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The odd-even mass staggering in nuclei is analyzed in the context of self-consistent mean-field calculations,
for spherical as well as for deformed nuclei. For these nuclei, the respective merits of the energy differences
A® andA®) to extract both the pairing gap and the time-reversal symmetry breaking effect at the same time
are extensively discussed. The usual mass formifais shown to contain additional mean-field contributions
when realistic pairing is used in the calculation. A simple tool is proposed in order to remove the time-reversal
symmetry breaking effects from(®). Extended comparisons with the odd-even mass staggering obtained in
the zero-pairing limi{schematic model and self-consistent calculatiei®w the nonperturbative contribution
of pairing correlations on this observable.
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[. INTRODUCTION For evenN, (ex—ex_1) is the gap around the Fermi level
in the single-particle spectrum. It is zero for spherical nuclei
The odd-even staggerin@ES of binding energies is a (apart across subshelland differs from zero for deformed

common phenomenon of several finite many-fermion sysnuclei because of the spread doubly degenerate spectrum
tems. In nuclei, it has been attributed to an experimenta{see Fig. 1L Deformation is thus found to be responsible for
evidence of pairing correlation§l]. Assuming that the a direct contribution to the three-point odd-even mass for-
masses are smooth functions of the number of neutrons andula.
protons except for pairing effects, simple expressions have With pairing correlationsA(®) (odd) can a priori be a
been derived for the gap parameterbased on binding en- measure of pairing effects only, where&$) (even contains
ergy differences between even and odd neighboring nuclein additional contribution related to the splitting of the
[2,3]. Detailed analysest] and pairing adjustmen{$] have  single-particle spectrum around the Fermi level. Such a
been based on these expressions. The simplest example is §eheme cannot account for the same oscillatiom\6¥ in

well-known three-point mass formula spherical nuclei because of the large degeneracy in spherical
shells.
(- On the other hand, recent calculations of spherical ti
(3) - _ _ ) pherical tin
ATN) 2 [EN+1)=2BE(N)+E(N=1)], (1) isotopes including pairingHF+BCS calculations[10] have

led to the conclusion that the five-point formul4® was in
whereN is the number of nucleon®eutrons or protons this case a better approximation of the pairing gap th&h
A study of the OES in light alkali-metal clusters and in (gdg).
light N=Z nuclei[6] has led to the conclusion that this phe-  The purpose of the present study is to analyze, for spheri-
nomenon was not due to pairing correlations but it is rathegal and deformed nuclei, the different contributions to odd-

due to deformation effect¢Jahn-Teller OES[7,8]. That  even mass differences in a fully self-consistent mean-field
work motivated a study by Satué al.[9] on the mean-field

contribution to the OES in nuclei, especially coming from N1 N even) N+l
deformation. To isolate mean-field effects, the pairing force I = = N
was set to zero and Hartree-Faegk) calculations were per-
formed for light deformed nuclei. In this context, they ob-
served an OES of the energy throu§yf?), itself oscillating

ek +1

AB(N)=0 if N isodd,

e _e B k-1 -
%% if N iseven. (2

k-2

SINGLE-PARTICLE ENERGY

FIG. 1. Schematic single-particle spectra and occupations for
*Corresponding author. Email address: duguet@spht.saclay.ceathree successive deformed nuclei.
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picture including time-odd components of the force. Our aim ETB(N) = ETFBE(N) + [ EVB(N) — ETFBE(N)]
is to give a coherent picture and to extract a quantity more A
directly related to pairing correlations. In addition, we want = EMFBE(NY + EPOI(N) + A(N), 3

to investigate the connection between results obtained with

and without the inclusion of pairinfef. Eq. (2)], as well as whereEP°!(N) is the difference of binding energy due to the

the physical content of this connection. _ time-reversal symmetry breaking effect, andN) is the
The present work is based on the conclusions of Réfl.  positive contribution related to the fact that the odd nucleon

(hereafter referred to as paperand is organized as follows. js unpaired in the final HEFB one quasiparti¢te) state. It is

In Sec. Il we introduce a separation of the microscopic bindgenoted as the self-consistent pairing gap, wheEa{N)

ing energy which allows one to separate different types 0f+A(N) is the self-consistent gp enerfyl].

contributions to odd-even mass formulas. The theoretical \ve have shown in Ref11] that the stat¢WHFBE) arises

framework used to perform our mean-field calculations ishatyrally as an intermediate step in the nucleon addition pro-

detailed in Sec. lll. Results on spherical as well as deformedess. |t defines an underlying even structure in an odd
nuclei are presented in Sec. IV. The evolution of odd-everycleus.

mass differences as a function of pairing correlations inten-
sity is studied in Sec. V using a schematic BCS model and
self-consistent calculations. Finally, the analysis of the re-

sults and the conclusions are given in Sec. VI. Starting from the separation procedure defined by(Bg.
the smooth part of the binding energy can be expanded in a

power series around a given mass nunmigr

B. Finite difference mass formulas

Il. ODD-EVEN MASS DIFFERENCES =4 gKEHFBE
IN SELF-CONSISTENT MEAN-FIELD CALCULATIONS ENBN) = = 2= | (N=Ng)*+EP?(N)+A(N)
Lo K=o k! gNk '
To evaluate and understand the contributions to the odd- No
even mass differences of nuclei in a fully self-consistent (4)
mean-field picture, two questions are addressed in what fol-

Finite-difference formulas have been derivEg-5] to
eliminate the successive derivatives of the smooth part of the
energy. The three-point difference is written as

lows.

(1) How to define a procedure to extract different contri-
butions to the OES and to identify unambiguously their
physical content? (3) —A() (3)

(2) Is the analysis of the odd-even mass differences at the Arire(No) = Ariree(No) + Apairing + poi(No)- ®
HF level of any help to understand what happens in theJsing Eq.(4), we have
presence of pairing correlations?

