibriumvalue S$ � �6� . In thenuclearinterior themeanfield variationN�V � ��� canbeexpressedin termsof theLandauinteractionamplitudeW � ���:� � (<�QX9� as

N�V � �6� � YZ\[ # �]X� E�^ S_ �a` W � �6� �
�)(
�]X?� N�O � �6� � �]Xb(<;%cb>��?( (5)

where
ZR[ � E � [ Ued<� � Y ^�f S_ ` �?( � [ is the Fermi momentum,Ugd is the effective massof

nucleonand Y is thespindegeneracy factor. Thequantity W �����:� �)(
�]X9� is usuallyparameterized

in termsof theLandauconstantsW � ���" and W � ���h as

W � ��� � � (<�QX9�)� W � ���" F W �����h �����i ��Bjk�98 (6)

In theisoscalarcase,theLandauconstantsarerelatedto theincompressibilitymodulusl [5] of
matterandtheeffectivemassU d [6] by

l �nm=o � � F W � pq�" �?( U d � U � F W � p��h �:r 8 (7)
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HereU is themassof freenucleonando is thechemicalpotential.Wehave ons $ [ � �0f[ ��E�Ued
for tvu $ [ , where $ [ is theFermienergy and t is thetemperature.In the isovectorcase,the
LandauparameterW � 4 �" is relatedto thenuclearsymmetryenergy w9xzy
{){ . Namely[7,8],

w9x|y
{){ � �
r o � � F W � 4 �" �98 (8)

The quantities	� ���� in Eq. (1) canbe consideredas the partial collective relaxationtimes
becausethey determinea collisionalcontribution to thedampingwidthsresultingfrom thetwo-
bodycollisionsin thelayerof themomentumspacewith multipolarity P ,

�
	� ���� � !" #0$ #�} @ & � ��� ���� ( $ � 7 � " ����~� !" #%$ #�} @ N�O � ��� 7 � " ������ 8 (9)

Thesetimesareproportionalto therelaxationtimes 	� �6�� definingthedampingwidths � ������ �?� �
of the isoscalarandthe isovectorvibrationswith frequency � [2, 4,9,10] in the regimeof rare
collisionswith � 	 � �6�� � � in the Fermi liquid. In particular, the collisional dampingwidths
of giant resonanceswith dipole ( � � � ) andquadrupole( � � E ) multipolaritiesresemblethe
widthsin therelaxationrateapproach

� � �6�� �?� �)� S_ �
	 � �6�� �?� �?( 	 � 4 �� �?� � � �)� 	 � 4 �� 3 h ( 	 � pq�� �9� � E �)� 	 � p��� 3 f ( (10)

in thecasewhennuclearfluid dynamicalmodelwith relaxationis used[4,9–12]. Thecollisional
dampingwidth [2] of zerosoundin the Fermi liquid with its relative velocity ����� � is also
givenby Eq.(10)but with theuseof the 	� pq��z� !

��	� pq�f for 	������ �?� � . Thetime 	� pq�� 3 f at � ��� is
thethermalrelaxationtimedeterminingtheviscositycoefficientof theFermiliquid [13].

Thevariationsof themeanfield andof thedynamicalcomponentof thephase-spacedistribu-
tion functionchangerapidly in thesystemswith high frequency collectivevibrations.This leads
to thememory(retardation,i.e. non-Markovian)effectsin thecollision term.Therearedifferent
expressionsfor memory-dependentcollision integral in theFermiliquid ( [14]- [20]).

Thenon-Markoviancollision termof thesemiclassicalLandau-Vlasov equationwasstudied
in Born approximationwith theuseof theKadanoff-Baymequationsfor theGreenfunctionsin
Refs.[17,19]. Theone-componentFermiliquid wasconsideredwith theperiodictimevariation
of the nonequilibriumdistribution function N�O � N�O C � N�O @ , N�O ���:��� ��G�� � >�� . As a result,
the linearizedcollision integral consistsof two components(seeEqs.(42),(43)and(45),(46)of
Ref. [19]), i.e.,

& � �)(
;=(?>���� & �
h � � �)(
;=(?>�� F & � f � � �)(
;=(?>��9( (11)

wherethecomponents& � h �:� �)(
;=(?>�� and & � f �:� �)(
;=(9>�� aredeterminedby thevariationsof thedis-
tribution functionandthemeanfield, respectively, and

& ���b� � �)(
;=(9>���� E # � f # � ` # �B�� E ^ S_ �a� � ��� ���9�%� N �a� �~��� ���b� � �)(
;=(?>��98 (12)

Here,� ��� �����0�)� � #0� � #�} �a� � E=^ S_ � ` �<U�f is theprobabilityof two-bodycollisionswith theinitial
momenta� h � � (<� f andfinal ones� ` (<�]� , �¡� � �£¢ �Q� ; #0� � #�} is the in-mediumdifferential
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cross-section(in theBorn approximation);

� � h � � � (<;=(?>����
�
¤ 3 h N�O ¤ �

>�� T\¥ �9� SO � �%�T SO ¤ ¦ N p �|� S$ F S_ � � F N 4 �a� S$ G S_ � �a§b(

(13)

