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The odd-even differences of nuclear masses are strongly influenced by mean-field and odd-nucleon blocking
effects. When such effects are taken into account, the determination of the pairing interaction strength needs to
be modified, resulting in larger pairing gaps. This method leads to an improved description for both moments
of inertia and backbending frequencies of rotational bands, with no additional parameters.
[S0556-281®9)50111-§
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Since the Bardeen-Cooper-Schriefl@CS) theory was Fermi surface is not very high. Simple BCS calculations
applied to atomic nucldil,2], pairing correlations have been typically show that the odd-nucleon blockings can reduce
crucial to the understanding of many properties, such apairing gaps by more than 10% for the rare-earth nuclei.
binding energies, collective rotational motion, and quasiparHence, it should be expected that the mean-field and block-
ticle excitation energies. The interaction strendi,of the  ing effects influence the determination of pairing strengths.
pairing force is the key parameter that governs the properties Two very sensitive probes of pairing correlations and,
of the short-range correlations. therefore, of the pairing strengths, are moments of inertia

The G value is usually determined by fitting the BCS (see, e.g.[2,5,6) and backbendingbandcrossingfrequen-
pairing gaps 4 =GZX;U;V; [2]) of even-even nuclei to ex- cies[7,8]. High-seniority states may serve as another probe.
perimental odd-even mass differences. However, if one thehe recent calculations of the energies of multiquasiparticle
calculates the corresponding theoretical mass differencestates show the need for the adjustment of pairing strengths
(i.e., in the same manner as calculating the experimentdB]. Hence, the question arises as to whether the pairing
value, but with theoretical masgeé# turns out that they are strength determined from odd-even mass differences is con-
systematically smaller than the experimental mass differsistent with the pairing strength used to calculate moments of
ences and also smaller than the BCS pairing gaps, at least forertia or the energies of high-seniority states. This is an
the deformed rare-earth nuclei described below. The experimportant issue for the quantitative description of nuclear
mental mass difference should, in principle, be identical toproperties. In this paper, we show that when the mean-field
the corresponding theoretical value, but not to the pairingand blocking effects are taken into account, the pairing
gap, though the gap plays the dominant role in determiningtrengths need to be modified in order to reproduce the odd-
the mass difference. even mass differences. Such modifications result in an im-

The above systematic discrepancies suggest that other sigroved description for both moments of inertia and band-
nificant effects exist. It has been pointed out, in a recentrossing frequencies.
work by Satuta, Dobaczewski, and Nazarew(ig%, that one According to the Strutinsky energy theor¢®], the total
of the important effects stems from the deformed mean fieldenergy of a nucleus can be decomposed into a macroscopic
Due to the twofold Kramers degeneracy of single-particleand a microscopic part. The latter consists of shell and pair-
levels, odd- and even-nucleon systems in the deformed fielthg correction energies. For the macroscopic energy, we em-
have different energies, which contribute to odd-even masploy the standard liquid-drop model of R¢L1]. The micro-
differences. For light- and medium-mass nuclei, the Kramerscopic energy is calculated within the deformed Woods-
effect can be comparable with the pairing contributjGih Saxon (WS) model [12,13. The pairing correlations are
Furthermore, when neighboring nuclei have different defortreated by a technique of approximate particle-number pro-
mations, the shape-changing effect also plays a role. Thegection, known as the Lipkin-Nogam(iLN) method [14],
two factors originate from the deformed mean field andwhich takes particle-number-fluctuation effects into account
therefore, we will refer to them in the following as the mean-by introducing an additional Lagrange multipliex;. Both
field effect. monopole and quadrupole pairings are included.

Moreover, the pairing gaps of even-even nuclei cannot The odd-even mass differend2%¢, can be expressed by a
include the odd-nucleon blocking effects of adjacent odd nuthree-point(see, e.g.[3]), a four-point[2], or a five-point
clei, while experimental odd-even mass differences of coursgl5] formula with respect to nuclear masses. Considering
contain such blocking effec{®,4]. This can become signifi- that nuclear masses contain nonlinear terms in nucleon num-
cant when the density of single-particle levels around théber, such as the symmetry and Coulomb eneldigk which

cannot be well canceled out in the three-point form#a
we use the five-point formula to minimize the influences of
*Permanent address: Department of Technical Physics, Pekirifie quantities that are not relevant for the present discussion.
University, Beijing 100871, China. For an even-even nucle(i$5],
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whereM (N) is the mass of an atom with neutron numbr, g - E—EN=08 1
(or Z for protons. The quantity, D, is calculated along an « | @ —©N=100 ]
isotopic (or isotonig chain. Using the above formula, the ' 100 | ',_, '! migi -
smooth nonlinear terms can be canceled, up to the fourtt [ A—AN-106 ]

