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A NEW CLOSED-FORM THERMODYNAMICAPPROACH FOR RADIATIVE STRENGTHFUNCTIONS �V.A. PlujkoInstitute for Nu
lear Resear
hPr. Nauki 47, 03028, Kiev, Ukraine(Re
eived January 7, 2000)A 
losed-form approa
h for average des
ription of the E1 radiativestrength fun
tions is examined. It gives simple and rather a

urate methodof simultaneous des
ription of the 
-de
ay and photoabsorption dipolestrength fun
tions in the medium and heavy nu
lei. The approa
h is ableto 
over a relatively wide gamma-ray energy interval, ranging from zero tovalues above GDR peak energy.PACS numbers: 21.60.�n, 21.60.Ev, 24.30.Cz1. Introdu
tionGamma-emission is one of the most universal 
hannel of the nu
lear de-ex
itation pro
esses whi
h 
an a

ompany any nu
lear rea
tion. It 
an bedes
ribed by the radiative strength fun
tions [1,2℄. These fun
tions are alsoauxiliary quantities involved in 
al
ulations of the observed 
hara
teristi
sof the nu
lear stru
ture and many di�erent nu
lear pro
esses ( [3�8℄). The
al
ulations, as a rule, are very time 
onsuming and simple 
losed-formexpressions are preferable in evaluation of the 
-ray strengths. The theory-based approa
hes are also needed in improving the reliability and a

ura
yof the strength estimations. Below a model of this type is 
onsidered withstatisti
al des
ription of the radiative strengths of ex
ited states.2. Gamma-ray strengths in heated nu
leiWe shall 
onsider the radiative strength fun
tions averaged over spins ofinitial states for 
-transitions of the ele
tri
 dipole type with the energy "
 in� Presented at the XXVI Mazurian Lakes S
hool of Physi
s, Krzy»e, PolandSeptember 1�11, 1999. (435)



436 V.A. Plujkoheated nu
lei at �xed initial ex
itation energy U (the temperature T ). Theemission and absorption pro
esses for 
-rays are generally 
onne
ted withdi�erent radiative strengths [1, 2℄. The gamma-de
ay (downward) strengthfun
tion  �f E1 determines the 
-emission of heated nu
lei. It is asso
iatedwith the average radiative width �E1("
) per unit of the 
-ray energy in-terval. The photoex
itation (upward) strength fun
tion �!f E1 is 
onne
tedwith photoabsorption 
ross-se
tion �E1("
 ; T ). Both of these strengths aredetermined by spe
tral fun
tion F("
 ;T ): �f E1("
 ; T ) � �E1("
)3"3
 �(U;Z;N)�(U � "
 ; Z;N) = F("
 ; Tf ) (1)and �!f E1("
 ; T ) � �E1("
 ; T )3"
(�~
)2 = F("
 ; T ); (2)where �(U;Z;N) is the total density of the initial states. The 
-de
aystrength fun
tion depends on temperature Tf of the �nal states. This tem-perature is a fun
tion of the 
-ray energy in 
ontrast to the initial statestemperature T .The spe
tral fun
tion F("
 ;T ) is proportional to the imaginary part ofthe nu
lear response fun
tion on the ele
tromagneti
 �eld [8, 9℄. For de-s
ription of the neutrons and protons motion in the nu
leus we use thesemi
lassi
al Landau�Vlasov equations with a sour
e term for relaxationpro
esses [10, 11℄. The Fermi sphere distortions are trun
ated by the layersof monopole and dipole multipolarities [12℄ and the hydrodynami
 boundary
ondition is adopted that the radial 
omponent of the nu
leon 
urrent van-ishes at the nu
lear surfa
e. This approa
h leads to the same equations forparti
le density and velo
ity as they are in the hydrodynami
 Steinwedel�Jensen model with fri
tion for
e between the proton and neutron �uids [13℄(extended SJ model) but provides impli
it expression for damping width ofthe velo
ity. Using the dipole mode approximation for response fun
tion(dipole polarizability) within the extended SJ model (see, �14.4 of Ref. [13℄)together with general expression between the spe
tral fun
tion F("
 ;T ) andthe nu
lear response fun
tion from [8, 9℄, we �nd for E1 dipole transitionsin spheri
al nu
leiF("
 ;T ) = 8:674 � 10�8L("
 ;T )�r�r "
�("2
 �E2r )2 + (�"
)2 ; MeV�3; (3)where Er is the giant dipole resonan
e (GDR) energy. The quantities �r and�r are the peak value and the width of the E1 photoabsorption 
ross-se
tionat zero temperature. Here, �r is taken in mb and Er, �r, "
 in MeV.
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aling fa
tor L("
 ;T ) de�nes the enhan
ement of magnitude ofthe radiative strength fun
tions in heated nu
lei with temperature T as
ompared to the 
old nu
lei. This fa
tor 
an be interpreted as averagenumber of the 1p�1h ex
ited states in heated system pla
ed in an external�eld with frequen
y ! � "
=~,L("
 ;T ) � 11� exp(�"
=T ) = 1"
 +1Z0 d"1d"2n("1)(1�n("2))Æ("1�"2+"
);(4)where n(") = 1=[1 � exp((" � �)=T )℄ is the Fermi distribution fun
tion foro