� � f � � � (<;=(?>���� ¥ �9� SO � �%� �¨� N�V �
>��D�

S_ � � ¦ N p �a� S$ F S_ � � G N p �a� S$ �a§ G ¦ N 4 �|� S$ G S_ � � G N 4 �|� S$ �|§b�©(
where SO ¤ � SO � � ¤ (<;©� ; T]¥ ��� SO � �0� � T SO ¤ arethe derivativesof the is the Pauli blocking factor

¥
with respectto SO ¤ ,¥ �9� SO � �%�)� � � G SO h � � � G SO f � SO ` SO � G SO h SO f � � G SO ` � � � G SO � �98 (14)

The S$ � � S$ � � � (
;%� is the equilibrium single-particleenergy and N�V � the variationof the mean
field, and� S$ � S$ h F S$ f G S$ ` G S$ � ( �¨� N�V �)� N�V h F N�V f G N�V ` G N�V � ( � ���ª� h F � f G � ` G � � 8
Theequilibriumdistribution function SO ¤ � SO � � ¤ (<;%� dependson theequilibriumsingle-particle
energy S$ ¤ � S$ � � ¤ (<;%� : SO ¤ � SO � S$ ¤ � . It equalsthe Fermi function evaluatedat the temperaturet , SO � S$ ¤ �«� ��� ¦ � F ����� ��� S$ ¤ G o¬� � t �a§ . The nonequilibriumcomponentN�O of the distribution
functioncanbepresentedin thetheform

N�O � �)(
;=(?>��~� G � � �)(
;=(?>�� T SO � S$ �T S$
8 (15)

With theuseof this relationtheexpressionfor quantity � � h � canbetransformedto theform

� � h � � �)(
;=(9>��� G
�
¤ 3 h

� ¤ T£¥ �9� SO � �%�T S$ ¤ ¦ N p �|� S$ F S_ � � F N 4 �|� S$ G S_ � �a§6�
� � � ¥ ��� SO � �0�

T
T S_ � ¦ N p �a� S$ F S_ � � F N 4 �a� S$ G S_ � �|§ G N � � h � ( (16)

where� � � � h F � f G � ` G � � , � ¤ � � � � ¤ (
;=(9>�� and

N � � h � �
�
¤ 3 h

T
T S$ ¤

� � ¤ ¥ �9� SO � �%� ¦ N p �a� S$ F S_ � � F N 4 �|� S$ G S_ � �|§b�

F
�
¤ 3 h

¥ �9� SO � �%� ¦ N p �a� S$ F S_ � � F N 4 �a� S$ G S_ � �|§
T � ¤T S$ ¤

8 (17)

Thefirst componentin theEq.(17)determinesa probabilityflux of colliding particleswhich
is connectedwith possibility of variation of the energy S$ ¤ when the valuesof other energies
( S$ �
®3 ¤°¯%±³² S_ � ) arefixed. This term shouldbe equalzerobecauseof fixing the total energy in
initial or final statesand thereforeit doesnot contribute to the total numberof the collisions� ����� , Eq.(1).Thelaststatementcanbeeasilyverifiedby directcalculationof thiscontribution
to the � � �6� with theuseof theprocedureproposedby Abrikosov andKhalatnikov (seeEqs.(25)
to (30)) for evaluationof themanifoldenergy integrals. A relative dynamicalcomponent� ¤ of
thedistribution functionis slowly dependentonenergy andit canbeconsidered(at leastfor low
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temperaturestvu $ [ ) asa functionof themomentumdirectionratherthanof themomentum:� ¤ � � � � ¤ (
;=(9>��´� � ���� ¤ ( $ [ (
;=(?>�� . Thereforethe secondcomponentin the Eq.(17) is also
negligible andtheterm N � � h � in theEq.(16)shouldberejected,

N � � h � �n��8 (18)

NotethatthegeneralizedfunctionsN p , N 4 appearingin Eqs.(13),(16)and(17) includealso
integralcontribution,

N p �¶µ ���
�
E�^

"
4 ! # 	n· 4

�+¸]¹ � �E�^
�

µ�F�� � �
�
E N �¡µ � G

�
E�^ �»º �

�
µ �?( N 4 �¶µ ��� N dp �¶µ �9( (19)

where N �¡µ � is the deltafunction andthe symbol º denotesthe principal valueof integral con-
tribution. The integral termsof the N � , correspondingto virtual transitions,areusuallyomitted
in the & becausethey assumedto be includedby renormalizingthe interactionsbetweenparti-
cles[21]. Thiscorrespondsto substitutingN �¡µ � �:E for N � in Eqs.(13), i.e.,to takinginto account
real transitionswith conservationof energy. Theshift in energy � S$ by S_ � in theargumentsof
the N -functionsof theexpressionsfor thecollision integral agreeswith the interpretationof the
collisionsin the presenceof the collective excitationsproposedby Landau[22]. Accordingto
thisinterpretation,high-frequency oscillationsin Fermiliquid canbeconsideredasphonons,that
areabsorbedandcreatedat thetwo-particlecollisions.