(—1)No j2EHFBE

AfPee(No)~ > NE , (6)
A. Smooth contribution to mass formulas J No
Several finite-difference mass formulgg-5] are used to and
evaluate the neutron or proton “pairing gaps.” The aim is to
extract the quickly varying part of the energy as a function of A®) .. (Ng)=A(Ng) +EP°(Ng) if Ny is odd,

some parameters, such as the number of neutrons or protons.
The underlying assumption is that the microscopic energy
splits into a quickly varying part and a smooth one. In
nuclear structure, the rapidly varying component of the en- ol ) )
ergy can be related to different phenomena, such as shell —1D+EP?(No+1)} if No iseven.
closuresN=2Z line, light mass nuclei, time-reversal symme- ;i expressions are obtained for the fourth-order for-
try breaking, and reduction of pairing by blocking in odd mula (five-point difference

nuclei. The OES being related to the last two effects, appro-

1
= 5{A(No= 1)+ A(No+1)+ EPI(Ng

priate mass regions must be chosen in order to avoid the first (—1)No
three ones. AfPa(Ng) = — T[EHFB(N0+ 2)—4E"FB(Ng+1)
We define the smooth part of the energy as the one ob-
tained when all nuclei are calculated as if they were even +6EHTB(Ng) —4EHTB(Ng— 1)+ EMFB(Ny—2)]
ones(no blocking and no breaking of time-reversal invari- ) 5)
ance in odd nuclei Such an energy should not undergo odd- = Aleee(No) + Airing+ poi(No) - (7)

even irregularities. It will be referred to ag"™E for
“Hartree-Fock-BogoliubovEveri and the associated wave
function will be denoted " 85). Such a definition of the
smooth part of the microscopic binding energy has already
been used in a work dealing with the OES in nudl&d]. If EMFBE represents a smooth part of the binding energy,
Then, the energy of an odd nucleus can be written as its contribution toA((N) should be of the same order of

Higher-order formulas can be derived in the same way.

C. Remarks onE"FBE and A(N)+EP°'(N)

014311-2
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magnitude (at least in absolute valugfor odd and even whereV,=+ 1250 MeV fm 2 (7 stands for proton or neu-
neighbor nuclei. For instance, thH('::%Et”bgtlormﬁF)'B(N) IS tron), p(R) is the local matter density of the nuclew, is
approximately equal to-¢ 1)™/26°E © ™/ JN”, and since this  the spin exchange operator apg=0.16 fm * the nuclear
second derivative foE™ °* should be always positive and . | iion density. A¥. is a contact interaction, we use a
smooth, it gives an oscillating contribution of similar ampli- . T .

cutoff for the active pairing space, which ranges from 5 MeV

tude for odd and eveN. . . .
Moreover, if such an hypothesis is valid, the contributionbelo_W to 5 MeV above the Fermi levgRl] in the single-
particle spectrum.

of EMFEE to A(NL(N) will tend to zero, andA{P5(N) to

A ing+ poi(N), with increasing orden of the finite differ-

n) . . IV. RESULTS
ence formula. The decrease df 2z with n will have to be
checked in order to validate the above energy separation. A. Spherical nuclei

With increasingn, A{, g+ poi(N) is an average oft
+EP°' over a larger number of nuclei. This assumes that

pol H H . . .
+(E) varies SIO\_NIV with the(odd) nucleon ”‘%mbef- If so, been calculated twice: first, as a HFB fully paired vacuum
A (N) will be a relevant observable in the nucleus

pairing+pol with an odd average number of neutrqh~BE state, then
with N nucleons. with the fully self-consistent Hartree-Fock-Bogoliubov plus

The choice of the orden of the formula used to extract a Lipkin-Nogami (HFBLN) scheme. In this case, several one
“pairing gap” A(N) through the odd-even staggering will be o configurations are investigated to determine the configu-

Seventy ground states have been calculated along the tin
isotopic chain, from'°%Sn to 1%°Sn. Each oddN nucleus has

a compromise as regards the last two remarks. ration corresponding to the ground state. Due to the magic
number of proton Z=50), all these nuclei are found to be
ll. THEORETICAL FRAMEWORK spherical in our three-dimensional lattice calculation.

i (3) ()
In order to study the odd-even mass staggering in the Calculated and experimentf22] A™(N) and A™(N)

framework of self-consistent calculations, one has to use th Ié)gr;g this chain are given in Fig. 2. The staggering of
HFB approximation, since time-reversal symmetry is lost in~ . (N) can be seen on the two panel_s, the valges forhedd
odd nuclei because of the blocking of a single nucleon. Thi?em.g smaller than for evem: The amplltude of th|s'stagger—
implies that time-odd components of the effective interactior'9 Is(ss)maller for neutron-rich nuclei. No staggering occurs
must be included in the calculations. They are not as welfor A(N). (3.5) .
determined 12] as the even components since nothing con- CalculatedA™>(N) are gre_ater thgn experimental ones
strains them specifically in the usual fitting procedure of ef-0Y Several hundreds keV while the fit used for the pairing
fective forces[13]. Despite these uncertainties, it is impor- force hfis peen shown to work yvell n r(_ep(oducmg rotational
tant to study their contributions to binding energies and oddPTOPerties in several mass regions. This is partly due to nu-

even mass differences. which are known to be significanmerical difficulties to converge well several odd nuclei in the
(14,15, ’ region 197-1255n that lead to an underestimation of their

The general formalism used here is detailed in Re8). binding energy by 200—-300 keV. Moreover, correlations be-

It is based on the self-consistent Hartree-Fock-Bogoliuboy©nd the mean field in odd nuclei should be larger than in
method, with an approximate particle-number projection byEVEN ones because of the large number of low-lying indi-
the Lipkin-Nogami prescription. In the particle-hole channel,Vidual excited states in the first case. Treating explicitly the
we use a two-body force of the Skyrme type, SLy4, whichresidual interaction through configuration mixing in 0(_1d and
has been adjusted to reproduce also the characteristics of tR4€N nucleéi is expected to lower the OES by approximately
infinite neutron matter and, consequently, should have googj00 kgV[ZS]. L3 )

isospin propertieg13]. This force has been shown to de- 3|” Fig. 3 are plotted the contributionrge andA jicge to
scribe satisfactorily nuclear properties for which it had notAZs and Ay, respectively. Apart from the magic number
been adjusted, such as superdeformed rotational bandd==82, one ha$A (Fc>|AG):d =0. This justifies the iden-
[17,18 and the structure and decay of super-heavy elementiication of EFF8E as the smooth part of the energy, and
[19]. It should be mentioned that the time-odd componentsndicates that higher-order formulas are not needed.

of the force are deeply involved in the description of rota-  Assuming that\(3) o\ o is equal toA) . o since
tional properties. The capacity of SLy4 to reproduce these\(N)+ EP°(N) is constant over a few odd nucleee Sec.
observables is an advantage as regards to the previous di$A ), one can write

cussion. In theT=1 particle-particle channel, we use a

surface-peaked delta forEq. (8)] adjusted on the low spin AN ~AS) g+ pol(N)
behavior of the moments of inertia of superdeformed bands
in the A~ 150 region[17]. This pairing force has also been ABLN) = AGL(N) =~ ABL(N). 9)

shown to work well in very different mass regions, up to the  The two sides of Eq(9) are compared on the left hand
transfermium one, to describe ground-state as well as rotaide of Fig. 4. The accuracy of the agreement is impressive

tional propertieg20]. It is given by along the whole isotopic linéexcept as expected for the
- magic numbemMN=_82). It confirms that the contribution of
V.= _ “(1-P,) 5(r1—r2)( 1— p(R)), (8) the smooth part of the energy t® is equal in absoltdte