upation of the single-parti
le states.In the 
ase of 
old nu
lei the photoex
itation strength fun
tion is onlyde�ned and it is given by Eqs. (2), (3) with fa
tor L � 1.The damping width � in Eqs. (3) determines the redu
ed fri
tion for
efor isove
tor velo
ity (Eq. (14.60) from Ref. [13℄). It is 
al
ulated by a sour
eterm J(p; r; t) of relaxation pro
esses in Landau�Vlasov equation for dipoleisove
tor mode [10, 11℄ as � � 2~ R dp(p=m)J(p; r; t)=((2�~)3(vp � vn))with vp and vn for the velo
ities of the proton and neutron �uids. We takeinto a

ount two main relaxation me
hanisms: (i) The two-body 
ollisionaldamping; (ii) The fragmentation width 
aused by the intera
tion of parti
leswith the time-dependent self-
onsistent mean �eld whi
h is imitated by theisove
tor one-body relaxation me
hanisms in the relaxation time approxi-mation. We use non-Markovian 
ollisional integral with retardation e�e
tsas the sour
e term of the 
ollisional damping. The isove
tor one-body re-laxation time is expressed by 
orresponding fragmentation width, whi
h istaken as to be equal to the wall formula value [14℄ but s
aled with an 
oe�-
ient obtained by �tting the total width at "
 = Er and T = 0 to the GDRwidth. As a result, we have� � � ("
 ;T ) = B
 �rE2r �"2
 + (2�T )2�+ �r(1�B
); (5)where B
 = 1:08 � 10�3�inE2r=�r = 5:39 � 10�3F � E2r=�r is two-body 
on-tribution to the GDR damping width �r � � ("
 = Er;T = 0) at zerotemperature with the �in for in-medium neutron�proton 
ross se
tion nearthe Fermi surfa
e; F = �in=�free is s
aling fa
tor between the values of thein-media and free spa
e 
ross se
tions (�free = 5fm2).The dependen
e of the width on the energy and temperature is due totwo-body 
omponent of the width des
ribed by the �rst term on the right-hand side of Eq. (5). The energy dependen
e results from memory e�e
tsin the 
ollision integral and agrees with Landau's pres
ription. The temper-ature dependen
e results from the smeared out behavior of the equilibrium
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tion near the Fermi momentum in the heated nu
lei. These
ond term on the right-hand side of Eq. (5) is the fragmentation 
ompo-nent of the width.The expression (3) with (4)�(5) is named below as the thermodynami
pole approximation [8℄ (TPA model) and the denotation FTPA is used for 
or-responding spe
tral fun
tion. This fun
tion has the temperature-dependent�nite value for vanishing gamma-ray energy. As a result, the 
-de
ay andphotoex
itation dipole strength fun
tions within this model have the samenon-zero value at "
 = 0: �f E1(0; Tf � T ) = �!f E1(0; T ) = 8:674 � 10�8�r�rT� (0; T )=E4r : (6)3. Comparison of the 
losed-form E1 strength modelsHere, the 
omparison of the 
al
ulations of the E1 radiative strengthfun
tions is given within the framework of TPA-approa
h and others 
losed-form models. The results are also 
ompared with the experimental data.Two other simple models are the following:(i) Standard Lorentzian (SLO) model [1, 2℄ with Lorentzian line shapeand the energy-independent width. The SLO spe
tral fun
tion, FSLO,has the form of Eq. (3) but with L � 1 and � � �r.(ii) An enhan
ed generalized Lorentzian (EGLO) model [15, 16℄ with ra-diative strength fun
tion 
onsisting of two 
omponents, namely, aLorentzian with the energy and temperature dependent width and�nite value term [17℄ for zero value of 
-ray energy:FEGLO("
 ;T ) = 8:674 � 10�8�r�r � "
�k("2
 �E2r )2 + ("
�k)2 + 0:7�k;0E3r � ; (7)where the energy-dependent width �k is taken as proportional to the 
olli-sional 
omponent of the width with an empiri
al fun
tion Q("
) = �+ (1��)("
 � 4:5)=(Er � 4:5):�k("
 ;T ) = Q("
) �rE2r �"2
 + (2�T )2� ; (8)�k;0 � �k(0;T ). The fa
tor � was obtained by �tting the average resonan
e
apture data and it depends on the model used for level density. In the
ase of the ba
kshifted Fermi gas model [18℄ the � is given by [16℄: � = 1if A < 148 and � = 1 + 0:09(A � 148)2 exp (�0:18(A � 148)) whenA � 148.We use this model, so that the temperatures T , Tf relate to one another and
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itation energy U as Tf = (1+p1 + 4a(aT 2 � T � "
))=2a,T = (1 +p1 + 4a(U ��))=2a, where � the energy shift parameter and athe level density parameter.The foregoing expressions for spe
tral fun
tions are only appli
able tospheri
al nu
lei. In the 
ase of the axially symmetri
 deformed nu
lei anyspe
tral fun
tion is the sum of two 
omponents of the form (3) or (7) withGDR parameters Er;1, �r;1, �r;1 and Er;2, �r;2, �r;2 
orresponding to the
olle
tive motion along two prin
ipal axes.
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Fig. 1.In Fig. 1 the results of the 
al
ulations of the gamma-de
ay strengths �f E1 in 90Zr are shown: solid line � TPA; dot � SLO; dash � EGLO.The experimental data are taken from Refs. [19, 20℄. The TPA and EGLOstrengths are 
al
ulated at the initial ex
itation energies U 
orresponding tothe experimental ones. The 
urves 
onne
t the 
al
ulated values and they aredrawn only for a vivid presentation of the results. The values of the GDRparameters are taken from photonu
lear data [16, 21℄. The level densityparameters are used from [16℄. The 
ontribution of 
ollisional damping tothe GDR width was taken in TPA 
al
ulations as B
 = 0:2 in agreementwith Refs. [10, 11℄.As it 
an be seen from this �gure, the TPA and SLO models des
ribeexperimental data better than the EGLO for this nu
leus and energy range.The 
al
ulations by TPA model lie also more 
lose to the experimental datathan within SLO method. For example, the values of the least-squares de-viations per one degree of freedom from experimental data are equal to 2:8