order[15,16 when neglecting the shape-changing effect.
The nuclear shape is determined by minimizing the cal- ol ! ! ! ! 1
culated potential energy surfa@ES in the quadrupole de- 66 70 74
formation (8,,vy) space with hexadecapolg/) variation. z
For well-deformed nuclei, pairing energies only weakly in-
fluence the values of deformatiof®,10]. In the determina-
tion of equilibrium deformations, we use the monopole pair-
ing strength obtained by the average gap metHd]. The i
guadrupole pairing strength is determined by restoring the 300
local Galilean invariance with respect to quadrupole shape
oscillations[17,18. Whereas quadrupole pairing is impor- <
tant for the proper description of the moments of inertiag'i 200
[19,20Q, its influence on nuclear binding energies is negli- o~
gible, since we use the doubly stretched quadrupole opera !
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tors[17,18. [ ook
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For the total energy of a nucleus, the shell-correctionterm 100 @ mvy ]
is sensitive to the level distribution around the Fermi surface, L *——kHf
which is strongly related to the particle number and defor- -
mation of the nucleugl(]. It is via the shell energies that the oL ) ) ! ) ) ! A !
Kramers degeneracy affects odd-even mass differefles 92 96 102 106
On the other hand, macroscopic surface and Coulomb ener- N
gies are deformation dependéft], which can also contrib- FIG. 1. Obtained mean-field and blocking effects=(Syr

ute to theD ¢ values if ConSiderir!g.Shape changes with par-4 Spiocd) @s a function of nucleon number. The upper panel is for
ticle number. These effects originate from the deformedieutrons ¢) and the lower panel is for protonsr}. Note that the
mean field. The mean-field effect can be calculated using Egs values are negative.
(1) with only the shell and macroscopic energies included for
the quantityM of the equation. The results show that the|f the blocking effect were neglected, we should hay§
mean-field effects are usually of the order of 100 to 200 keV~A +\,. Since both theD°® and A+ X\, values increase
for even-even rare-earth nuclei. If one neglects the changegecreaspwith increasing(decreasingpairing strength, the
of nuclear deformation, the Kramers effect for a deformeds, . value is not very sensitive to the change in @ealue.
even systemN=2n) can be written ag(eyr1—€n) forthe  we calculate the blocking effect with th@ value obtained
three-point formuld3] or ; (en 1 —ey) for the five-point for- - py the average gap meth@d6]. The results show that the
mula (wheree; is the single-particle energgyHowever, the  yajues of the blocking effecty e, are usually about-200
Kramers effect obtained from the above simple forms differsg —400 keV for deformed rare-earth nuclei. It can be seen
from the corresponding value calculated according to(EX.  that there is partial cancellation between the mean-field and
when shape changes are included. This implies that the pehe blocking effects, but nonzero effects remain systemati-
larization effects of the odd nucleons have to be c0n5|derega||y_
explicitly, as is done in the present work. B We are interested in the well-deformed rare-earth nuclei
In the LN model(for the case of monopole pairinghe  where an abundance of regular collective rotational bands
quantity, A+\,, is assumed to be identichl6] with odd-  with backbendings have been observed. The combined effect
evenmassdifference, provided that other physical influence5(5: S+ Soioe) from the mean field §e) and blocking
(e.g. the mean-field and .blocklng effectse |gnored. Inor- (5,0 is shown in Fig. 1. The’ values range mostly from
der to extract the blocking effect, we define an odd-even-100 to —300 keV, or about 10 to 30 % of the correspond-
pairing-energydifference,D°. The D® value is calculated ing odd-even mass differences, clearly suggesting that one
using Eq.(1) but with only the pairing energies included for cannot neglect this component.

the quantityM in Eq. (1). In the pairing calculations of odd  |n general, the mean-field and blocking effects change

nuclei, the odd-nucleon blockings are taken into acc@ht  smoothly with particle number, and one would like to sepa-

The blocking effect can be extracted by rate their contributions. However, the situation can become
rather complex in some cases. Whii=98-102, for ex-

Spiock=Dp = (A+Xp). (2)  ample, the calculated PES’s show that the nuclei are soft in
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the B, deformation, particularly fort’> 1’8, The 3, soft- To investigate the consistency of our method, we calcu-
ness results in relatively large uncertainties in the determind@t€ the moments of inertia of yrast rotational bands by
tion of the B, values and hence significantly influences themeans of the pairing-deformation self-consistent cranked
Sy values. The same holds for th#,, values, leading to shell modgl[22,23:|: In this model, pairing and deformatlon

fluctuating results. Hence, separate consideration ofghe change with rotational frequency in a self-consistent way,
and 8,4 values can be misleading. In contrast, the com--€- for_a given frequency, pairing is self-conS|stent_Iy tr_eated
bined value of the mean-field and the blocking effects is les®Y SOlving the cranked LN equation, and deformation is de-

shape dependent, since the total energy of a soft nucleus termined by minimizing the palculated total Routhian surface
not so sensitive to the deformation value in an area arountll RS [22]. The total collective angular momentum is calcu-

the minimum of its PES. lated as follows:
With inclusion of the above mean-field and blocking ef-
; ; e 2 ~ =
fects,é, the theoretical odd-even mass differenbg;, can I = 2 <B|Jx|a>paﬁ+ Z <,3|Jx|a>p;ﬁ, (4)
be written as a.f>0 a.f>0

