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influence of pairing correlations on multi-nucleon tramsgestudied for reactions at sub-barrier
energy.
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1. Introduction

Pairing correlations is known to affect significantly ground state and eksitge spectroscopy
of nuclei. On the theory side, static properties of nuclei are commonly treatad the Hartree-
Fock-Bogoliubov (HFB) approach within the Energy Density FunctioB&8IK) theory. The Quasi-
Particle RPA (QRPA) extend the HFB method and provides a consistenbagbpellowing to
describe both low lying excited states and giant resonances. Due to theyimgl small amplitude
approximation, it cannot treat large amplitude collective motion. Largetéffaurrently made to
develop the Time-Dependent HFB (TDHFB) from which the QRPA can biwetk At present,
very few applications of TDHFB exist so fdi][fl, B, 3] and most of thewehaeen made to study
giant resonances where the QRPA already provides a competitiveaapprohe TDHFB theory
is very demanding numerically and increases the computer time by a factorl®6nto 1000
compared to the corresponding theory without pairing. This might explajnswbh approach has
been up to now mainly restricted to the description of a single nucleus pregentail oscillations
around equilibrium. In a series of wo[k[#,[3, 6], it has been shownttieaBCS version of TDHFB
can be a good compromise between the required numerical effort an@shepdion of pairing
beyond the independent particle picture both for giant resonancesuatehar collisions. Some
illustrations of recent achievements are shown below.

2. Time-dependent dynamic with pairing

In the present approach, the many-body trial wave-function is writtencpgsi-particle state
in the BCS form

1) = [ () + Ol 0)) 1), (2.1)

whereug(t) andv(t) are the components of the special Bogoliubov transformation linking the
quasi-particle creation/annihilation to the particle creation/annihilation of thenieed states, de-
noted by{al(t),a%(t)}. These operators are associated to comporggiitso) in r-space and spin
space With‘{ = z(,fdr(pk(r,a)wg(r). Starting from the TDHFB equation and neglecting the off-
diagonal part of the pairing field, leads to the TDHF+BCS approximatioe.effuations of motion
are then conveniently written in terms of the occupation numbgits = v2(t) of single-particle
states and anomalous density componepts) = u (t)vi(t):

ih_dd—r,:k = MKk — DK, iﬁ% = Ki(& — &) + k(20— 1) (2.2)

wherely is the pairing field. The advantage of TDHF+BCS compared to TDHFB is Hradrdcal
states evolves according to a TDHF like equation of motion:

2194 = (hip] — &d0)] 9w (2.3)

whereh[p] is the self-consistent mean-field whigis a factor that is conveniently chosensas=
(¢«|h[p]|¢x). Properties of TDHF+BCS, also called Canonical basis TDHFB (CbTBHtave
been extensively discussed in rdi. [, 5]. Such simplified approagklbar numerical advantages
but might also lead to inconsistencies related to continuity equatfpns [5]. Baetson, it might
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be also interesting to consider an extra simplification where occupation nsi@becorrelations
are frozen in time (the Frozen Occupation Approximation (FOA)). In pragtlis is achieved by
simply neglecting the time-evolution of both the occupation numbers and the anudasity
components in the canonical basis. Then, expectation values of onevaibddy observables are
computed at all time using(t = 0) andk(t = 0).

In the following, three theories are compared: the TDHF approach, th¢FHBCS and the
TDHF+BCS in the FOA limit. The transport equations are solved on a 3D mesg asSkyrme
functional in the mean-field and a contact interaction in the pairing chaforeinpre details see

ref. [B]).

3. Effect of pairing on collective vibrationsin nuclei

To study the collective response of nuclei, we consider an initial §(tg)) = e~/
where|W) is the quasi-particle ground state that is stationary solution of the BCS equa@tien
coefficientn should be small enough to insure the small amplitude hypothesis. The opeérator
is chosen such that specific collective modes are excited. In the followiagyillvconsider the
isovector Giant Dipole resonance (IV-GDR), and the isoscalar Giaadf@ypole Resonance (IS-
GQR). Explicit form of the associated operators can be found in[ff.Tle nucleus response is
obtained by solving the TDHF+BCS leading to time oscillations ¢f) = (W(t)|F|¥(t)) where
|W(t)) is the time-dependent quasi-particle stdte] (2.1). An illustration, of the GDRatis is
given in Figurd]l (top). The strength function, generally used in RPAcar@RPA is then linked
to the Fourier transform d¥ (t), denoted by (E), through