2 c value for even and oddl (see Sec. Il A the sign 1)

014311-3



T. DUGUET, P. BONCHE, P.-H. HEENEN, AND J. MEYER

2400 —
' oo o A" HFB
-, o « A’ HFB
Q: X 00’. Py
1900 | o 800
| o O Gee® ®
od o¢ <o> > &
So
o o %o T <.>9b.0 %%
% e O.o
[ ]
&£ 1400 - %
m L L]
<&
<>.
© S
r <&
900 |
400
120 140 160
A

FIG. 2. Left: calculated odd-even mass differenad®s andA

AG)

Exp- EXperimental data are taken frdi2].

being responsible for the oscillating pattern of this contribu-

PHYSICAL REVIEW €5 014311

2400
© A’ EXP
e A’ EXP
1800 g
[ ]
0.0 o
<
1400 '..,~<>0°".<> <>'..<.><> U ]
. O, O O
o000 @ Mg o
o o O
& . O o
L < <
900 - o g
QO
<
400
120 140 160
A

for the tin isotopic line from'*°Sn to 1%°Sn. Right: knowm %) and

To confirm this decoupling, we have performed the same

tion. The A®® staggering corresponds to an oscillation calculation with a decrease of the neutron pairing intensity
aroundA® due toA (.. One can, therefore, conclude that V,, by 20% to+1000 MeV fmi . The left panel of Fig. 5
A®) is a measure of the rapidly varying part of the energyshows the response of the absolute QEZY . A few points

AR ing+ potl(N)=A(N) +EP?Y(N). On the contrary,A®)

are missing on the figure due to problems of convergence for

(odd contains smooth contributions, in particular the full some nuclei with a reduced pairing strength. The odd-even
asymmetry energy contribution to the OES.
The right panel of Fig. 4 provides a comparison betweerbution coming from the pairing gap, decrease also by ap-

3 3 5
Al and A8, AE),

mass differenced 3, and A});, which include the contri-

The agreement is very good. Al- proximately 20%. On the other hand, the right panel of Fig.

though the absolute values Af5>) are overestimated by a 5 shows that the oscillation df{{; due to the smooth part of

few hundred keV, the staggering A, aroundA £, is well

the energy is not modified. Thus, the separation of Bj.

reproduced by the contribution coming from the smooth parglivides the energy in a part extracted throu]g‘ﬁ) respond-
of the energyA(H3F)BE_ This shows the strong decoupling be- ing directly to the pairing intensity and in another one com-

tween the two contributions to E¢R).

200
« A’ HFBE
+ A" HFBE
e ®
100 - « o........
Y L] .'o.
S\ ¢ L4 ‘e .ooo"....
£ of. s >
= R ...ooo......
L] L]
o L4 o o..
L N ] ..
L[] L) L .
-100 ", y
L]
-200
120 140 160
A

FIG. 3. Calculated odd-even mass differenaé¥se andA $lge

for the tin isotopic line from*%Sn to 16%n.

ing from EMFBE (almos} insensitive to it.

In a previous study of**No [20], we have shown that the
dynamical moment of inertia of its ground-state rotational
band depends more strongly on the radial dependence of the
pairing force than on its intensity for a given radial form
factor. On the contrary, the OES arourfd™No has been
found to vary proportionally to a change of the intensity of
the pairing. From this and from the present results, we can
conclude that the part of the pairing energy contained in the
even energyE"™E is probed by observables involving the
nucleus as a whole, such as rotation, and is more sensitive to
the analytical structure of the force. On the other hand, the
part defined byA(N) is related to a specific blocked orbit
and is very sensitive to the intensity of the pairing force. This
provides two different observables to adjust the strength and
the radial dependence of the pairing force.

B. Deformed nuclei

Let us now extend our analysis to deformed nuclei. Forty-
nine Cerium isotopes, fromi-&Ce to %¢Ce, have been calcu-
lated. The deformation parameigs is given as a function of
A in Fig. 6 for HFB and HFBE calculations. The ground-
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FIG. 4. Left: AG)e is compared taA &);,— A(S); along the tin isotopic line. Right: comparison &f2s: with experiment(see text

-state quadrupole deformation undergoes large variationsame way as for spherical nuclei. Let us illustrate these state-
from a region of strong prolate deformation arouhdCe  ments along the cerium isotopic line.

(B,~0.37) to a prolate deformation regionB{~0.31 On the left(right) panel of Fig. 7 are plotted ({25 ¢, and
around*®Ce) through the sphericd®Ce nucleus. Figure 6 A (g . The comparison betweex{{s— A Gl andAL,jBE is
illustrates the fact thaB,™°F reproduces the mean evolution presented in Fig. 8. Similar results and agreements as for tin
of 858 with A. isotopes are obtainediA el is much larger thamA &

It has been shown in paper | that, apart from the time-which is close to zero and 5(N) —A{2s(N) is approxi-
reversal symmetry breaking effect, the HFBE and HFB calmately equal to A (N). The contribution A(N)
culations lead to identical mean fields. The influence of the+ EP°/(N) to the odd HFB energy is extracted througyf
deformation on the binding energy of odd nuclei is containedor deformed nuclei as for spherical ones. The effect of de-
in EMFBE and the Jahn-Teller contribution to the odd-evenformation on the OESJahn-Teller OESis included in the
mass differenced {2 will thus be extracted through{{Jsc.  contribution coming fromE"FBE, which reproduces the os-
The energy separatiof8) should allow to isolate the self- cillation of A® aroundA® (Fig. 8). This contribution is
consistent gp energy through odd-even mass formulas in theentical for odd and even neighboring nuclei, with an oppo-
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A

A

FIG. 5. Left: calculated odd-even mass differendé®; and A3, for the tin isotopic line with a reduced neutron pairing strerigth
=—1000 MeV fm 3. Right: A{{ge is compared ta\ () — AL for the samev,,.
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040 ' ' - ' y for one kind of particles only. No two-body force is included:
oSt the orbital dependent gap is given as an initial parameter and
035 ¢ \5 ] is parametrized as
»
030 F '3\ PP Lot N B e —\\2
k
Y s %“o\‘ A=A Epo A ) } (10
025 \q /d
B, amf % aﬁ’ ] A being the input. Let us mention that is the gap at the
P % 4 Fermi energy.
os | . ; ] The fixed spectrum can be eitharpriori constructed or
<'>\ { taken from the self-consistent calculation of an even nucleus
o0 b % ; ] as a typical spectrum in a narrow region around that nucleus.
¢ e — In what follows, the subscripts HEB) are changed into
o o — e HFB
005 | ’1 ] @& HFBH ] BCSE).
I\ . The fully paired part of the energy as defined by the first
0.0 . s oy ; . term of Eq.(3) is that of a fully paired BCS vacuum
120 130 140 150 160 170

A
1 AZ
FIG. 6. Quadrupole axial deformation as a function of the mass EBCSEN) = E vﬁek— > E % (11
number along the cerium isotopic chain for HFB and HFBE calcu- k k>0 (&= N7) "+ AL

lations.