DE=A+N,+ 5 . 3) wherep is the densit.y matrix of thg cranked LN mpdel in the
representation of signature basis denoted explicitly ahy

In the practical calculations, the contribution from quadru-8 (& B are for opposite S(g[at“f)eﬁzz]- The moment of
pole pairing is also included, though this term is not writtenIN€rtia is then obtained by*”'=1,/w; herew is the rota-
explicitly in the above equation. However, as mentioned, thdional frequency. , o
contribution of the doubly stretched quadrupole pairing en- AAS mentioned earlier, the moment of inertia is a very
ergies is very smallusually less than 30 keV in magnitude sensitive probe of pairing correlations. It is not at all obvious
On the right-hand side of Eq3) the pairing gapA, is the that a pairing interaction which reproduces the odd-even
dominant term. Obviously, due to the presence of&herm mass difference can, at the same time, also reproduce the
the D% is. in .general n;)t equivalent to the quantiw' moment of inertia. In Fig. 2, we compare the experimentally
o ‘gf tr;e even everil nucleus. Thevalue is very sens’i deduced moments of inertia with our results calculated with
21 - . - “ ” 0 H _ =0
tive to theG value, while thex, and § values are not. the “standard” strengthG™ and the adjusteds=FG".
The presence of the negative values implies that the Clearly, the adjuste values lead to an improved descrip-

pairing strengthG, needs to be increased when one aims a{i_on for both _mome”ts of inertia anq backbending frequen-
self-consistent calculations of odd-even mass differences. B?/'es'(N.O additional parameters are involved or adju_s)ted.
adjusting the pairing strength, one can reproduce the experj- In this context, one n_eeds_to recall the long-standing _p_rob-
mental D° value with Eq.(3). However, in that case we lem of cranking calculations |n_the case qf monopole pairing,
found that each nucleus requires a separate determination b§-» one cannot at thg same time describe both moments of
its G value. Apparently, the average gap metfja6] does Inertia and bandcrossing frquenc(eee, e..g.[7,8]). In or-
not give proper particle-number and deformation dependenc@er to reproducg moments of inertia, one in general needs to
for the pairing gaps of the studied nuclei. On the other hand!/S¢ areducedpalrlng stre_ngtr[6,8]. On the other hanc_i, an
other quantities contributing to the odd-even mass diﬁerencgnhanped;trength is required to re_produce bandcrossing fre-
may be lacking in our model. One such effect is the couplingquenc'eﬂ]' Thg presence of the t|me-o.d.d compont_ant Qf the
to phonons, which will influence the ground-state bindingquadrUpOIe pairing f|_eId induces an additional c_ontr|but|o.n o
energy, depending on the softness of the nuclear shape. AIsEE,e moment of inertid19,20|, which allows an increase in
displacements of the single-particle spectrum of the Woods! e_G value. Appargntly, the_ dO.Uny §tretched quadrupole
Saxon potential will affect the calculat&@P® values. To dis- Palng Interaction, in qomblna_\tlorj \.N'th the cranked LN
entangle the different contributions, especially to optimize dnethod, enables a consistent d|scr|pt|on for both moments of
method to determine the average pairing strength, is outsid@ertia and bandcro.ssmg_freql_Jenc]es. However, other effects,
the scope of the present work. such as the coupllng with vibrations, may also affect the
We scale the pairing strength I§y=FG°, whereG® is ~ ¢f0SSINY frequenues_. _ -
the strength obtained by the average gap mefi&dl For For some heavy isotopes, using the averkgealue re-
reasons of simplicity, we use a const&nfactor for the local ~ Sults in too-small moments of inertia, e.g., i*Hf and
mass region of the studied nuclei. The constantalue is  *®%W. For these isotopes, the averdgealue gives too-large
determined by averaging the individuglvalues that have Dg® values compared to the correspondii)@ipt values. In
been obtained by reproducing the corresponcﬂ)rﬁﬁmvalues fact, the A+ X\, values obtained from the “standardG®
of the nuclei. We expect that using the aver&gealue will  have already overestimated tlk;, values for the heavy
reduce the fluctuations arising from the uncertainties of exisotopes, e.g., by 166 kefheutron$ and 190 keV(protons
perimental masses and from possible discrepancies betwe@n 1’®Hf and, correspondingly, 98 keV and 125 keV#w.
theoretical and experimental single-particle levels. For then general, the average gap method gives too-laxgen,
region of the studied nuclei, we obtaif,=1.08 (neutron$  values for heavy isotopes and too-smal\, values for
and F ,=1.05 (protong using the experimental masses of light isotopes, indicating the problem of thedependence of
[21]. This results in increases of the LN pairing gaps bythe pairing gaps. Obviously, averaging tBeadjusting fac-
about 25% for neutrons and 15% for protons. tors does not change thfedependence.