440 V.A. Plujkoand 5:2 for the TPA and SLO models, respe
tively. Note that the SLOmodel leads to in
orre
t zeroth value of the gamma-de
ay strength fun
tionat vanishing gamma-ray energy, 
ontrary to EGLO and TPA approa
hes.
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σ, mb

εγ, MeVFig. 2.In Fig. 2 the 
omparison is shown between di�erent approa
hes in the
ase of the photoabsorption 
ross-se
tion on 90Zr. The notations are thesame as in Fig. 1. The experimental data are taken from Ref. [21℄. Thebehaviour of the E1 strength fun
tions 
al
ulated by the TPA method isalmost in 
oin
iden
e with SLO model in the vi
inity of the GDR peakenergy for 
old nu
lei. It is mainly resulted from a

ount of the one-bodyrelaxation width, whi
h is independent of the gamma-ray energy.The 
omparison between 
al
ulations within TPA, EGLO and SLO mod-els and experimental data demonstrates usefulness and reliability of the TPAapproa
h for uni�ed des
ription of the 
-de
ay and photoabsorption strengthfun
tions in a relatively wide energy interval, ranging from zeroth gamma-ray energy to the values above GDR peak energy. This is important forpredi
tion of the downward and upward radiative strength fun
tions in 
oldand heated nu
lei as well as for extra
tion of the GDR parameters of heatednu
lei with small errors from 
-emission data.I am very grateful to Profs. A.V. Ignatyuk, P. Oblozinsky, M.G. Urinand J. Kope
ky for valuable dis
ussions and 
omments. This work wassupported in part by the IAEA under Contra
t No. 10308/RO.
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