] ] ] , AN being fixed by the additional conditiofN)=N (odd or
site sign contrary to what was found in R¢@]. We will  eyen. For N even, it corresponds to the exact BCS energy.
come back to this point later. It is unfortunately not possiblegy, oqddN the BCS energy is

to make a significant comparison with the experimental data
for these deformed nuclei because the experimental error EBCS(N) =EBCSHN) + Min{EP}, (12)
bars are much too large.
where theEIP(N)=/(e,—\V)?+AZ are the quasiparticle
V. TRANSITION TO ZERO PAIRING energies evaluated in the odd vaculii]. Once these ener-

. . ; ) (3) (5)
Two types of calculations have been performed to stud)gles are given, the energy differencfls, Agtse, Atds,

(5)
the OES in the zero-pairing limit. We have first used a schef’mdAE‘CSE can be computed.

matic non-self-consistent BCS model in order to get qualita-

tive informations. Then, fully self-consistent HFB calcula- B. Results on cerium isotopes

tions have been performed in order to take into account \ye have performed two different applications of the sche-

rearrangement effects and to obtain quantitative results.  matic model. First, we have used an equidistant twofold de-

generate spectrum simulating a deformed nucleus with a

single-particle level spacinge=400 keV. The calculation
The schematic model consists in a non-self-consisterttas been performed for six different values/affrom zero

BCS scheme on top of a fixed single-particle spectfegy  to a typical value of 1200 keV. In the second case, we have

A. Schematic model presentation

2000 200
* . 3
1800 | > A"HFB| | i . * A’ HFBE
« A’HFB .o * A" HFBE
L]
1600 . ] 100 . . ......
L L]
~ 1400 | . Lot o, L *e. .. .
> °© 7 o o Ceee® .. =
éo/ 1200 | e ......'..0 o 8 o 090 0.0 0.0 ce | é 0F 0000000000000000 6%, oo°°°°°°°°°oooo _
= .... o ® 'Q.Oo Oo...o. . © = e
e L]
1000 | - Lol Do T ; et .
¢ : ¢ o ° e, .
° -100 | . .« . E
800 J . o .
L ] hd P
*
600 ] R
-200
120 140 160 120 1 40A 160
A

FIG. 7. Left: calculated odd-even mass differendéd®y and A§); for the cerium isotopic line front'®Ce to 1%%Ce. Right: calculated
odd-even mass difference 3, and A $l .
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200 zero for all values ofN. It follows that in this caseA§)s
« A" HFBE (odd) extracts the gap.
o ® o A'-A’ HFB When A is increased, this is no longer true. Odd-even
100 $ i mass differences are shifted to higher values in such a way
*¥ that AG) tends to extract the pairing gap while) oscil-
s BCS Cs
LI . lates around this value. From the equidistant spectrum calcu-
lation, one can see that this asymptotic situation is achieved
ot 1 for aratioA/de~0.5; i.e., as soon a& reaches 200 keV. In
° real nuclei, apart for near-closed-shell nuclei, typigdbe
*e 0’ o o values are greater than 0.5.
The right hand side of Fig. 9 shows that similar qualita-
100 $ * e o o s 1 tive results are obtained using a realistic spectrum for de-
e ? o formed cerium isotopes, even though the structure of the
° realistic spectrum modifies the artificial regularities of the
—-200 former case. The discrepancy betweerand Min{E]P} ob-
120 14°A 160 served for some nuclei is due to the fact that the gp in the
odd fully paired vacuum is not always such thet—v? is
FIG. 8. Comparison between calculatei®l,(N) (fled  exactly O[11]. From a quantitative point of viewd g ex-
circles and A{35(N)—AGL(N) (empty diamondsalong the ce-  tracts precisely the quasiparticle energy as sool as the

0

*
0
»
L]
[ 2

E(keV)

rium isotopic line. Fermi energy reaches 60% of the realistic value obtained in
an HFB calculation of these isotopes.
used a realistic spectrum dP°Ce (self-consistent HF spec- This can be understood from Fig. 10 which gives the

trum obtained with the SLy4 interactipnFigure 9 displays EBCSE contribution to the different odd-even mass formulas
the evolution of A&, AG) with increasing gapA from  for identical values of the gap, using both spectra. The oscil-
148Ce to 1°%Ce for both spectra. The left column is for the lation of AS(N) aroundAS2(N) is also plotted. ForA

equidistant spectrum while the right one is for the realistic=0, A& is equal toAS2 as in this cas&®CS and EBCSE
spectrum. are the same for odd nuclei as well (NIEf?} =0 in the odd

For A=0, we recover qualitatively the results obtained inyacuum for a vanishing pairingThrough the even part of
HF calculations without time-reversal symmetry breakingthe energyEB°SE we have isolated the quantity responsible
[cf. Eq. (2)]. Namely, A&2{(N) oscillates between zero for for the Jahn-Teller OES of Eq2) in absence of pairing.
oddN and a nonzero value for evéd A(BSC)S is different from  However, as the pairing increases this part of the energy

Equi. spect. Real. spect.
60— T T T T T 7T T T T T T T T T T T
500 -
400 -
300
200
100

R oo A BCS
= = A°BCS
#—+MinE
1 A =0keV

A =200 keV ‘

500 -
400 -
300 -
200 -
100

FIG. 9. A&, A, andA as a function of
A. From top to bottom, the pairing gap increases
from 0 to 1200 keV. Left column: calculation
with an equidistant doubly degenerate spectrum.

1000 F 1 ] Right column: calculation using the self-

E (keV)

200 | L % . /?\ _ consistent neutron HF spectrum &fCe. In ad-
\ \ oy . .
B0 o o o o o + | J/\ [Loe e ] dition to A, the lowest gp in odd nuclei is shown.
00 w\a/a\e/w\a/ma/e | Fa [a\n 2y g Results are displayed betweé#fCe and*tCe.
N/ o\ / N\ Vo \el v
600 - ¢ & o o + \oN e .