051301-3



RAPID COMMUNICATIONS

F. R. XU, R. WYSS, AND P. M. WALKER PHYSICAL REVIEW G50 051301

80

70~

60-

50+

40-

30-

20+

IO (R2MeV-1)
o
e

i

201 1 1 + + + -

.0 0[1 OI.2 0‘.3 OI.4 0‘.5 0.6 OIAI OI.2 0‘.3 OI.4 0‘.5 0.0 0[1 0|.2 0[3 0|.4 0‘.5 0.0 d.l 0[2 0‘.3 ()|.4 0[5 0.0 0[1 0|.2 0‘.3 0|.4 0‘.5 0.0 Ol.l ()I.2 0[3 OI.4 0[5 0.6
1o (MeV)
FIG. 2. Calculated and experimental moments of inertia. The open triangles and circles denote the calculations with the pairing strengths

obtained by the average gap meth@f) and those adjusted, on average, for mean-field and blocking ef8et§G°), respectively. The
dots show the experimental valuezt)].

In order to check the influence of the above unsatisfactoryntrinsic quadrupole momenf8], and obtained results which
A dependence, we have also done the calculation with thagree with the corresponding experimental vall#s. The
pairing strength,G,, which makesA +\,= Df;'fpt for each  deformation changes due to the adjustments ofGhalues
given nucleus. The5, value is normally smaller than the are very small (A 8,|<0.003 and A 8,/<0.002) for nuclei
“standard” G° value for a heavy isotope, e.g., iM®Hf and

180w, Results show that the moments of inertia obtained %0

with suchG, values are systematically larger than the corre- I
sponding experimental moments of inertia. However, when 70
the G, value instead is adjusted by reproducing mg:m ot
value with A+X,+ 68 (i.e., including the mean-field and L 60F
blocking effects,Diy=Dgg,) a significantly improved de- St
scription can be obtained, as shown in Fig. 3 t6#f and w50
8\, Here we have obtained differeRtvalues(see Fig. 3, 2
caption compared to the above averagesalue, mainly be- 40r
cause the different pairing strength8q or G,) have been 30;
chosen as the reference of tBeadjustment. The nonaverage

F values are mostly in the range of 1.05-1.10 for neutrons

20 .« ooy by ey
and 1.03-1.08 for protons. Clearly, the proper pairing 00" 01 02 0304 05 01 02 03 04 05
. . . > fi® (MeV)

strength for odd-even mass differences is also consistent with
that for moments of inertia. In addition, the increase of the F|G. 3. Similar to Fig. 2, but with nonaverage values. The
pairing strength found in the present work agrees with thabpen triangles are for the calculations with tBg values, which
needed to reproduce the excitation energies of high-seniorityhake A + X ,=Dg;,, for each nucleus. The open circles show the
stateq9]. results with G/G,=1.13 (neuton$ and 1.05(protong for 178Hf

The moment of inertia is also sensitive to nuclear shapeand, correspondingly, 1.10 and 1.09 f6fW, which makeA + X\,
In order to check the determined deformations, we calculateet 6=Dgg, (i.e., including the mean-field and blocking effects
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that are not soft. Int’2178y, some shifts inJX) are seen, sulting in sizable changes of the pair gaps. The adjusted
which are due to the shifts of the, values with increasing strengths are consistent with what is needed to reproduce the
rotational frequency. Fot’? 178, as mentioned, the calcu- excitation energies of multiquasiparticle configurations, and
lated TRS's are soft in th@, direction. lead to an improved description of nuclear collective rota-
In summary, we have investigated the mean-field andional motion, through calculating moments of inertia and
blocking effects on odd-even mass differences for the debackbending frequencies. The present work establishes a
formed even-even nuclei in the rare-earth region. These etonsistent relation between mass differences, moments of in-
fects are shown to be in the range of 10-30 % of the correertia and excitation energies of high-seniority states.
sponding odd-even mass differences, and should not be . _ .
neglected in the determination of pairing strengths. Indeed, ~'Nis work was supported by the U.K. Engineering and
when the blocking and mean-field effects are taken into acl?hysmal Sciences Research Council and the Swedish Natural

count, pairing strengths are increased by about 5—10 %, ré3ciences Research Council.
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