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COLLECTIVE PROPERTIES OF �DEFORMED�SUPERHEAVY NUCLEI�I. Muntiana;b and A. Sobi
zewskiaaA. Soltan Institute for Nu
lear StudiesHo»a 69, 00-681 Warsaw, PolandbInstitute for Nu
lear Resear
h, Kiev, Ukraine(Re
eived De
ember 22, 2000)Problem of produ
tion of even�even superheavy nu
lei in their �rstex
ited state 2+ is dis
ussed. Measurement of energy of this state is 
on-sidered as a way to learn if these nu
lei are deformed. Superheavy nu
leisituated around the nu
leus 270Hs, whi
h a

ording to 
al
ulations are ex-pe
ted to be deformed, are studied. Parti
ular attention is given to 
al-
ulations of the bran
hing ratio p2+=p0+ between � de
ay of a nu
leus tothe 2+ state and to the ground state 0+ of its daughter. Sensitivity of thisratio to various fa
tors appearing in the 
al
ulations is dis
ussed.PACS numbers: 21.10.Re, 21.60.Ev, 27.90.+b1. Introdu
tionThe heaviest nu
lei, for whi
h 
olle
tive states have been observed, are254No [1,2℄ and 252No [3℄. These are the states of the ground-state rotationalbands studied by the in-beam 
 spe
tros
opy. There is a little 
han
e,however, to extend these studies to superheavy nu
lei, in the nearest future.This is be
ause of very low 
ross se
tion for synthesis of these nu
lei and,simultaneously, of a relatively low e�e
tiveness of 
 spe
tros
opy. A larger
han
e is to observe the �rst ex
ited 2+ state of an even�even superheavynu
leus in �-de
ay or ele
tron spe
tra. The observation of this state wouldsolve the important problem of shapes of these nu
lei: are they deformed ornot. If the energy of the state is very low, about 40�50 keV, as predi
tedin 
al
ulations [4�6℄, the state is of the rotational nature and, thus, thenu
lei are deformed. Su
h result would be in line with many theoreti
al
al
ulations of shapes of these nu
lei (e.g. Refs. [7�16℄).� Presented at the XXXV Zakopane S
hool of Physi
s �Trends in Nu
lear Physi
s�,Zakopane, Poland, September 5�13, 2000.(629)



630 I. Muntian, A. Sobi
zewskiThe importan
e of solution of this problem is that it would show exper-imentally that large shell e�e
ts, needed [17℄ for existen
e of these alreadyobserved nu
lei, also appear in deformed nu
lei, and not only in spheri
alones, as was thought for a long time.To estimate the 
han
e to observe the lowest 2+ state in the dis
ussednu
lei, the ratio of the probability of � de
ay to this state, p2+, to that tothe ground-state 0+, p0+, has been 
al
ulated in Refs. [5, 6℄. Coulomb and
entrifugal intera
tions between � parti
le and a daughter nu
leus have beentaken into a

ount when 
al
ulating the potential-energy barrier penetratedby � parti
le.The obje
tive of this paper is to extend the dis
ussion of the ratiop2+=p0+. The in�uen
e of in
lusion of a nu
lear intera
tion, of the prox-imity type [18℄, to the barrier is 
onsidered.Method of the 
al
ulations is des
ribed in Se
t. 2 and the results are givenin Se
t. 3. Se
tion 4 presents a dis
ussion of various fa
tors in�uen
ing theratio p2+=p0+. 2. Method of the 
al
ulationsThe ground-state energy of a nu
leus is 
al
ulated in a ma
ros
opi
�mi
ros
opi
 approa
h. The Yukawa-plus-exponential model [19℄ is taken forthe ma
ros
opi
 part of the energy and the Strutinski shell 
orre
tion, basedon the Woods�Saxon single-parti
le potential [20℄, is used for the mi
ros
opi
part.Equilibrium deformation of a nu
leus is obtained by minimization of itsenergy in a multidimensional deformation spa
e [21℄. The 7-dimensionalspa
e f��g, � = 2; 3; :::; 8, is taken.Moment of inertia of a nu
leus is 
al
ulated in the 
ranking approxima-tion [22℄. It has been shown in a number of papers (e.g. Refs. [23�25℄) thatthis approa
h allows for a good des
ription of the ground-state moments ofinertia of well deformed nu
lei, espe
ially of heavy ones [25℄.To estimate the probability of � de
ay of a nu
leus to the �rst rotationalstate 2+ of its daughter, p2+, it is su�
ient to 
al
ulate the ratio p2+=p0+.This is be
ause the probability (more exa
tly the half-life) of the de
ay tothe ground state 0+ has been already 
al
ulated for superheavy nu
lei in anumber of papers (e.g. Refs. [12, 14, 16, 26℄) and also measured for some ofthese nu
lei (
f. e.g. Refs. [27�29℄).The probability pI+ is usually 
onsidered aspI+ = wI+ � PI+ ; (2.1)where wI+ is the redu
ed de
ay probability and PI+ is the probability topenetrate the potential-energy barrier by � parti
le with angular momen-
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tive Properties of �Deformed� Superheavy Nu
lei 631tum I. One should mention that the probability pI+ has been studied foralready a long time (e.g. Refs. [30℄). A