1500 T E A =1200 keV
L ]

1400 o]
1300 e o o o o T
1200 F m\m/m \H/n\\,"v/ s\e/m

1100 ¢ & o & al

148 150 152 154 156 148 150 152 154 156
A
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Equi. spect. Real. spect.
200f o o o o o 1 Hra L a/ R | e ealBCSE
100 u\e/n\a .. 1 AL . -il_li(;SE
0+ [ ] L] ° L] -+ « -
-100 + g
-200 | + —
1 ——
100 - o L) L) L) L) iR i
\ /\ 0n A
0k [ 2% P4 | I’,rl kl [ ] I‘ ] 1 ¥ \ \ /m .',,i 4
~100 | o & o ® 1 e o s " ]
s | 1 ] FIG. 10. Energy differencedqr, ASer,

PEPIPIPIPRIPE, S PR PP andA§l—AGL. Left and right panels: same as

200 |- 1 e o e i for Fig. 9. The results are displayed between

148Ce andStCe.

100 n n n n n <4

E (keV)

-100 | A a o o H B
-200 - g

200 - I _ & = i A=1200 keV

100 n n n n n -+ / 7 B

-100 0 o n o 4 \/ \ ]

-200 - 1 nooa 4

148 150 152 154 156 148 150 152 154 156
A A

becomes smoother witN in such a way thaA(B%SE goes to energy evolve in opposite ways. The even contribution de-

zero whileA ). oscillates regularly around it. When pairing creases from a nonzero value because of the deformation

increases, the deformation effect on the OES is equally reeffect described in Refl9] to zero value with increasing

distributed to even and odd®)(N) in such a way that it pairing. At the same time, the blocking contribution

produces the staggering & aroundA . A pairing(+ poly iNCreases with pairing as expected. This illus-
These schematic calculations help in understanding thgates why and howa (®) extractsA pairing(+poly ONly for a

link between the apparently contradictory results obtained imealistic pairing strength.

HF calculations wher@\ () is not zero and the BCS ones  Figure 11 gives a graphic representation B8 and

with the pairing turned on whem$2s equalsA paiing+pony - E' - as a function ofN for both the zero-pairing and the

The contributions taA® coming from the two parts of the realistic-pairing cases. It is drawn for an underlying doubly

N2 N-1 Even N N+1 N+2 N-2 N-1 Even N N+1 N+2
: : : : N - | : : : N
. Real odd Nuclei . Real odd Nuclei
. (HFB) —
. .. e
< o : pol
. 7 AMN)+E(N)
. l i EMN) '
3 ]
5 2
% < = N
S Qo T
5 2 u
5 NS g h o.
l:\ = S pol
S ANHE®)
@ B
s B
Virtual odd Nuclei ’/ \\\ Virtual odd Nuclei / \\\
HFBE
( ) ~-_~._:\~ (HFBE) | |

FIG. 11. Binding energy as a function Nffor the even partsquares joined by dashed ljrend for the full odd stateircle). Left panel:
no pairing. Right panel: realistic-pairing case.
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600 ] 11835n and 1?%sn, with a gap varying between 0 and 1900
500 | | \‘ g ° OA: BCS keV. This latter value corresponds to the theoretical gap at
200 | | ] |==a'BCS the Fermi energy in the HFB calculations. As expected, no
) | M AQ) staggering i fax equals 0 apart for the transiti
300 - I - A = Okey bis Staggering is seen fdx equals 0 apart for the transition
200 |- W e 1 between 23/2 and h11/2 spherical shells which occurs at
566 [ [ ] N equals 120.
Y i oo 80 o As A increases(from top to bottom on Fig. 12 two
—" ﬁ ] modifications on odd-even differences occur simultaneously,
= 700 | A\ i namely, the appearance of an odd-even staggerin@@@g
§ s00 | {e’-\\;\ . 1 and the extraction of MIEIP} through AS. As for de-
E o6 E K kﬁ\\ ] formed nuclei, the oscillating behavior ‘Zﬁ(sgc)s is directly
. | f\—ﬂ’ \,!P*\M 1 related to the contribution from the even part of the energy.
L hv L d L This transition from a situation where moggs staggering
T T exists for zero pairing to a situation where a clear staggering
1500 - - 1 6= L0 keY develops, shows that the calculations with and without pair-
1400 - AN ] ing are not related in a simple way.
(I L -
I \
1200 % & £ ] D. Single-particle level spacing and odd-even mass formulas
1100 |- * -

In Refs.[9,24), it has been suggested that theé”) oscil-
L lation as a function ol could be used as a measure of the

2100 - § splitting of the single-particle spectrum around the Fermi

2000 T level for even deformed nuclg¢see Eq.(2)]. To study the
1900 - validity of this statement, we compare in Fig. A33(2])
1800 [ i —A8)(2j+1) and €y.1—e)/2 for zero and a realistic
1700 ] value of the pairing strength. The variation of the chemical
L. ; . ; . potential as a function oA is also plotted. In the left column
118 120 122 124 126 are presented the results of the calculations for the cerium
A isotopes with an equidistant spectrum and with a realistic

spectrum in the middle. In the right part of the figure are
&hown the results for tin isotopes using a realistic spectrum.

ForA=0 and 1200 keV, the splitting of the single-particle
energies in the cerium spectrum is exactly reproduced by the

taggering ofA® if the equidistant spectrum is used. This

degenerate smgle-partlclle spectrum typlgal of a deforme esult suggests that one can extract informations about the
nucleus. The left panel gives the zero-pairing case where ong, :

FIG. 12. Same as Fig. 9 for tin isotopes. The calculation is don
using 122Sn HF spectrum. Results are displayed betw&éan and
126gp,

function of N and that the exact odd energy differs from __.. . ; -

EHFBE only if polarization is included. The Kgr]gmers degen- PAINNG Is present or not. On the other hand, using a realistic
ony itp ible for the li b h ioE5FEE pet 98N spectrum this conclusion is valid only in the limit of vanish-

eracy IS responsiblé for the linear benhavio etween fng pairing. For a realistic value ofA, the difference

two successive even nuclei while the single-particle leveA(g)s(Zj)—Agc)S(ZjJrl) is no longer a measure of. ;

spacing is responsible for the change of the correspondingBeCk)/z This is actually the case as soonfaseaches 60%

é‘;pﬁ] ?r?efj r'en;"ustt:ﬁpg}ﬁngsggrg322&;3:3&?1% (r?gEhSt’ anlzlqbf a realistic value. This is further confirmed by the calcula-
' tion on tin isotopes wherd £0((2j) — A&)(2j +1) is non-

the behavior ofEHTBE becomes smooth with the nucleon s
number and no asymmetry between odd and @vesmains zero for realistic-pairing strengths, whereas the correspond-
" niag spherical single-particle energies are highly degenerate