In the one-componentFermi liquid the nonequilibriumdistribution function N�O � � (<;�(9>��¼�O � � (<;=(?>�� G SO � S$ � �)(
;%��� is a solutionof thelinearizedLandau-Vlasov equationin theformT N�OT > F �
U ����½i TT ; � N¾SO � & 8 (20)

Here, N SO is a lineardeviation of thedistribution function from its local equilibrium value O�¿ÁÀ Â�À ,
wherea function O�¿ÁÀ Â�À is equalto thetheFermi function SO � $ � evaluatedwith actualone-particle
energy $ � S$ F N�V , O�¿ÁÀ Â�À � SO � $ � � (<;=(?>���� ,

N SO � N�O G # SO
# S$ N�V

� O � �)(
;=(9>�� G O ¿ÁÀ Â�À � GLÃ # SO
# S$
( Ã � � F N�V ( (21)

whererelationshipfor N�V hasthe form of the Eq.(5)but with the interactionsanddistribution
functionfor one-componentFermiliquid.

Accordingto Eq.(20),a Fermisystemtendsto the local equilibrium(when
T N�O � T >Ä��� ) if

thecollision integral is a functionalof the N SO , & ��Å � N SO � . Thecollisionintegralgivenby theex-
pressions(11)-(13)and(16),(18)hasthefollowing generalform: N & � N & � h ��� N�O � F N & � f �<� N�V � .
Thereforeit doesnot leadto local equilibrium of a system.The conditionof the existenceof
thelocalequilibriumof asystemis generalpropertyof theLandau-Vlasov equationin theFermi
liquid [23,24] at

T N�O � T >¾�g� . ThereforetheBorn approximation(11)-(13)for collision integral
is poorapproachwithout additionalmodification,anda revision of thederivationmethodof the
collision integralexpressionis needed.

It shouldbeinitially notedthattheforegoingrelationshipsfor collision integral areobtained
with theuseof theperturbationtheoryin nearlynonhomogeneoussystemswith weekinteraction
betweenparticles.A weekinteractioncannot changerapidly the trajectoryof the particleand
dueto this it cannot leadto rapidvariationsof thedistributionfunction. It meansthatretardation
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effectsareoverestimatedin theexpressionfor collision integral in Born approximationwhereit
wasassumedthatdistributionfunctionwasvariedveryquickly duringall possibleinterval of the
time changing( G°ÆÈÇ > j Ç > ). Consequently, the collision integral given by Eqs. (11)-(13),
(16),(18)canbein factcorrectin thecaseof smallretardation,i.e., for smallvaluesof the S_ � .

With thisin mind,wereplacethederivativesof theform
T N p �a� S$ F S_ � � � T S_ � and

T N 4 �a� S$ GS_ � � � T S_ � in theEq.(16)by thefinite differences� N p �|� S$ F S_ � � G N p �a� S$ ��� � S_ � and � N 4 �a� S$ � GN 4 �a� S$ G S_ � ��� � S_ � , respectively. Thenwe combinetheresultingexpressiontogetherwith con-
tribution � � f � arisingfrom mean-fieldvariationandobtainthe linearizedcollision integral for
one-componentFermiliquid in thefollowing form

& � �)(
;=(?>���� # � f # � ` # � �� E�^ S_ �a� � ��� ���9�0� N �a� �~� �ÉÃ ¥ N �a� $ F S_ � � G N �|� $ G S_ � �
S_ �

8 (22)

With theuseof thealgebraicrelation[23]

¦ � � G SO h � � � G SO f � SO ` SO � G SO h SO f � � G SO ` � � � G SO �0� ���0� Ê S_ �t § N �a� $ A S_ � �)�g��( (23)

Eq. (22)canbepresentedas

& � � (<;�(9>��)�
� # � f # � ` # � �� E�^ S_ � � � �9� � � �%� N �|� ��� �ÄÃ SO h SO f � � G SO ` � � � G SO � � ¦ Å � S_ � ( t � G Å �9G S_ � ( t �|§=( (24)

where Å � S_ � ( t �� N �a� $ F S_ � � ¦ �:��� ��G S_ � � t � G � § � S_ � .
Thecollision integral of theform (22) or (24)providesdriving distribution functiontowards

its local equilibriumvaluebecauseit dependson thevariation N SO , & � & � N SO � . This behaviour
is in line with generalpropertiesof the Landau-Vlasov equationin the Fermi-liquid [23,24]
at
T N�O � T >R�ª� . Theexpressions(22), (24) dependonly on theoccupationprobability º f @ f'Ë �SO h SO f � � G SO ` � � � G SO ��� of the2p-2hstatesin thephasespace.Thisfactleadsto interpretationof the

collisionaldampingwith linearizedcollision termastherelaxationprocessdueto thecoupling
of one-particleandone-holestatesto morecomplicatedE�� G E _ configurations.

The form of the collision integral (24) in the Markovian limit (�vÌ � ) coincideswith the
standardexpressionfor thecollision integral in Fermi-liquidwithout retardationeffects[23,24]
becausein this casethetermin squarebracketsof Eq.(24)tendsto thevalue G N �a� $ � � t .

The equation(22) for somespecialexplicit form of the quantity Ã � was usedat first in
Refs.[16,25,26]. Thederivationof thecollision integral (22) is performedin Ref. [14] within
framework of theextendedtime-dependentHartree-Fockmodel.Theexpressionsfor thedistor-
tion functionsÃ � correspondingto a perturbationapproachon collision termandincluding the
amplitudesof therandomphaseapproximationwereusedin this method.