ording to Eq. (2.1), the ratio ofp2+=p0+ is p2+p0+ = w2+w0+ P2+P0+ : (2.2)The penetration probability PI+ is 
al
ulated in the quasi
lassi
al WKBapproximationPI+ (Z;N) = exp(� 2~p2m� rexZren [V (r)�E℄1=2 dr) ; (2.3)where V (r) is the potential energy 
onsidered as a fun
tion of the distan
e rbetween the 
enters of the � parti
le and the nu
leus, and E is the de
ayenergy of the parent nu
leus to the state I+ of the 
onsidered nu
leus (Z,N),i.e. E(Z;N) = Q�(Z + 2; N + 2)�EI+(Z;N) � Q�p �EI+ ; (2.4)where EI+ is the rotational energy of the I+ state of a nu
leus (Z,N) andQ�p is the �-de
ay energy of the parent nu
leus. In Eq. (2.3), m� is redu
edmass of � parti
le, ren is the value of r at the entran
e point of � parti
leto the barrier and rex is the value of r at the exit point from the barrier.The potential energy is 
onsidered in two variants. One is when onlyCoulomb and 
entrifugal energies are 
ontributing to the barrierV (r) = 2Ze2r + ~2I(I + 1)2m�r2 : (2.5)The se
ond variant is, when a nu
lear intera
tion is also in
ludedV (r) = 2Ze2r + ~2I(I + 1)2m�r2 + Vnu
l(r) : (2.6)The potential energy V (r) is 
onsidered in the region of the 
onta
t andoutside of the 
onta
t 
on�guration of � parti
le and a daughter nu
leus,i.e. for r � C + C�, where C and C� are half-density radii of a daughternu
leus and � parti
le, respe
tively.For the nu
lear potential Vnu
l, we take the proximity intera
tion ofRef. [18℄. Let us remind its details. The potential isVp = K�(�) ; (2.7)
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zewskiwhere K = 4�
b �C with �C = CC�=(C+C�) . Density radius C of a nu
leus(also for � parti
le) is related to its e�e
tive (sharp surfa
e) radius R byC � R� b2R ; (2.8)where b is the surfa
e di�useness of a nu
leus, assumed as b = 1 fm. Thee�e
tive radius is taken asR = (1:28A1=3 � 0:76 + 0:8A�1=3) fm (2.9)and the nu
lear-surfa
e tension parameter 
 as
 = 0:9517(1 � 1:7826I2) MeV=fm2; (2.10)where I = (N � Z)=A is the relative neutron ex
ess.The fun
tion �(�) is�(�) � �1:7817 + 0:9270� + 0:01696�2 � 0:05148�3 ;for 0 � � � 1:9475; (2.11)�(�) � �4:41 exp ��0:7176 ;for � � 1:9475 ; (2.12)where � = [r � (C + C�)℄=b.The ratio of redu
ed probabilities w2+=w0+ is treated phenomenologi-
ally. We �nd that, similarly as in Refs. [5,6℄, the ratio may be well des
ribedby a 2-parameter formula w2+w0+ = 10(aA+b) (2.13)and, thus, the ratio of the total probabilities isp2+p0+ = 10(aA+b)P2+P0+ ; (2.14)where A is the mass number of a nu
leus.Adjustment of the parameters a and b to experimental results for p2+=p0+,obtained for 26 nu
lei [31℄, with P2+=P0+ 
al
ulated with the use of Eq. (2.3),leads to the following valuesa = �0:02685; b = 6:3659 ; (2.15)and reprodu
es the experimental values of p2+=p0+ with rms deviations equalto 0.027, in the 
ase when only Coulomb and 
entrifugal terms, Eq. (2.5),
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ontribute to the barrier. In the 
ase, when also the nu
lear proximitypotential is in
luded, the 
orresponding results are very similara = �0:02692 ; b = 6:3963 ; (2.16)with rms deviation also equal to 0.027.Thus, we �nd that the in
lusion of nu
lear intera
tion to the barrier doesnot pra
ti
ally 
hange the quality of des
ription of experimental values forp2+=p0+. We also �nd that the di�eren
es between nu
lear radii taken inthis paper and in Refs. [5, 6℄ do not pra
ti
ally in�uen
e this des
riptioneither. 3. ResultsTo illustrate the results obtained in the 
al
ulations of the equilibriumshapes of analized nu
lei, we show these shapes in Fig. 1. They have been
al
ulated for a large region of nu
lei with proton number Z=82�130 andneutron number N=126�190. One 
an see that most of the nu
lei are de-formed, in parti
ular those around 270Hs.