As a consequence, one can graphically see that the Jah he riaht col
Teller OES cannot be transposed to the realistic-pairing cas ee the right co umn
This result can be understood as a consequence of the

as itis in the absence of pairing. very different way a nucleon is added whether pairing corre-
lations are present or not. When starting from an HF state,
while the pairing is increased, the amount of binding energy
For spherical nuclei, the same kind &f%) staggering as associated with the addition of a nucleon in the even struc-
for deformed nuclei is observed experimentally and foundure is less and less related to a specific single-particle en-
theoretically in HFB calculations, while such staggering doesrgy. Rather, the nucleon is spread out on the levels around
not occur at the HF level because of the strong degeneracy tiie Fermi level because of pairs scatterifid]. Conse-
the spherical shells. quently, the memory of the underlying single-particle spec-
We now apply our model with the HF spectrum BfSn.  trum is washed out. Besides, this is the reason why the
Figure 12 displays the same quantities as Fig. 9 betweeHFBE energy becomes smoother as a functionAovith

C. Results on tin isotopes
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500 - + ¢ v o (e, -¢c)2
A=0keV e
S 400 - 1 VA2 -4’ @+
L U
& 300 | | A=0keV
Mool s ® 5 v - L
100 | . T 5 -
FIG. 13. Upper rows:
t t t t t t t t 1 4 t 4 A d 4 A(S)(ZJ)_A(S)(ZJ +l) Compared
L i [ ] ) et .
500 A =TS0 ke to the_ splitting around the Fermi
200 | 1, | level in the even nucleuse(, 4
¢ . —e,)/2 for two extreme values of
300 - 1 ¥ ¥ r the gap (top, A=0; middle,
200 © © v U LoV Y v Al calistic)- The 1.5 MeV splitting
100 L 1 o | b i for *2°Sn is out of scale. Lower
b row: chemical potential in MeV as
—— —— " —F————8—9 a function ofA for the two values
W « of A.
-4 + P i Ll L K _
4 o > - - 7
-5 - . #"{ - o « -8
3 % ”}é"'g
7 o "
6T % @ mA=0keV [ * = #A=0keV F————— = mA=0keV =
*' F—F A=1200 keV o +—% A=1200 keV +—£ A =1900 keV
1 1 1 1 1 1 1 1 1 1 1 _10

148 150 152 154 15 148 150 152 154 156 118 120 122 124 12
A A A

increasing pairindcf. Fig. 12). put in absence of pairing. This points out the inherent limits
The bottom row of Fig. 13 illustrates the previous state-of schematic models used with very simplified single-particle

ment by showing the chemical potential in the even state aspectra.

a function of the mass number. Let us consider the two cases The above result could not have been worked out for

that make use of a realistic spectrimiddle and right pan- spherical tin nuclei with models limited to a singleshell.

els of the bottom royw ForA=0, \ is sensitive to the orbits, Indeed, from the bottom row of Fig. 13, one sees that the

while for A,q.istic it behaves more smoothly as a function of effect involves several spherical shells for the pair scattering.

A and does not reflect the structure of the spectrum anymoré-:or instance, the pair scattering effect is efficient enough for

Thus, since one has A equal toA qaistic t0 l0ose the information about the 1.5

MeV splitting between the @3/2 and hl11/2 spherical

2EBCSE - )\ shells.

ARL2)—AR2 T )~ — o (19

E. Self-consistent calculations

this observable is no longer directly related to the single- Let us present the same analysis for fully self-consistent
particle level spacing around the Fermi level for a realisticHFB calculations of cerium isotopes. Pairing correlations are
pairing strength. The strong influence of the single-particledradually turned on through the increase of the neutron-
level structure is lost for a value of the gap smaller thanpairing force intensity/, up to the realistic case presented in
typical splittings in the spectrumi(e goes from 200 keV to Sec. IV B. Figure 14 displays the same quantities as Figs. 9
1 MeV in the studied cerium region and 10. Instead of the perturbative BCS quasiparticle energy
In the calculation based on an equidistant spectrum, thMin{Eg"}, the energy differencE"™®—E""®E is given. This
left panel of the bottom row illustrates why in this case onequantity is the self-consistent version of the created quasipar-
can still extract informations about the single-particle levelticle energy in odd nuclefill]. The upper left panel shows
spacings through odd-even mass differences for a realisti¢hat it is nonzero in the zero-pairing case since it already
pairing intensity. The evolution of with A does not depend contains the time-reversal symmetry breaking effect that
on A. Indeed, even if the nucleon is spread over the Fermshifts up all theA{{;.
sea, the average effect of the pair scattering process cancelsFirst, let us concentrate on the odd-even differences of
out because of the symmetry of this spectrum. As a resulE"BE for V,,= 0 (right upper pangl! For this particular case,
the energy added by the extra nucleon remains equal to thee will use HF and HFE subscripts instead of HFB and
single-particle energy of the orbit on which the nucleon isHFBE. There are neither polarization nor pairing effects and
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HFB calc. HFBE calc.
T T T T T T T T T T T . T I“‘c *
900 Vim0 1l 'y « | 200
700 |- ot PRET
500 | %o AEs d1o
w0l Y 1+ % + 4100
e | F * 1 200
100 | A 4 ]
; “ T ] T T T T T T T T T T T |
1000 % 2a V.0 !_ % 200
—~ \ rA ~
% 800 ¥ LR 1% /4 100 %
& 600 At - FIG. 14. Left(right) column: Ay g, (circles
K 400 | \ A L 100 = with solid line), A{js (squares with dashed
a0 |- il 1 200 line), self-consistent qp enerds/' & — EMFEE (tri-
] angles with dotted lineand A5 — Ay (stars
1000 - R 1t 1 200 with dotted ling. From top to bottom the inten-
b . .. .
800 ig 'M,,. * 4 . :i 3 . P 2 100 sity of the neutron-pairing force increases from 0
t L \u/ [ ANNANY . . 250 MeV fnT 3. Results are displayed be-
g - AL 3 T AN AN ..} to 1 - play
s00 a/ . {E Bya : vyl tween 1&Ce and*®®Ce.
400 | ¥ 1t V : e {100
200 | V0=900 1r * -1 200
1300 ; T J T T T T T T T T T ; T T T T T T T T T T |
(s Laamgmddr 1 200
Al 2 B/
1100 by 5/ v ) . e % s s p100
900 [ : L\?- VLA P Y \m/40
200 | ) ¢ ¢ ¢ ¢4
it o m 1 200
148 150 152 154 156 148 150 152 154 15
A A