The expressionfor the collision integral in two-componentFermi-systemis obtainedfrom
Eq.(24)in the samemannerasdonein Ref. [4] underthe assumptionthat chemicalpotentials
andtheequilibriumdistribution functionsarethesamefor protonsandneutrons.

Theanalyticalexpressionsfor partialcollectiverelaxationtimes	 � ( Eq.(9) canbeobtained
in low-temperatureand low-frequency limits (t ( S_ �Íu $ [ ). In this casethe momentumin-
tegralsarecalculatedusingthe Abrikosov- Khalatnikov procedure[23,27–29] which is based



Two-bodyrelaxationtimes 237

on theassumptionthatparticlesarescatterednearFermisurfacewith themomentumvalues� �
approximatelyequalto theFermimomentum� [ . In this casetheprobability � ��� ���9�%� of two-
bodycollisionscanbetakenasa functionof two scatteringangles

5
and Î , where

5
is theangle

betweenthemomenta� h and � f , and Î is theanglebetweenthe � � h � f � and � � ` �]��� planes;that
is

Ï K%Ð 5 � ���� f i �� h �9(Ï K©Ð Î � ¦ �� hÒÑ �� f §�i ¦ �� ` Ñ �� � § �%Ó ¦ �� hÒÑ �� f § ÓÔÓ ¦ �� ` Ñ �� � § Ó 8 (25)

It allows to separatetheangularandtheenergy integrationsin thecollision integral at arbitrary
scatteringangle [29]. The integrals with respectto momentain expressionfor the collision
integralarecalculatedemploying thetransformation[23,27,29]

# � f # � ` # � � N �|� ��� � 8:8�8|�)�
� Ued `

E
Õ
"Ö# 5

Õ
"×# Î

Ð+Ø ± 5
Ï K©Ð�Ùf

f Õ
" #0Ú !" !" !" #%$ f #%$ ` #0$ � � 8:8�8¶�98 (26)

Here, Ú is the azimuthalangleof the momentum� f in the coordinatesystemwith the Û axes
along � h .

Theintegrationwith respectto theazimuthalangle Ú is performedby therelation[28]

f Õ
" #%ÚE=^ 7 ¿ 2 ���� � ��� 7 ¿ 2 ���� h �?Ü ¿ ���� � �� h �?( (27)

where Ü ¿ is aLegendrepolynomial,and

���� ` �� h �Ý� Ï K%Ð f � 5 �:E � F Ð+Ø ± f � 5 ��E �»Ï K©Ð Î (���� � �� h �Ý� Ï K%Ð f � 5 �:E � G Ð+Ø ± f � 5 ��E �»Ï K©Ð Î 8 (28)

To performoverenergiesin thecollision integral thefollowing expressionsareused[23]

Þ»ß �¶à �Ý� p !4 ! # µ h # µ f 8:8�8 # µ ß H �¶µ h � H �¡µ f �á8:8:8 H �¡µ ß � N �¶µ h F�µ f F 8�8:8 F�µ ß � �
� p !4 ! # µ ß H �¶µ ß � Þ»ß 4 h �¶µ ß F�à � �

p !4 ! # > H � > G�à � Þ�ß 4 h � >��9( (29)

whereH �¡µ ��� ��� � � F ���0� �¶µ �+� , H �¶µ � F H ��G�µ �)� � and

Þ ` �¡à �)� �
E à f F ^�f� F ���0� ��G�à � ( Þ � �¡à �)� �

m à6�¡à f F � ^�f �
� � G �:��� �9G�à ��� 8 (30)

Finally wegetthefollowing relationfor relaxationtimesusingthecollisionalintegral of the
form givenby Eq.(24):

S_	 � ���� �nâ � � ( t � ã � jä:å Å¾� pq��çæ F ã � j@+C Å¾� ����èæ ( (31)
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where � jä<å � � � jC=C F � j@'@ � ��E ; � j�?�9é � #0� �?�9é � #�} is in-mediumdifferential cross-sectionfor
scatteringof thenucleonsê and ê j ( here,ê � H or � , andsimilarly ê j � � or H ). Thequantityâ � � ( t � resultfrom theenergy integrationsandhasthefollowing form in low-temperatureand
low-frequency limits (t ( S_ ��u $ [ ) in theapproximationUed � U

â � � ( t �)� E
r=^

U
S_ f
�%� S_ � � f Fë� E=^ t � f �=8 (32)

Thesymbol ã98�8:8 æ in Eq.(31)denotesaveragingoveranglesof therelativemomentaof thecollid-
ing particles,

ã � 8:8:8|� æ � �
^

Õ
"Ö# 5 ÐDØ ± � 5 ��E �

Õ
"×# Î � 8:8�8a�98 (33)

The functions Å � �6�� in (31) definethe angularconstraintson nucleonscatteringwithin the
distortedlayersof theFermisurfacewith multipolarity P :

Å¾� ���� � � AeÜ � � Ï K©Ð 5 � G Ü � �D���� ` �� h �D� Ê Ü � ������ � �� h ���?( (34)

wherethe scalarproducts ���� ` �� h � and ����]� �� h � aregiven by Eq.(28). It follows Å � p��� 3 " � 5 ( Î �ì�Å ��pq�� 3 h � 5 ( Î �£�íÅ � 4 �� 3 " � 5 ( Î �£�î�,8 Theserelationsleadto possibilityof thetwo-bodycollisionsin

layersof the Fermi surfacedistortionwith multipolarity beginningwith the value P � pq�" � E in

the isoscalarcaseand P � 4 �" � � for the isovectorvibrations. As a result, the isovectordipole

relaxationtime 	� 4 �� 3 h hasa finite value,thatmeansa nonconservationof the isovectorcurrentin
thepresenceof H G � collisions[30].