Fig. 1. Shapes of nu
lei plotted for a wide region of Z=82�130 and N=126�190.To see how well established is the deformation, the deformation energyEdef (i.e. the gain in energy of a nu
leus due to its deformation) 
al
ulatedfor these nu
lei is given in Fig. 2. The analysis of this quantity in variousnu
lei [23℄ indi
ates that nu
lei with Edef & 2 MeV are well deformed, whilethose with Edef < 2 MeV are rather transitional or spheri
al. One 
an seein Fig. 2 that most of the 
onsidered nu
lei are well deformed. The largestvalues of Edef (above 12 MeV) are obtained for nu
lei around the nu
leus254No, i.e. for nu
lei with the largest quadrupole deformation �02 .
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Fig. 2. Contour map of the deformation energy Edef .Figure 3 illustrates the rotational energy E2+ 
al
ulated for heaviestnu
lei (with Z > 100). The �gure is taken from Ref. [6℄. One 
an see thatthe energy is very low, around 40�50 keV. This is be
ause the nu
lei are welldeformed and also very heavy. Shell e�e
ts at neutron numbers N=152 and162 are 
learly seen in the dependen
e of this energy on N .

Fig. 3. Dependen
e of the energy E2+ on neutron number N , 
al
ulated for ele-ments with proton number Z=102�112. For ea
h element, values of 
onsidered Nare spe
i�ed below the value of Z.
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tive Properties of �Deformed� Superheavy Nu
lei 635Des
ription of the experimental values of p2+=p0+ by 
al
ulations in the
ase of the barrier without proximity for
es is illustrated in Fig. 4. Asmentioned in Se
t. 2, the values of p2+=p0+ 
al
ulated in this paper arepra
ti
ally the same as those obtained in Ref. [6℄, although values of nu
learradii assumed in these two papers, di�er from ea
h other. Thus, Fig. 4 ispra
ti
ally the same as the 
orresponding �gure in Ref. [6℄. Also the valuesof p2+=p0+ 
al
ulated with in
lusion of nu
lear proximity intera
tion to thebarrier are pra
ti
ally the same as those obtained without this intera
tion.Due to this, we do not show these values in Fig. 4, as they would not bedistinguishable from those obtained without this intera
tion.

Fig. 4. Comparison between 
al
ulated and experimental values of the bran
hingratio p2+=p0+ for nu
lei of the elements: Ra-Cf, with neutron number N spe
i�edbelow the symbol of ea
h element.

Fig. 5. Same as in Fig. 3, but for the bran
hing ratio p2+=p0+.
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zewskiValues of p2+=p0+ 
al
ulated for transfermium nu
lei with Z=102�112in the 
ase without proximity intera
tion are shown in Fig. 5. The values
al
ulated with in
lusion of proximity for
es are very 
lose to them and theyare not shown in Fig. 5, similarly as it was in the 
ase of lighter nu
leidis
ussed in Fig. 4. The e�e
t of the in
lusion of the proximity for
es on theratio p2+=p0+ is dis
ussed in more details in the next se
tion.4. Dis
ussion of various e�e
tsIt is interesting to see the role of various fa
tors in the results for thebran
hing ratio p2+=p0+.4.1. Contribution of various intera
tions to the barrierFigure 6 illustrates 
ontribution of the Coulomb, nu
lear (proximity)and 
entrifugal intera
tions to the barrier penetrated by � parti
le. The�gure is plotted for 238U. One 
an see that the Coulomb intera
tion is mostimportant. The proximity for
e is signi�
ant only at the beginning of thebarrier and the 
entrifugal for
e is generally very small in the barrier regionfor su
h a heavy (large) nu
leus as 238U. The entran
e point to the barrier,ren, and the exit point from it, rex, are indi
ated.