one can focus on the strong influence on the results of the In Fig. 15, theAff’F)B andAff,:)BE staggerings are compared
self-consistency in the mean-field treatment. Contrary to thevith the single-particle level spacing around the Fermi en-
schematic results) {3 (odd) can be significantly different ergy in even nuclei. The left panel displays(2(2))
from zero in this caséseveral hundreds keV, for example, —AG) (2j+1), AGL(2))—ABLL(2j+1), and €y,

between **Ce and '**Ce). Self-consistency significantly —e,)/2 for v,,=0. The staggerings c&(2; and Ay co-

modifies the picture as compared to the independent particigcides. It means that this staggering is entirely due to the
scheme, especially in regions of varying deformaf®/25.  eyen contribution to the OES. Moreover, thé®) staggering
SinceA{j: (odd) is not zero, it is thus difficult to argue that roughly extracts the splitting in the HE spectrum except in
AP (odd) will extract Ap,iing. The only possible state-  the region of varying deformation?'Ce to 52Ce) where the
ment is that in the zero-pairing case an OES is seen with afearrangement due to self-consistency from one nucleus to
oscillating A ) together with a nonzerd (). the next is large.

The energy differenca (¥ (odd) is closer toE"F—EHFE The right panel displays the same quantities in the case of
thanA,(fF). However, as the pairing intensity increasbf;?F)B realistic pairing intensity. With pairing included;(/”;&0 is the
extracts the energy differendg"™— E"®F, which is noth-  eigenenergy of the HF field deduced frm\g’F:O by continu-
ing but the staggering of the energy, whilg; oscillates ity. Again, the A%, staggering is well reproduced by
around this value. This is the case as soon as the pairingﬂsF)BE(zj)_A(s)

, ) N -~ hree(2j +1) along the whole line, whatever
intensity reach_e33 about 72% of the realistic valo&< e magnitude of the self-consistency effects is. However, the
+900 MeVfm *). This statement is valid even when self-

. Lo . . information about the HF eigenenergies is lost in this case.
consistency effects are large in this region of varying demﬁndeed, the addition of a nucleon is no longer related to a

mation. The results are presented only for a small part of th’%ingle orbit when pairing is included 1]. These conclusions

cerium isotopic line, the same conclusions holds for the,."ihe same as in the case of the schematic model
whole line. '

From the right column giving the even contributions for
increasing strength,,, one can see that the analysis of the
schematic calculations remain true. Namely, as also dis- We have proposed an analysis for the odd-even mass stag-
cussed in Sec. IV B, the oscillations &f3); aroundA();  gering based on the definition of a “virtual” odd nucleus
are quantitatively reproduced by the contribution from the(HFBE stat¢ having the structure of an even one as the

even, smooth part of the energy for realistig. underlying structure of the “real” odd nucle(40,11].

VI. ANALYSIS AND CONCLUSIONS
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No pairing (V,=0) Full pairing (V,=1250)
| |
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1500 | o o [A(N=2j)-A%(N=2j+1)) HFBH | I [|e & [A’(N=2j)-A’(N=2j+1)] HFB
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FIG. 15. Energy differences $)5(2j) — AB%(2j +1), ABLL(2)) — AGe(2) + 1), and single-particle splittinge, ; — ,)/2 around the
Fermi energy for self-consistent calculations of cerium isotopes.

For realistic pairing intensities, it has been shown that the Let us go one step further by introducing, in a self-
A®)(N) mass formula extracts precisely the self-consistentonsistent mean-field picture, the time-reversal symmetry
HFB quasiparticle energy for spherical as well as for de-breaking effect on binding energy. This effect is formally
formed nuclei. The self-consistent HFB quasiparticle energyelated to the physical blocking process in odd nuclei as
corresponds to the blocking of the odd nucleon on top of theextensively discussed in R¢fL1]. It follows that it is deeply
fully paired odd reference vacuum and contains both thessociated with the self-consistent pairing gap in such a way
pairing gap,A(N), and the time-reversal symmetry breaking that these two energetic quantities cannot be separated
effect EPO!. through odd-even mass differences. They are both contained

Similar results have already been reported for sphericainto A(M(N) at all orders im when using experimental data.
nuclei in Ref.[10] where the extraction through® of the = Consequently, one has to include this effect in realistic cal-
pure blocking contribution to the ground-state energy of oddtulations in order to compare directly theoretical and experi-
nuclei was pointed out. However, this work was done in themental odd-even mass differences.

HF+BCS framework and without breaking time-reversal Finally, we have identified in the present paper the physi-
symmetry andA®) extracts then only the self-consistent cal content ofA®® and A® in fully self-consistent mean-
pairing gap EP°'=0). Such an approximation limits the per- field calculations including realistic pairing,

tinence of the comparison with experimental data. Our

present study does incorporate this physical effect and ex- (—1)N g2EHFEE

tends that earlier work to realistic cases and to deformed A (N)~A(N)+EP°/(N)+ 5 N
nuclei.

Satulaet al.[9] made a similar study for deformed nuclei
in the HF approximation, as a reference to identify pairing
contributions to the OES. They proposed to 1$& (odd) as
a measure of the pairing gap and the differené® (even
—A®) (odd) as the Jahn-Teller contribution to the OE®n-  Where, in the picture of Ref11], 1/29°E"FB5 N2 is related
tribution from deformatioh They have also neglected time- to the nucleon addition process and contains the full asym-
reversal symmetry breaking effects. metry energy contribution to the OES wheredagN)

In this context of time-reversal invariance, our extended+ EP°'(N) is related to the blocking of this nucleon.
analysis of the OES as a function of pairing correlations Comparing their results with those obtained by Satula
intensity within the frame of a schematic BCS model haset al.[9], Benderet al.[10] argue that the Jahn-Teller effect
allowed to sort out the contradictory former propositions.(called “mean-field effect” since it is related to the structure
The conclusions of Satuk al, based on E¢2), have been of the single-particle spectruns not connected to the oscil-
shown to hold only for very weak pairing. For a realistic lation of A®® found for spherical nuclei B"FEE contribu-
pairing intensity,A®) (odd) is no longer a measure of the tion). We have demonstrated that thé® staggering was
gap alone, since it contains an additional contribution comalways related to theEMFBE contribution (typically
ing from the even part of the ener@/' °E as defined in Eq. +50/150 keV). This energy is related in some way to the
(3) (see Sec. Y. On the other hand\(® extracts the pairing single-particle structure of a given nucleus, but our extended
gap in this case. Self-consistent HFB calculations have corschematic and fully self-consistent calculations have shown
firmed these conclusions from a quantitative point of view. that the experimental® staggering cannot be identified

(14)