Dueto themomentumconservationandconditions� � = � [ , theangle Î agreeswith thescat-
tering anglein the center-of-massreferenceframe of two nucleons. The angle

5
definesthe

magnitudesof therelativemomentaï � � � � f G � h � ��E and ïQð � � � � G � ` � �:E beforeandafter
collision,respectively. Thevalueof totalmomentum,ñ ��� h F � f , alsodependsonamagnitude
of the

5
. We have

ï � ïQð ��ò f Ï K©Ð Î (�ò f ��ò f� ��ò fð � � f [ ÐDØ ± f � 5 �:E �9( ñ f �g� � f [ Ï K©Ð f � 5 �:E �98 (35)

Thereforetherelativekineticenergy ó��+Â9¿ of two nucleonsaswell astheenergy of centrummass
motion ó � 2 aredependenton angle

5
ó �+Â9¿ ��ò f �
U � E $ [ ÐDØ ± f � 5 �:E �9( ó � 2 ��Ü f �:E=U � E $ [ Ï K©Ð f � 5 ��E � (36)

andthetotalenergy ó�ôaõ+ô � ó �DÂ�¿ F ó � 2 holdsonly fixed, ó�ôaõDô � E $ [ . Thereforethein-medium
differentialcross-sections� j�+ö 2 of two nucleonscatteringdependontherelativemomentaï � andïQð at fixedtotal energy ratherthenat fixedrelative kinetic energy ó��DÂ�¿ , becausethemagnitude
of ó��+Â9¿ changeswith angle

5
betweencolliding particles.Thetransfermomenta÷ � ï � G ïQð �� ` G � h and ÷ j � Gø� ï � F ïQð �)�ª� h G � � for scatteringdueto directandexchangeinteractions

respectively arealsofunctionsof the
5

and Î : ù � E ò � 5 � Ð+Ø ± � Î ��E � and ù j � E ò � 5 �»Ï K©Ð � Î ��E � .
Now we estimatethecollisional relaxationtimesin thecaseof the isotropicscatteringwith

independentof energy theangle-integratedcrosssections� �?�9é . Performingangularintegration

in (31)with theuseof Eqs.(33)and(34)we find that ���<	� ����
úá�'- .0/1 �n� and

S_	 � ���� � �
J � �6�� � S_ � �:E�^ � f F t f ( �

J � �6��
�üû Ur S_ f ý � � ä<å F # � ���� � C=@ ( (37)
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ý � � � G E Gª�9G � � �E P F � ( # � 4 �� � � Gª�9G � � �E P F � ( # � pq�� � # � 4 �� 3 " � ý � 3 " � ý � 3 h �n��(
where � ä<å = ¦ �0@'@ F �0C=C F E �0C=@ § � � is the in-mediumspin-isospinaveragednucleon-nucleon
crosssection.Themagnitudeof the in-mediumcrosssection� �?� é is takenusuallyproportional

to the valueof the free spacecrosssection � � ð»�DÂ9Â ��?�9é with a factor W � � �?�9é � � � ð��+Â9Â ��?�9é , so that the

parameterJ ������ canberewritten in theform

J ������ � J � ���� � W ( J � �6�� �n�,8 � û � ý � F � 8 r # ������ (ÿþ ·�� 8 (38)

Here,thevalues� � ð»�+Â9Â �ä:å � r 8���� O U�f and � � ð»�DÂ9Â �C=@ ��� O U�f areadopted[10,16]; they correspond
to thefreespacecrosssectionsnearFermienergy.

Therelativerelaxationtimes	 � �6�� �
	 ��pq�� 3 f with thefreespacecrosssectionsareshown onFig.1
in relationto themultipolarity P of thedistortedlayersof theFermisurfacewhichareaccessible
to particlecollisions.Solidanddashedlinesconnectthevalueswhichcorrespondto isoscalarand
isovectormodesof vibrationsrespectively. Themagnitudesof therelaxationtimesaredifferent
for isoscalarandisovectormodesof vibrationsandthey aredependentonthemultipolarity P . As
seenfrom theFig.1, thecollisional relaxationtimesratherslowly vary with multipolarity P and
with collective motionmodeat isotropicscatteringwith energy independentfreecrosssections.
In particular, parametersJ � ���� , whichdefinerelaxationtimesby theEq.(37),takethesamevalue

at P Ì Æ , J ������ 3 � !
� J ���,8 � û þ ·�� , and J � J � 4 �� 3 h � �,8 � , J � 4 �� 3 f � J � 4 �� 3 h � � 8 � ; J � J � pq�� 3 f � �,8 û ,

J � pq�� 3 ` � J � p��� 3 f � � 8 � .
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Fig.1: Therelativerelaxationtimes	� �6�� �
	� p��f
versusmultipolarity P .Solid anddashedlines
connect the values which correspond to
isoscalarandisovectormodesof vibrationsre-
spectively.

