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SELF-CONSISTENT THEORY OF LARGE AMPLITUDECOLLECTIVE MOTION�Daniel Almehed and Niels R. WaletDepartment of Physi
s, UMIST, Man
hester M60 1QD, United Kingdom(Re
eived De
ember 2, 2002)We investigate the use of an operatorial basis in a self-
onsistent theoryof large amplitude 
olle
tive motion. For the pairing plus quadrupole modelwe show that a small set of basis operators is su�
ient to approximate theexa
t solution of the problem a

urately.PACS numbers: 21.60.�n, 21.60.Jz, 27.70.+qIn nu
lear physi
s the question �what is the 
orre
t 
hoi
e of 
olle
tive
oordinate in a many-body system� has had quite a few partial answers. Instate of the art 
onstrained HFB 
al
ulations one 
hooses a �nite number ofmultipole operators as 
onstraints without any regard to self-
onsisten
y [1℄.The goal of our approa
h is to determine a 
olle
tive path self-
onsistently,based on knowledge of the Hamiltonian only. We have 
hosen to use thepairing+quadrupole Hamiltonian as a test-bed for our method (and pra
ti
alapproximations). Here this is illustrated for the 
-soft nu
leus 58Fe.Our formalism, as set out in detail in [2℄, is based on time-dependentmean-�eld theory. The determination of the 
olle
tive 
oordinate is bymeans of the solution to the lo
al harmoni
 approa
h, whi
h 
onsists ofself-
onsistently solving the for
e equation and the lo
al RPA equationHqq0 = �f;qq0 ; Xrr0ss0 V;qq0rr0Brr0ss0fss0 = (~
)2 f;qq0 ; (1)where H is the HFB Hamiltonian and f an RPA ve
tor. The matri
es Band V are related to the standard RPA matri
es A and B [1℄, and q (r, s)are quasi-parti
le indi
es. We look for a path 
onsisting of a series of pointswhere the lowest non-spurious eigenve
tor of the lo
al RPA equations also� Presented at the XXXVII Zakopane S
hool of Physi
s �Trends in Nu
lear Physi
s�,Zakopane, Poland, September 3�10, 2002.(2227)



2228 D. Almehed, N.R. Waletful�lls the for
e equation, the �rst half of Eq. (1). This is done in a doubleiterative pro
ess where we try to ful�ll both Eqs. (1) simultaneously. Astep in the generalised density, ��, is made in the dire
tion of the lo
alRPA solution. For ea
h iteration of the lo
al RPA equation we solve the
ranking equation to get get the new generalised density. This is done by a
onstrained steepest de
ent method where the 
onstraints are that the steplength in the 
olle
tive 
oordinate is �xed by�Q = [fold + fnew℄ �� (2)and that �� does not 
hange the parti
le number N� .It has been shown that the RPA equation 
an be solved to good a

u-ra
y by assuming that the RPA eigenve
tors 
an be des
ribed by a linear
ombination of a small number of 
arefully 
hosen one-body operators [3℄,without breaking self-
onsisten
y. Assuming that the RPA eigenve
tors 
anbe approximated as linear 
ombinations of a small set of one-body operators,F (k), the approximate RPA ve
tor, �f;qq0, is given byf;qq0 � �f;qq0 = nXk=1 
kF (k);qq0 ; (3)where F (k) is the expe
tation value of F (k). To determine the 
oe�
ients 
kthe RPA matri
es are proje
ted onto the subspa
e fF (k);qq0g. Then the RPAequation 
an then be expressed in matrix notation asF (k)y B V B F (l) 
l = �~ �
�2 F (k)y B F (l) 
l ; (4)where ~ �
 is an eigenfrequen
y of the proje
ted RPA. The rank of the matrixwe need to diagonalise to solve the RPA problem have been redu
ed fromrank of V and B, whi
h is equal to the number of 2-quasi-parti
le degreesof freedom, to the number of one-body operators 
hosen.We apply our method to the pairing + quadrupole Hamiltonian as de-s
ribed in [4℄. The Hamiltonian 
an be written asH =Xk "k
yk
k � X�=n;p G�2 �P y�P� + P�P y� �� �2 2XM=�2Qy2MQ2M : (5)We rewrite the quadrupole operators as Q(�)2M = (Q2M �Q2�M ) =2 and thepairing operator as (P�)� = �P� � P y� � =2. After solving the mean-�eldproblem within the Hartree�Bogoliubov approximation, the V andB matrixof Eqs. (1) 
an be 
al
ulated [3℄. � and G� are 
hosen to give realisti