1 ~
S(E) = n—nlm(F(E)). (3.1)

Such strength distribution is shown in Fif] 1 for the TDHF case (no pairifigHF+BCS
and starting from a ground state with pairing but assuming that the pairingetegf freedom
are frozen in time (FOA). Note that all the calculations for giant resorsaace done using the
Skm* functional, with a mixed pairing interaction with parameters frgin [7]. From tresent
comparison, one can conclude that the pairing correlations induces a ratidifiof the GDR
strength. In particular, a small shift of the main peak energy towards lewggris observed while
the width of the giant resonance (life-time) is globally unchanged. Suclitassindeed expected
in approaches going beyond the pure independent particle picturéntiiissting to note that there
is almost no difference between the cases where correlations aregptegan time or are frozen.
This shows that the main effect of pairing on high-lying giant resonarite imitial fragmentation
of the occupation numbers around the Fermi energy induced by pairinglatons. As we will
see below this conclusion does not hold for low lying collective modes.

As a second example, the TDHF+BCS response to a quadrupole padmibd*Mg is shown
in figure[2. Note that, this nucleus is found to be deformed with a deformatiameaer3, = 0.33
in its ground state. Therefore, the response is different dependiribeoaxis direction of the
perturbation. The response along the two main axis=(0) and K = 2) are respectively shown
on the left and right side of Fig[] 2. In both cases, the results are cothpatte the deformed
QRPA of ref. [8]. We see that the TDHF+BCS results, peak position aighh are in rather
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Figure 1: Top: lllustration of the dipole moment evolution as a fuoatiof time in?®Mg, after an initial
IV-GDR boost. Bottom: Strength function fé8Mg. Both panels present three different theories, TDHF
(dashed line), FOA (solid line) and TDHF+BCS (dots). Thecakdtions have been performed using the
Skyrme Skm* parameters and a mixed pairing interaction.
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Figure 2: Isoscalar quadrupole responsestvg. Comparison between QRPA calculatioﬂs [8] (solid line)
and TDHF+BCS (dashed line).

good agreement with the QRPA results although the QRPA is expected to bgemaml since it
corresponds to the full TDHFB. Similar conclusions have been drawrf.ifffeusing a different
pairing interaction.

It is worth mentioning that the TDHF+BCS results presented in[fig. 2 inclugegtrganiza-
tion of correlations in time. The corresponding results where occupatimbers are frozen (FOA)
are shown in Fig[]3. Contrary to the IV-GDR that was not presenting lovglgailective modes,
the 1IS-GQR has a significant fraction of the strength at energy below\d Weese low energy
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modes that are present in QRPA are absent in the FOA approximatiorefdtegwhile the effect
of pairing on the high-energy collective modes could be explained by thd iinggmentation of
the occupation numbers near the Fermi energy, the origin of low eneliggtooe modes seems
more complex and could only be understood through the propagationrefation in time. Itis
interesting to mention that the TDHF+BCS and FOA cannot be distinguished ihth2 case, as
it was observed for spherical symmetfy [9]. However, differencessaen for thé = 0 case in
the low energy sector. The origin of such difference is under study.
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Figure3: Isoscalar quadrupole responsesitvg. Comparison between FOA (solid line), the TDHF+BCS
(dashed line) and the TDHF+BCS dynamics (filled circlesjguted on good number of protons and neu-
trons.