Fig. 6. Potential-energy barrier for � parti
le as a fun
tion of the distan
e r between
entres of � parti
le and a daughter nu
leus. The total barrier (tot) is 
omposed ofthe Coulomb (Coul), proximity (prox) and 
entrifugal (
entr) 
ontributions to it.4.2. Role of the energy E2+The energy of the �rst ex
ited state 2+, E2+, in�uen
es (de
reases) thepenetration probability P2+ (
f. Eqs. (2.3) and (2.4)) and, thus, the ratioP2+=P0+. Although this energy is small, about 40�50 keV, the in�uen
e is



Colle
tive Properties of �Deformed� Superheavy Nu
lei 637signi�
ant. This is dire
tly illustrated in Fig. 7, where values of P2+=P0+are 
al
ulated with in
lusion of E2+ and without it, for the same nu
lei asin Fig. 4. One 
an see that the in
lusion of E2+ de
reases this ratio by afa
tor of: from about 4 for the lightest to about 1.5 for the heaviest of thenu
lei 
onsidered in Fig. 7. The barrier is 
al
ulated with the in
lusion ofthe proximity intera
tion. The entran
e point to it, ren, is obtained withthe use of Eqs. (2.8) and (2.9).

Fig. 7. Same as in Fig. 4, but for the ratio P2+=P0+ 
al
ulated in two variants:with in
lusion of the energy E2+ and without it.4.3. Role of the redu
ed probabilityTo see the role of the ratio of the redu
ed probabilities w2+=w0+ inreprodu
ing the ratio of the experimental values of the total probabilitiesp2+=p0+, let us 
ompare the latter with 
al
ulated values of P2+=P0+. This isdone in Fig. 8. One 
an see that the isotopi
 dependen
es, and generally thedependen
es on the mass number A, of the two quantities are very di�erent.Experimental values of p2+=p0+ are fast de
reasing, while 
al
ulated valuesof P2+=P0+ are in
reasing, with in
reasing A. Thus, a

ording to Eq. (2.2),the role of w2+=w0+, whi
h is treated phenomenologi
ally, is to make thetheoreti
al ratio p2+=p0+ a de
reasing fun
tion of A as the experimental oneis. The result, 
al
ulated a

ording to Eqs. (2.13) and (2.16) is shown inFig. 9. One 
an see that it is really a fun
tion, whi
h is fast de
reasing within
reasing mass number A.



638 I. Muntian, A. Sobi
zewski

Fig. 8. Same as in Fig. 4, but for the 
al
ulated values of P2+=P0+ and experimentalvalues of p2+=p0+.