Fig.2: Therelaxationtime 	� pq�f in dependence
of t at S_ � �e� in unitsof � � 4 fDf sec.

Thedependenceof theviscosityrelaxationtime 	 � pq�� 3 f � � �e�,( t � onthetemperatureis shown

in Fig.2. The valueof J � p��� 3 f is usedfrom Eq.(38). The temperaturedependencearisesfrom
smearingout the equilibrium distribution function near the Fermi momentumin heatednu-
clei.Thecollisional rates �=�
	� �6�� given by Eqs.(31)and(37) arequadraticboth in temperature
andin frequency with thesamerelationshipbetweenthecomponentsmuchasin thezerosound
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attenuationfactor of heatedFermi liquid within the Landauprescription[9, 14,16,22]. The
relaxationtimes	 � �6�� dependon frequency � dueto thememoryeffectsin thecollision integral.

3 Doorway statemechanismin heatednuclei

The relationship(10) givesthe possibility to evaluatethe relaxationtime in systemwith weak
dampingin an independentway from decayrates 
 ������ � � � ���� � S_ . We adopt the following

physicalnotion: 
 � ���� � � � �6�� � S_ is thespreadingdecayrateof theinitial stateÓ � � ���� æ to thefinal

stateÓ �������ð æ within first- orderapproximationof thetime-dependentperturbationtheory, asgiven
by thegoldenrule


 ������ � �=�
	 � �6�� � E�^
S_
Ó þ � ��� Ó f�� � ���ð ( (39)

where� � ���ð is thedensityof theavailablefinal states.

Thequantity Ó þ � �6� Ó f is themeansquarematrixelementfor transitionsdueto residualinter-
action � �DÂ�

Ó þ ����� Ó f � Ó ã � �����ð Ó�� �+Â� ÓÔ� � �6�� æ Ó f ( (40)

wheretheline oversymbolsdenotesanaverageoverfinal states2 [31].
The initial stateshoulddescribegiant collective vibration in heatedsystemat given tem-

peraturet . It is taken as a mixture of a collective state ����� � and a thermalstatewhich is
approximatedby uncorrelatedsuperpositionstatesof U½� G U _ configurationwith U excited
particlesandholescorrespondingto the mostprobablenumberof excitons SH � E=U at given
temperaturet . Theexcitationenergy of thesystemis thesumof collectiveenergy S_ � andther-
mal excitation energy V � SH S� with S�ª� ^�f t � � �<E�� ± E � for the averageexcitation energy per
thermalexciton [34]:

Ó � � æ � Ó ����� �=( � U �%U _ � æ ( ó � S_ � F V ( V ��� t f ( SH � E�U � E Y t � ± E ( (41)

wheretheexpressionfor SH is takenfrom [34]; �½� ^ f Y � m . Thequantity Y is thesinglenucleon
statedensityat theFermisurfaceandthesamevaluesof Y aretakenfor neutronsandprotons.

Next we acceptcommonfeaturethatgiant resonancestate ����� � is formedby coherentsu-
perpositionof many (predominantlycorrelated)one-particleone-holeconfigurationsanddueto
this fact wave function of initial statecanbe presentedasthe sumof wave functions Ó �%� U F� � � � U F � � _ � æ � Ó � H �9�0c
ò�� æ of incoherent� U F � � � G�� U F � � _ configurationswith H ��� E F SH
excitons, ò»� standsfor otherquantumnumbers

Ó � � æ � ¤��
� ß �¤�� Ó � H � �%c<ò � æ ( (42)

wherethequantity
� ß �¤�� definesthemagnitudeof theadmixtureof differentcomponentsof quasi-

particleeigenstates.
2To simplify the presentation,we will omit in the following the superscript���! andincludethemonly whenit is

necessaryto avoid confusion.
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Becauseof two-bodycharacterof theresidualinteraction� �+Â� , thefinal statecanconsistof
configurationswith H ð � H ��( H �A E excitons. Theaveragedsquaredmatrix elementsÓ þ Ó f of
thetransitionsto stateswith fixednumberof excitonscanberewrittenas

Ó þ Ó f � ¤�� ö ¤ é �
� ß �¤ � � ß � ö d¤ é � ã � H ð �%c<ò ð Ó"� �+Â� Ó � H �9�0c
ò�� æ ã � H �D�%c<ò j� Ó"� �+Â� Ó � H ð �0c
ò ð æ �

¤�� Ó
� ß �¤�� Ó f Ó ã � Hð �0c
ò ð Ó�� �+Â� Ó � H � �%c<ò � æ Ó f �$# f � H � Ì Hð ( ó �?( (43)

where # f � H � Ì Hð ( ó � � Ó ã � Hð � Ó"� �+Â� Ó � H � � æ Ó f is effective meansquarematrix elementfor
transitionbetweenincoherentparticle-holestates.