ABL(N)=~A(N)+EP°(N). (15)
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with single-particle level spacing at the Fermi surface as sug- = -
gested in Ref.[9,24], apart for nuclei immediately near 1500 - ¢ Ay (0dd) I i
magic ones. 5% A B 4

Our results are based on calculations done in e 1400 | ;;Ai+H]F§’(’(I(:1d|))prox(Ep°l) ,’ .
=100-170 mass region. They should also be valid for £
lighter nuclei. Indeed, the regim@ndependent particle or 1300 - .
correlated systejnn which the system stands depends on a5 R . I
typical ratio A/ de. It has been shown in a schematic BCS é 1200 J A . F L
model that the correlated regime is achieved for a ratio= J i s 2% b
A/S5e~0.5 whereas for realistic calculations in th& 1100 “A\ J J -
=100-170 mass region, it is achieved for a value of the S M R
pairing gap a few times smaller than the level spacings nea 1000 | *, oy . S
the Fermi energy. These two arguments are in favor of the \
correlated limit for nuclei in the mass regiogh=30-100 900 | ]
whereAg/dep is typically between 0.5 and 1 for midshell
nuclei. In order to check this statement, we have performec 119 129 139 K 149 159 169

an exploratory calculation for Mg isotopes betweg&ivig
and *®Mg using our schematic BCS model. The single- FiG. 16. Comparison between(®); (odd and the self-
particle spectrum and gap value at the Fermi energy takegonsistent qp energ+EP°' along the cerium isotopic chain. The
from a self-consistent HFB calculation 8fMg were used. comparison between (3, (odd) and an approximation of the self-
The results support the extrapolation of our results to lighteconsistent pairing gag is also given.
masses. It also shows that tE&'™2E contribution to A®)
increases in average with decreasing mass number as t
mean single-particle level spacing increases at the same ti
It qualitatively explains the well-known increase of thé®)
staggering around ® in light nuclei (see Fig. 3 of Ref[9]
for instancé.

The only limitation of the above conclusions concerns Equation(14) shows that\®) contains an extra contribu-
nuclei with neutron(proton number one or two units away tio

. : : n coming from the smooth part of the energ¥™cE. In
from magic numbers. These nuclei belong to the intermedi; ; oo
; 3) . . Sec. 1V, this extra contribution has been shown to be of the
ate regime wherd ‘>’ (odd) is of the same quality or better

(5) , . . order of =50 to =100 keV in spherical tin isotopes and of
than A™" to extract mformatlons about the'bl'oclflng effect the order of+100 to+=150 keV in cerium deformed nuclei,
(see upper panels of Fig).9However, the limitation con-

. g o190 o
cerns a very limited number of nuclei which, in any case,namEIy it contributes for about 8%—12%. Then, the time

should not be used for a study intended to adjust the pairinreversal symmetry breaking effect has been theoretically ex-

force. It has also been shown that the pairing force should bgracted :[,'L R.Gf'[ll] through a perturbatlvg ce}lculatlc[ﬂa—
eled €4, in the present workfor the cerium isotopes and

fitted on global observables, such as rotation and orbit;
related observables as the OES in order to adjust at the Sad{eappeared to be of the order efl_OO to+ 150 I_<eV.
It follows that the two last previous contributions roughly

. - . . " BE
time the parts of the pairing energy containecf™" and cancel out iMA®) (odd) and that the relative weight df(N)

in A(N).
in A(N) 4is larger inA®) (odd) than inA® (odd). However, the de-

The above analysis is directly related to the nucleon ad->" ) : - (3)
dition process that is significantly modified by the inclusion @S of this canclellat|on are not under control §|rm§’FBE
and above alEP°'(N) are not well known. In particular, the

of pairing correlations in the nuclear wave functipid]. A 4
Besides, in a recent lectuf@5] where Satula and coworkers fime-reversal symmetry breaking process deserves more
results on the OES were reported, Flocard suggested that it iudies since the results are force and model dependent
somewhat surprising that the prescription of E2). derived [1_1'2623]- In order to exemplify the situation, Fig. 16 also
using an independent particle picture remains correct fog'V_e_SA( ) (odd) and an appr(IJX|mat|on of the self-consistent
strongly correlated systems as nuclei. The present work hadfiring gap, [A+EP°'—(ERS))]. Results are not shown
shown that this doubt was justified since pairing in suchwhen the hypothesis of the perturbative calculation is not
systems is strong enough in general to modify the picture byulfilled [11]. One can see that{}g (odd) is often closer to
washing out the decisive influence of single-particle energiethe self-consistent pairing gap thal SF)B (odd), which means
on odd-even effects. that the cancellation between the two different effegs'
Once we have identified the physical content of 84  and A (). is quite effective in the present case.
and A®) odd-even mass formulas, their respective advan- Finally, one should propos&®® (odd) as the better suited
tages and drawbacks as suited quantities for a detailed studpiantity for a detailed study of the pairing gap or for the fit
or fit of a pairing force remain to be analyzed. Equati®d)  of a pairing force through the adjustment of theoretical and
shows thatA(®) contains one quantity in addition to the pair- experimental odd-even mass differences. We would like to
ing gap. Actually, A® (odd), for example, contains a stress the fact that this conclusion is not a validation of the
weighted average of\+EP°' over three odd nuclei. As analysis performed in Reff9] as the way to reach it has been

gﬁown in Fig. 16, this is responsible for a slight deterioration
MGt the validity of identity (15) when A +EP°' changes sud-
denly around one nucleusee '%Ce for instancg On the
other hand,A® (odd) containsA +EP°' from the studied
nucleus only, which is an advantage oveP).
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very different and needed the inclusion of time-reversal symformula A =12A"2 MeV for the pairing gap as a function
metry breaking in order to point out tleepriori unexpected of the mass numbg28].

cancellation betweekP°' and A(H3F)BE (odd). Moreover, this It is important to stress that our purpose takes into account
conclusion still depends on more extensive analysis of th&nly one kind of pairing correlations, i.e., proton-proton and
time-reversal symmetry breaking contribution in different N€utron-neutron pairing. The questions related to proton-
mass regions to be done in order to study the presently foun@eutron cooper pairs aroumé=Z nuclei need, of course, an
cancellation effect. As an example, we may interpret thigxteénsion of our approach. Satula and VW23, Vogel[30]
effect to be responsible for the overall agreement found be2S Well Terasaket al.[31] have investigated these questions.

tween A®) and several averagkdheoretical HFB pairing Their conclusions correlated to an extension of our work

exp . L : T ;
gaps in an extensive re analysis of the commonly accepte%ou“.j deliver a good |nd|c_:§1tor to fix the theoretical intensity
of this neutron-proton pairing.
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