Fig. 9. Same as in Fig. 4, but for the 
al
ulated values of the ratio w2+=w0+.4.4. Role of various fa
tors in heaviest nu
leiIn this subse
tion, we will illustrate the role of various fa
tors in�uen
ingthe ratio p2+=p0+ 
al
ulated for the heaviest nu
lei with Z=102�112.The results are given in Table I. The �rst 3 
olumns spe
ify proton,neutron and mass numbers of a nu
leus. Columns 4 and 5 give 
al
ulatedenergy of the �rst 2+ state of a nu
leus and the �-de
ay energy of its parent,respe
tively.
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lei 639TABLE IEnergies E2+ and Qpar� , few variants of the ratio P2+=P0+ and the ratio w2+=w0+
al
ulated for nu
lei with proton number Z = 102� 112 (see text).Z N A Eth2+ Qpar� P2+P0+ P2+P0+ P2+P0+ P2+P0+ w2+w0+ p2+p0+� � � keV MeV � � � � � %1 2 3 4 5 6 7 8 9 10 11102 146 248 46.1 9.85 0.634 0.480 0.475 0.454 0.525 23.9102 148 250 45.7 9.43 0.632 0.470 0.465 0.446 0.464 20.7102 150 252 44.5 9.10 0.631 0.465 0.460 0.442 0.410 18.1102 152 254 41.6 9.20 0.632 0.477 0.472 0.454 0.362 16.4102 154 256 43.1 8.84 0.630 0.462 0.457 0.440 0.320 14.1102 156 258 45.8 8.26 0.627 0.435 0.430 0.415 0.282 11.7102 158 260 47.9 7.70 0.624 0.407 0.402 0.389 0.250 9.7102 160 262 48.9 7.15 0.622 0.380 0.376 0.364 0.220 8.0102 162 264 46.2 7.64 0.626 0.411 0.407 0.393 0.195 7.7102 164 266 51.2 7.40 0.624 0.383 0.379 0.367 0.172 6.3104 148 252 49.1 10.19 0.639 0.480 0.475 0.454 0.410 18.6104 150 254 46.9 9.90 0.638 0.479 0.474 0.454 0.362 16.5104 152 256 43.4 9.96 0.639 0.491 0.486 0.466 0.320 14.9104 154 258 44.5 9.60 0.637 0.479 0.473 0.455 0.282 12.9104 156 260 46.4 9.06 0.634 0.457 0.452 0.436 0.250 10.9104 158 262 47.3 8.54 0.632 0.438 0.433 0.418 0.220 9.2104 160 264 47.2 8.05 0.629 0.421 0.417 0.403 0.195 7.9104 162 266 44.3 8.66 0.634 0.453 0.448 0.433 0.172 7.5104 164 268 49.0 8.46 0.633 0.430 0.426 0.411 0.152 6.3104 166 270 54.9 8.11 0.631 0.398 0.393 0.380 0.134 5.1106 150 256 48.4 10.97 0.646 0.501 0.495 0.473 0.320 15.1106 152 258 44.7 11.02 0.647 0.512 0.506 0.484 0.282 13.7106 154 260 45.0 10.69 0.646 0.504 0.499 0.477 0.250 11.9106 156 262 45.9 10.20 0.643 0.490 0.484 0.465 0.220 10.3106 158 264 45.6 9.65 0.641 0.476 0.471 0.453 0.195 8.8106 160 266 45.0 9.13 0.638 0.464 0.458 0.442 0.172 7.6106 162 268 41.9 9.79 0.642 0.492 0.485 0.469 0.152 7.1106 164 270 46.5 9.58 0.642 0.473 0.467 0.450 0.134 6.1106 166 272 51.8 9.22 0.640 0.446 0.441 0.425 0.119 5.1106 168 274 57.0 8.77 0.638 0.414 0.409 0.395 0.105 4.2
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zewski TABLE I 
ont.Z N A Eth2+ Qpar� P2+P0+ P2+P0+ P2+P0+ P2+P0+ w2+w0+ p2+p0+� � � keV MeV � � � � � %1 2 3 4 5 6 7 8 9 10 11108 154 262 46.2 12.17 0.656 0.533 0.526 0.501 0.220 11.1108 156 264 46.6 11.76 0.655 0.523 0.517 0.494 0.195 9.6108 158 266 45.8 11.24 0.652 0.515 0.509 0.487 0.172 8.4108 160 268 43.9 10.80 0.650 0.510 0.504 0.484 0.152 7.4108 162 270 40.2 11.39 0.654 0.534 0.528 0.505 0.134 6.8108 164 272 44.5 11.03 0.652 0.515 0.509 0.488 0.119 5.8108 166 274 49.1 10.52 0.650 0.490 0.484 0.465 0.105 4.9108 168 276 53.8 9.84 0.646 0.457 0.452 0.436 0.093 4.0108 170 278 61.6 8.86 0.641 0.401 0.397 0.384 0.082 3.1110 156 266 51.1 12.59 0.661 0.529 0.523 0.497 0.172 8.6110 158 268 50.6 12.07 0.659 0.520 0.514 0.490 0.152 7.5110 160 270 47.7 11.67 0.657 0.519 0.513 0.491 0.134 6.6110 162 272 42.3 12.13 0.660 0.542 0.536 0.512 0.119 6.1110 164 274 46.7 11.83 0.659 0.525 0.519 0.497 0.105 5.2110 166 276 51.3 11.36 0.657 0.503 0.498 0.477 0.093 4.4110 168 278 54.7 10.65 0.653 0.476 0.471 0.453 0.082 3.7112 158 270 56.0 12.76 0.664 0.520 0.514 0.490 0.134 6.6112 160 272 51.5 12.41 0.663 0.524 0.518 0.495 0.119 5.9112 162 274 44.7 12.75 0.665 0.548 0.541 0.517 0.105 5.4112 164 276 49.0 12.54 0.665 0.534 0.528 0.504 0.093 4.7112 166 278 52.4 12.13 0.663 0.517 0.511 0.489 0.082 4.0Columns 6 and 7 present values of P2+=P0+ 