The BCS wave function use the powerful technique of symmetry breakiag theU (1)
symmetry associated to particle number conservation, to grasp pairinéations. Accordingly,
the response presented in Fifjd] 1-3 do correspond to a weightedeeéthe response of nuclei
with various proton and neutron numbers. One might worry in that casé #iwpossible pollution
of the strength by collective excitation of nuclei surrounding the nucléimngerest. To quantify the
effect of particle number symmetry breaking, we have developed a fovjedter variation (PAV)
method for nuclear dynamics. In this method, the response of the nucleupnaitin number
N and neutron numbet is deduced by estimating the operakopn the projected component of
|W(t)),i.e. o
(POPN)P(Z)FP(N)P(Z)[W(t))

N (0 - OO = ca 0 ¢z
whereP(N) andP(Z) are projectors on good particle number defined through:
BX) = = / T GO-X) g (3.3)
21T Jo

with X = N or Z. The quasi-particle states here, follow the TDHF+BCS equation of motion.
Similarly to the original case, the strength function is obtained by performingdbger transform

of Fy z(t). Such a strength is shown in Fi. 3 by filled circles. Our conclusion is thatftaet of
particle non-conservation on the collective response seems to be rahleimgeneral.

4. Effect of pairing on two-nucleon transfer at sub-barrier energy

The TDHF+BCS method can be easily implemented to perform nuclear collisiog similar
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technique as for the TDHF approach. An illustration has been given.iffffeivhere the effect of
pairing on single- and multi-nucleon transfer was analyzed. Recentlg, itharrenewal of interest
regarding the transfer in the sub-barrier regime in particular to underéimpossible effect as
a competing or contributing effect to fusiop [10] 11]. The understandfnggir transfer in that
case is of special interest since it gives some information on how a compasitef interacting
particles might be transferred by tunneling. The present approach¢logling pairing correlation
as well as single-particle quantum dynamics provides a way to describgsuaess.

In Fig. [4, illustration of density profiles evolution during the central collisf86a+°Ca
are shown for different time of the reaction. The beam energy is 48.6, k@Y corresponds to
a center of mass energy just below the Coulomb bavkier 51.9 MeV. During the collision, the
two nuclei approach each other up to the contact and re-separateg Ehe contact time, nucleons
are exchanged as can be seen on middle and right side df|Fig. 4. In thE ffBmework, multi-
nucleon exchange is treated as an independent particle process whitepatiing is included,
we do expect an enhancement of cooperative pair transfer. Thestaspuld be approximately
treated with TDHF+BCS. However, due to the break-down of the contingityagion [], that is
especially important when it is necessary to cut a system in two pieces, stabliiously the case
for transfer reaction, it is more convenient to use the FOA approximatidmpd#réally cure this
problem. The results presented below are considering this limit. Thergfossible effects that
are due to internal reorganization of correlations during the time evolut@neglected.

Time

Figure 4: Neutron density evolution for the central collisi@fCa (left nucleus)4°Ca (right nucleus) at
different time: before (top), during (middle) and after tbentact (bottom). The time evolution of the
density of nucleons that are initially in tHé€Ca (resp.*°Ca) is shown in the middle (resp. right) panel. On
the left panel, we the total neutron density is shown.

An additional difficulty appears when theories breaking the particle nuarieansed. Indeed,
as in the case of giant resonances, for non vanishing pairing, the inigatuid nucleus should
be considered as an average over nuclei with different neutronratmhmumbers. To bypass this
problem in the case of transfer reactions, we have proposed ijieb {Se a double projection
technique. Since we are interested in the final number of nucleons in dne sile of the contact
plane, following ref. [Ip], an operatdle = 5, [ dr¥(r,o)W(r,0)O(r) counting the number of
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particle in this side is define®(r) is the Heaviside function equal to 1 in the considered subspace
and 0 otherwise. Then, one could associate to this operator, a projector

n 1 2 .
Po(N) = 5 [ &M Ny, (4.1)

that gives access to the probability to fiNdparticles in the considered space. However, contrary
to the standard TDHF case, since the initial state does not exactly pregentiele number, one
should in addition define the projector onto the good particle in the total spawerdingly, the
probability to findN’ particles in one side of the reactions while to total number of particles is
assumed to bhl is given by

(W()|Po(N)P(N)| (1)
(WO[P(N)[W(t))

Po(N') = (4.2)
The numerical details of the calculation are presented in[Ref [6]. An illustrafithe enhancement
of pair transfer induced by pairing correlations is given in ffjg. 5. In tigisrg, the one- and two-
particle transfer probabilities obtained using TDHF and TDHF+BCS (F@Axampared for the
reaction*8Ca+"°Ca for different energies below the Coulomb barrier. From this figure gfects
of pairing can be established. First, the one-neutron transfer probabifitightly enhanced, this
effect is due to the fragmentation of the occupation number that allows attcombove the fermi
energy. A second effect of pairing stems directly from the non-zero litvtia:body correlations.
Those correlations increase significantly the transfer of pair of nesitron
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Figure 5: lllustration of one-neutron (solid lines) and two-neuti@ashed line) transfer probabilities ob-
tained in the reactiof®Ca+"°Ca as a function of the center of mass energy. The calculat@aone with
(lines) and without (lines with crosses) pairing.