Self-Consistent Theory of Large Amplitude Colle
tive Motion 2229values of deformation and pair-�eld and "k are 
al
ulated using the spheri
almodi�ed os
illator. Our model spa
e 
onsists of two major N -shells and wehave followed [4℄ and multiplied all quadrupole matrix elements with a iso-spin dependent quen
hing fa
tor.The quality of the results a
hieved by the proje
tion method stronglydepends on the 
hoi
e of the single parti
le operator basis [3℄. In [3℄ a set ofstate-dependent Hermitian one-body operators of the stru
ture~F (k) �Xqq0 F (k)(qq0)E2qq0 �ayay�qq0 +H:
: (6)was used where Eqq0 is the 2-quasi-parti
le energy. The small set of operatorsused in [3℄ gives a good approximation of the �- and 
-vibrations. To do alarge amplitude 
olle
tive motion 
al
ulation it is 
ru
ial to also have a goodapproximation of the pairing vibrations. To a
hieve this we have in
luded apairing operator a
tive 
lose to the Fermi-surfa
e only. To avoid the problemof having to 
hose whi
h states have a non-zero matrix element we simplydivide the standard pairing operator P� by a large power of Eqq0 . If thesuppression fa
tor, Ekqq0 , is 
hosen with a large enough k all matrix elementsex
ept the on
e with Eqq0 
loses to zero will be
ome negligible and the resultwill not depend on k. The basis set will then be~F (k) 2 8<:� ~P+�� ;� ~P��� ;� ~Q20+�� ;� ~Q22+�� ; � ~P+��Ekqq0 ; � ~P���Ekqq0 9=; ; � = n; pwhere k will be 
hosen to be 10. With the improved basis all the low lyingvibrational modes are now des
ribed with a very high a

ura
y as 
an be seenin Fig. 1. The quality of the proje
tion 
an also be quanti�ed by 
al
ulatingthe overlap of the proje
ted and the full RPA ve
tor. The overlap turnsout to be almost 1 whi
h shows that not just the energy but also the wave-fun
tions are well approximated by the proje
tion method.We have investigated the large amplitude 
olle
tive axial motion in 58Feby using both the full RPA and the proje
ted RPA. The results of the twomethods are almost identi
al. From Fig. 1 we 
an see that the quadrupolemoment is approximately proportional to the 
olle
tive 
oordinate Q in theregion �2 < Q < 0. At larger and smaller values of Q, the deformationremains almost 
onstant. Instead, the 
olle
tive 
oordinates is now depen-dent on the pairing �elds, for large positive Q proton pairing and for largenegative Q neutron pairing. At Q � 1:1 the proton pair-�eld 
ollapses tozero, and our 
olle
tive path ends. The 
hange from quadrupole to pairingmode is dominated by an avoided 
rossing with the lowest pairing-vibration
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Fig. 1. Axial symmetri
 large amplitude 
olle
tive motion in 58Fe. (a) The potentialenergy along the 
olle
tive path. (b) The quadrupole and the hexade
apole mo-ments. (
) The lowest RPA frequen
ies. (d) The expe
tation-values of the pairingoperators. The grey/bla
k 
urves are the results for the proje
ted/full RPA.at Q � 0:2. After this 
rossing the quadrupole moment, hQ0i saturates andthe hPpi starts 
hanging. The potential energy has a lo
al energy maxi-mum at Q � �1, whi
h 
orresponds to a spheri
al shape, and a shallowoblate minimum at Q � �1:6. The potential around the minimum showa quadrati
 behavior whi
h indi
ates that the harmoni
 approximation inRPA is well full-�lled for small-amplitude vibration, but obviously fails forwave fun
tions that have substantial support away from the minimum.A more extensive exploration of these methods will be presented in futurepubli
ations.This work was supported by the UK Engineering and Physi
al S
ien
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