al
ulated without andwith the energy E2+, respe
tively, in
luded in the integrand appearing inEq. (2.3). Thus, they illustrate the role of E2+ in P2+=P0+, similarly aswas done in Fig. 7 for lighter nu
lei. One 
an see that the in
lusion of E2+redu
es P2+=P0+ by a fa
tor of about 1.3�1.6 for the nu
lei 
onsidered inthe Table. Here, the ratio P2+=P0+ is 
al
ulated with the total e�e
tiveradii R = 1:40A1=3 fm and without the proximity for
es, i.e. in the sameway as in Refs. [5, 6℄. The total e�e
tive radius may be understood as theradius of the daughter nu
leus with a sharp surfa
e, while � parti
le is apoint nu
leus. Then the distan
e between 
entres of the two nu
lei in thetou
hing 
on�guration 
orresponding to the entran
e point to the barrier is:ren = R.Column 8 gives values P2+=P0+ 
al
ulated with nu
lear radii adoptedin the present paper, Eqs. (2.8) and (2.9), and without proximity for
es.Thus, a 
omparison between the values of the 
olumns 7 and 8 shows the
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t of a 
hange of nu
lear radii on P2+=P0+. Let us note that the entran
epoint to the barrier, ren, appears earlier in the 
ase of 
olumn 8, i.e. in the
ase of di�use nu
lear surfa
es, than in the 
ase of 
olumn 7. For example,ren = C +C� = 8:38 fm in the 
ase of 
olumn 8, while ren = 1:40(238)1=3 =8:68 fm in the 
ase of 
olumn 7, for the nu
leus 238U. Thus, a part of thebarrier is added in the 
ase of 
olumn 8, where a relatively large 
entrifugalintera
tion is present, whi
h hinders the de
ay to the 2+ state. As a result,the ratio P2+=P0+ should be redu
ed in this 
ase. One 
an see in Table Ithat really this ratio is redu
ed in 
olumn 8 with respe
t to that of 
olumn 7by a fa
tor of about 0.94�0.96, i.e. by about 6�4 %.Column 9 presents values of P2+=P0+ 
al
ulated in the same way as thoseof 
olumn 8, but with in
lusion of the proximity for
es. Thus, a 
omparisonbetween them and the values of 
olumn 8 gives the e�e
t of the proximityfor
es on the ratio P2+=P0+. One 
an see that this e�e
t is small. Thein
lusion of the proximity intera
tion in the barrier results in smaller, butonly by about 3�4 % values of P2+=P0+.The proximity for
es strongly 
hange the barrier for � parti
le, as isshown in Fig. 6, and, this way, also ea
h of the probabilities P2+ and P0+.The ratio of them, however, remains almost un
hanged. This results in asmall e�e
t of the proximity for
es on the ratio w2+=w0+ of the redu
edprobabilities, as it is adjusted to the 
al
ulated P2+=P0+ to reprodu
e ex-perimental values of the ratio p2+=p0+ of the total probabilities. As a 
onse-quen
e, the e�e
t of the proximity for
es on the 
al
ulated values of p2+=p0+is also small, about the same as on the ratio P2+=P0+, i.e. of about 3�4 %.Values of the ratio w2+=w0+, 
al
ulated a

ording to Eqs. (2.13) and(2.16), are given in 
olumn 10. One 
an see that they fast de
rease within
reasing mass number A, similar as in Fig. 3, where they were 
al
ulatedin the same way, but only for lighter nu
lei. The ratio de
reases from 0.52,for the lightest, to 0.08 for the heaviest, nu
lei 
onsidered in the table.In 
on
lusion, one 
an say that the probabilities of the penetration ofthe potential-energy barrier by � parti
le in the �rst ex
ited state 2+ and inthe ground-state 0+ of an even�even heavy nu
leus, P2+ and P0+, stronglydepend on su
h fa
tors as radius of a nu
leus or the shape of the barrier(depending e.g. on whether nu
lear for
es of the proximity type is in
ludedto it or not). The ratio, however, of these quantities, P2+=P0+, is ratherinsensitive to these fa
tors.The authors would like to thank S. Hofmann, T.L. Khoo, M. Leino,Z. Patyk and W.J. �wi¡te
ki for helpful dis
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