This transformationis performedby theuseof thefollowing assumptionandproperties:
i) Thecompensationof thebinaryproductsof thematrix elementscouplingtogetherincoherent
excitonstateswith differentvaluesò�� is assumedto takeplacedueto verycomplicatedcharacter
of thefinal state;
ii) Approximatenormalizationof thefactors

� ß �¤ � is used, ¤ � Ó � ß �¤ � Ó f � � ;
iii) Themeansquarematrix elementsfor transitionsbetweenincoherentexciton stateswith dif-
ferentvaluesof thenumbersò � (:ò ð aretakenasequalto thesamemagnitude# f � H � Ì Hð ( ó �
which is dependentonly onnumbersof excitonsandthetotalexcitationenergy. Wealsoassume
thateffectivemeansquarematrix elements# f � H � ÌÖHð ( ó � for interactionsbetweendifferent
kindsof nucleonsareequalin magnitude[32–35].

With the useof (43), the collisional relaxationrate 
 � (Eq.(39))coincideswith the particle
interactionsrateof theexciton modelstartingfrom the H � configuration[34]. Therelation(39)
for thecollisionalrelaxationtime 	 � � 	 � � � ( t � is

S_	 � � E=^ # f � H ú � SH F E ( ó � � � � ó � F E=^ # f � H ú � SH ( ó � � ä � ó �9( (44)

ó � S_ � F V ( V ��� t f ( SH � wkt (%�«� ^ f Y � m,( w �e�,8 û � r ��(
whenprocessesof creationandof annihilationof theparticle-holepairsareincluded.Thematrix
elementsfor bothprocessesaretakento bedeterminedby thenumberexcitonsH ú in thesimplest
state[36] and� � (� ä ) is thedensityof thefinal accessiblestatescorrespondingto thepaircreation
(annihilation).

The transitionsto final configurationwith Hð � H � F E � SH F � dominateat low excita-
tion energies. Using the simplestexpressionwithin the exciton model[34] for densityof final
accessiblestates,� � � ó �)� � Y ` �:E � � ó f©� � H � F � �D� , theEq.(44)is givenby

S_	 � � � ( t � � ^ Y ` # f � H ú � SH F E ( ó � S_ � F V � � S
_ � F � t f � fr F wkt 8 (45)

Accordingto theexcitonmodelstudies( [33]- [40] theeffectivemeansquarematrixelements
# f � H � ( ó � is energy-independentat low excitationenergiesandit is inverselyproportionalto
energy at higherexcitations.Theenergy-independentestimation# f wasobtainedwith theuse
of the Fermi gasmodelas[37,38] # f �'&�( �*) ` , &+( � � ��8 r-,¨�/. f , where ) is the mass
number. The behaviour of collisional relaxation,asgiven by Eq.(45),with suchmagnitudeof
themeansquarematrix elementagreeswith estimation(37)basedon kinetic equationapproach
at low temperaturest u S_ � .
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Therearedifferentestimatesfor themeansquarematrixelementwith dependenceonenergy
andnumberof excitons[33,39,40]. The fulfillment of the conditionof equiprobabilityof all
particle-holeconfigurationsis assumedin mostof themandthereforethey cannot be usedin
theconsideredcaseof collective(predominantly1p-1h)stateoverlappedwith temperature-fixed
backgroundparticle-holestates.Theexpressionfor # f � H ( ó � withoutassumptiononauniform
sharingof theexcitationenergy ó into H excitonswasproposedin Ref. [40]:

# f � H ú ( ó �~� H ú F �
�

&+0
)~` ó ( (46)

wherequantity &�0 is not changedwith ó and H but canbe dependenton numbersof protons
andneutrons,&+0 � � �©� ,¨�/. ` . If this valueof # f is employedasthe squaredintronuclear
matrix element,the collisional relaxationtime 	»� is a linear function of the collective energy

S_ � andthermalenergy V . Thecorrespondingexpressions(Eqs.(45)and(46)) for therelaxation
timehavethesameform asthatoneobtainedwithin testparticleapproach,whencollisionswere
simulatedby modelings-wave scatteringbetweenpseudoparticles[41,42]:

S_	»� � � ( t � �
�
JBÂ � S

_ � F V ��( �
JBÂ �

& 0 ^
� � Y �*) � ` 8 (47)

The relaxationtimesgiven by Eqs.(37)and(47) canagreetogetherat zerotemperatureif the
magnitudeof &�0 is equalto the value & " � � S_ � � J � � )£� � Y ^ �D� ` . Here, & " �1�
�,8 � S_ � � J �E%E � ,¨�/. ` for giant isovectordipole resonancesin heavy nuclei, when S_ � � �
r þ ·�� , Y �
)£�0�<r and J � J � �,8 � û þ ·�� . This valueof & 0 is rathercloseto the & 0 � � �©� ,��/. ` . It
meansthatin cold nuclei therelaxationtimesfor theGDRwithin doorwaystatemechanismare
not too differentfrom thoseobtainedwithin thetransportapproach.