To further quantify the effect of pairing on the two-particle transferystematic study of
reactions‘Ca+"°Ca forX = 40 to 50 has been made in ref] [6] . An illustration of the connection
between the pair transfer enhancement and the initial pairing correlatigngeisin Fig. [f. In
this figure, the ratid®n(BCS/Pn(MF) for the considered reactions as a functionXofind is
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systematically considered at a center of mass energy at 6 MeV smaller th@oul@nb barrier.
This ratio represents the enhancement of pair transfer probability daériogp In the top panel of
this figure, the initial pairing gap in th€Ca collision partner is also presented. We see that the pair
transfer enhancement is quantitatively and qualitatively strongly corde@at@e initial strength of

the pairing correlations of the considered nucleus.

) —

Figure 6: Panel (a): Mean neutron pairing gap as a function of the nzaighé Ca isotopic chain. Panel (b):
Enhancement of pair transfer due to pairing as a functioh@fass for the reactiof€a+"Ca.

5. Conclusion

In the present proceedings, several applications of the TDHF+B@8ytkeecollective motion
and giant resonances illustrate how pairing can affect the small andilemgléude dynamics in nu-
clei. It is shown that pairing not only significantly affects low lying collectstates as anticipated
but also slightly shift the energy of giant resonances. The TDHF+Bip&oach is also applied to
study the effect of pairing on two-particle transfer. A strong enhanoéthat significantly depends
on the beam energy is observed.

References

[1] Y. Hashimoto and K. Nodeki numerical method of solving time-dependent
Hartree-Fock-Bogoliubov equation with Gogny interactianXiv:nucl-th/0707.3083 (2007).

[2] B. Avezetal, Pairing vibrations study with the time-dependent Hartfeek-Bogoliubov theory
Phys. Rev. (78, 044318 (2008).

[3] I. Stetcu, A. Bulgac, P. Magierski, K.J. RochHsgvector giant dipole resonance from the 3D
time-dependent density functional theory for superfluideiuPhys. Rev.(4, 051309(R) (2011).

[4] S. Ebateet al, Canonical-basis time dependent Hartree-Fock-Bogoliuheory and linear-response
calculations Phys. Rev. (B2, 034306 (2010).



Effect of pairing on nuclear dynamics Guillaume Scamps

[5] G. Scamps=t al, Pairing dynamics in particle transpgrPhys. Rev. (5, 034328 (2012).

[6] G. Scamps=t al, Effect of pairing on one- and two-nucleon transfer below@uallomb barrier: a
time-dependent microscopic descriptiddhys. Rev. 37, 014605 (2012).

[7] G. F. Bertsclet al,, Odd-even mass differences from self-consistent meantidayt, Phys. Rev. C
79, 034306 (2009).

[8] C. Losaet al, Linear response of light deformed nuclei investigated Ilifycgmnsistent quasiparticle
random-phase approximatipRhys. Rev. B1, 064307 (2010).

[9] G. Scamps, D. Lacroix§ystematic of isovector and isoscalar giant quadrupolemasces in normal
and superfluid spherical nucleio be published.

[10] L. Corradiet al, Single and pair neutron transfers at sub-barrier energiésys. RevC 84, 034603
(2011).

[11] V. V. Sargsyaret al,, Influence of neutron transfer in reactions with weakly andrggly bound nuclei
on the sub-barrier capture proces€Bhys. RevC 86, 014602 (2012).

[12] C. Simenelparticle transfer reactions with the time-dependent HeetiFock theory using a particle
number projection techniqu@hys. Rev. Lett105, 192701 (2010).