Thedependenceof thecollisional relaxationtimes 	�� � � ( t � on temperatureandenergy S_ �
is demonstratedon Figs.3-6.Solid anddashedlinescorrespondto therelaxationtimes 	»� � � ( t �
within doorway statemechanismwith the meansquarematrix elements# f � H ú ( ó � � �=� ó
and# f � H ú ( ó �)� ý�2 H43 > respectively. Dot-dashedlinescorrespondto thecollisionalrelaxation

times	 � 4 �� 3 h within theframeworkof thetransportapproachwith thevalueJ � 4 �h determinedby freeH G � cross-section( see,Eq.(38)).Thefactors& ( and&+0 of themeansquarematrixelements
arefixed from the conditionof the coincidenceof the relaxationtimes 	»� � � � ó658749 � S_ ( t �
�]� and 	 � 4 �� 3 h � � � ó65:7�9 � S_ ( t � �Q� in cold nuclei at a frequency correspondingto the GDR
energy. Themagnitudeof this energy is takenasequalsto theGDR energy in f "<; Ü w : ó=587�9 ��<r 8 � r þ ·�� . Thevaluesof therelaxationtimesaregivenin unitsof � � 4 f+f sec.

Figures3, 4 show relaxationtimesat � �ª� (Fig.3)and� � ó 587�9 � S_ (Fig.4) in relationto
thetemperature.



Two-bodyrelaxationtimes 243

1 2 3 4 5

0.1

1

10

100

1000

T , MeV

τ
, 

1
0-2

2
se

c.

1 2 3 4 5

0.1

1

10

τ
, 

1
0-2

2
se

c.

T, MeV

Fig.3: The relaxationtime 	 in dependence
of t at S_ � �í� in units of � � 4 f+f sec. Solid
anddashedlinesdenote	 within doowaystate
mechanismwith þ f � �=� ó and þ f �
ý/2 H43 > . Dot-dashedline is 	 within theframe-
work of thetransportapproach.

Fig.4: Therelaxationtime in dependenceof t
at S_ � � ó6587�9 in units of � � 4 f+f sec. Nota-
tionsarethesameasin Fig. 3.

Figures5,6 demonstratedependenceof therelaxationtimesonenergy $ � S_ � in cold(Fig.3,t �n� ) andheated(Fig.4, t � E þ ·�� ) nuclei.
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Fig.5: The relaxationtime in dependenceof

$ � S_ � at t �ª� in unitsof � � 4 f+f sec.Nota-
tionsarethesameasin Fig. 3.

Fig.6: The relaxationtime in dependenceof

$ � S_ � at t � E in unitsof � � 4 fDf sec.Nota-
tionsarethesameasin Fig. 3.

The collective relaxationtimesin heatednuclei canbe approximatelypresentedby the ex-
pression

���<	»� � � ( t �)� ù h ¦ �=> F ù f t f §�? � ¦ ù ` F ù � t §A@»( (48)

where ù � aresomeconstantsandtheexponentsarethe functionsof frequency andtemperature
andthey are B � E , C � � , N �g� in thetransportmethod;the B , C arechangedfrom 2 to 1 andN variesfrom 1 to 0 with growing of the excitationenergy in the doorway stateapproachwith
allowancefor paircreation.
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4 Resultsand conclusions

The retardationand temperatureeffects in two-bodycollisions in heatedFermi systemswere
studied. An expressionfor non-Markovian collision integral of the Landau-Vlasov transport
equationwasobtainedin a form which allows for reachingthe local equilibrium in system.It
is basedon theKadanoff- Baymequationsfor Greenfunctionswithin thelimit of smallretarda-
tions.

The expressionsfor collisional relaxationtimesof the collective vibration in heatednuclei
arederived with the useof the non-Markovian collision integral as well asof decayratesof
exciton model. The relaxationtimesdependon frequency of the collective vibrationsandthe
temperature.Thetemperaturedependencearisesfrom smearingout theequilibriumdistribution
function nearthe Fermi momentumin heatednuclei. The frequency dependenceresultsfrom
theretardation(memory)effectsin thecollisions.Analytical expressionsfor relaxationtimesof
the isoscalarandisovectormodesof thecollective motionarederivedin thecaseof theenergy
independentisotropiccross-sectionsin thetwo-bodycollisions.Therelaxationtimesvaryrather
slowly with multipolarity of the Fermi surfacedistortionsgovernedby collective motion and
two-bodycollisions. It enablesto usethe approximationof the relaxationtime ansatzfor the
collision integral. The relaxationtimesdependon typeof collective motion mode,suchasthe
lifetimesof theparticle-holeconfigurationsin two-componentexcitonmodelof theRef. [32].

New approachfor calculationsof thecollision relaxationtime in heatednucleiareproposed
usingtheformulaefor thetransitionratesof theintranucleartransitionbetweenthermalstatewith
collectivevibrationsandincoherentparticle-holeconfigurations.This methodleadsto thesame
resultsasthe transportapproachin thecaseof low temperaturesandenergy-independent mean
squarematrix elementof particle-particlecollisions. It makespossibleto take into accountthe
energy dependenceof the in-mediumcross-sectionsin a simplephenomenologicalway by the
useof theparametrizationof themeansquarematrix element# f of particle-particlecollisions
from exciton modelof nuclearreactions.Thedependenceof thematrix element# f ( i.e., the
in-mediumcross-section)on energy leadsto non-quadraticdependenceof the relaxationtimes
on temperatureandcollectivevibrationfrequency.

AcknowledgmentsThis work is supportedin partby theIAEA(Vienna)undercontract302-
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