Quantum phase transitions in atomic nuclel.
J. Jolie, Universitat zu Koln

Quantum phase transition are connected with classes ad¢isof
the type:

H(h) =Hq +AV
with
Ho,V]t 0

or equivalently:
H(#) = @- h)Hy+A(Hg+V) = (1- A)Hy +AH,

Where/ plays the role of a control parameter.



Most nuclei are very well described by a very simple IB&miltonian
of such form:
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with Q. =(s'd +d*s)? + ¢(d*d)@

with two structural parametelsandc
and a scaling facta.




The simple hamiltonian has four dynamical symmetries
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The rich structure of this simple
hamiltonian are illustrated
by the extended Casten c=-712

triangle U(5) % =7 P %U(S)




Nuclear shapes associated with the four dynamical symasetri
The shapes can be studied using the coherent state formalism
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using the intrinsic state (Bohr) variables:
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Then the energy functional:
N,h,c;b,gH|N,A, c; b,9)
(N,h,c;b,9N,h,c; b,g)
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E(N,A,c;b,9) =

can be evaluated for each valuetménd g.



U(5) limit: By =0; g, irrelevant: spherical vibrator
O(6) limit: byt O; g, flat: gunstable rotor
SU®) limit: b * 0; g5 =0° prolate rotor

SU(3) limit:by * 0; gy = 6C° oblate rotor



Besides the atomic nuclei representing a dynamical symmntée
IBA Is also able to describe transitional nucleil.
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Shape phase transitions in the atomic nucleus.

When studying the changes of the nuclear shape one migatabs
shape phase transitions of the groundstate configuration

They are analogue to phase transitions in crystals




Landau theory of continuous phase transmons (193§’§trd:ms these

shape phase transitions.

J.Jolie, P. Cejnar, R.F. Casten, S. Heinze,
A. Linnemann, V. Werner,

Phys. Rev. Lett. 89 (2002) 182502.
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Phys. Rev. C 68 (2003) 034326
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First order phase transition with P 37Rconst

F( PO’T’X) T>TC F( I:)O’T’Xmin) Xmin

TC A

T<T,

X T, T T,
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F(P,T:X)=Fq+AP,T)x?+B(P,T)x>+C(P,T)x* +...

with  B(P,T)1 0; " P,T
F (P, T;Xg) should be continuous everywhere.

TF(P,T;X) it discontinuous al : first order phase transition.

X

ﬂZF (P,T;X) if discontinuous al;: second order phase transition.
x°




Solution:
B(P,T)>0 X

A
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First order phase transitions at: Seauaeér at:
_B(P,T)?

A(P,T) or B(P,T)=0 A(P,T)=B(P,T)=0

~AC(P,T)



Energy functional in coherent state formalism

E(N,n,x;8,7) = =5(1 —n) +

[{Nn- (1-n)dN +x*-8)} 8% +

1
(1+6%)?

4AN(1 —-n) -2—)( 3> cos 3

b~cos@Bg):c<0® gy =0° c>0® QO:GO°

and L 1 op2+3p* apBe

L+ b?%)?

So we can absorb it by allowing negativealues !

9=0°® R>0 gy=60°® R<O



E(N,A, c; b,g) = Eg(N,h)+ AN,h, c) b? +
B(N,A,c)b3+C(N,A, c)b* +...

One obtains then:

when we fix N: E(P,T;x)=F g+ AP, T)x* +B(P,T)x> +C(P,T)x* +...
B(N,A, ¢) =4(N - 1)(L- h)c\E
A(N,A, ¢) ={NA- (L- h)(4N + c2 - 8)}

The first order phase transitions should occur when

A(N,h,c)=0® hgy = 4N+c2-8 %95 4 spherical-deformed
5

5N+ c?2-8

B(N,7,¢)=0® ¢3=0 prolate-oblate
The isolated second order transition at:

A(N,h,C):B(N,h,C):O,@) CO:O and /70:4N- 8

SN - 8




Landau theory and nuclear shapes.

""""""""""""" - first order transition
@ :Isolated second order transition
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J.Jolie, P. Cejnar, R.F. Casten, S. Heinze, A.&mann, V. Werner, Phys. Rev. Lett. 89 (2002)182502



The shape phase transitions can be seen by the groundstag@esn
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The spherical-deformed first order phase transition gan b
clearly observed in the two neutron separation energies



and in the ratio of the excitation energies of the firsa@d 4

E(2])

E(47)



The quadrupole moment corresponds to the order paramgeter

N=10 N=40

A sensitive signature is in particular the B(E2;2 2,*)

N=10 N=40




Experimental examples for the prolate-oblate phaseitrans
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Also, the importance of EO transitions was stressed.
P. von Brentano et al. Phys. Rev. Lett. 93 (2002502

re0; ® 0y)



Level dynamic: andphas: transition:

Up to now we concentrated only on the lowest states, Wwapens
with higher excited states and the level density?

U(5)-SU(3) first order shape phase transition

Energies of Ostates
N=30

SU(3) U(5)



Energy of 0 states up to 2.5 MeV as a function
of h in the spherical-deformed transition for N = 30.

From P. Cejnar and J. Jolie, Phys. Rev. E (2000} 623



Can this be experimentally observed?

To excite the Ostates the ideal and very complete way is using the
(p,t) transfer reaction at the high resolution Q3D $peceter
(Garching).

Eight nuclei in the rare earth region were systematicsillglied up to
3 MeV/(Yale/Koln/Bucarest/ Surrey/LMU-TU Munchen collabboa).

Q3D Spectrometdr

Energy resolution: ~4 keV
for 15-20 MeV tritons.



Result:

D.A. Meyer et al, Phys.Lett. B 638(2006) 44
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Level dynamics in the U(5) to O(6) phase transition

S. Heinze, P. Cejnar, J. Jolie, M. Macek, Phys.. R&8 (2006) 014306

M. Macek, P. Cejnar, S. Heinze, J. Jolie, Phys.. R&3 (2006) 014307
nergy of 0 states

A=amg- &7

Qo Qo
with

Qy=(s"d +d*s)®

(op]{e]

o <«

U(6) E U(5)
E O()E SO(3)
U(6) E O(6) Vv L



After selection by v for 0O+ states (N=80).

Absolute energies Neighbor spacing

v=0

v=0
v=18



Overlap with U(5) basis

0.0 h

1.0



Monodromy(Monodromia) Energy of 0 states




Extension to more complex systems
Aim: keep simplicity and connection to dynamical symnest

Neutron-proton degree of freedom

F-spin symmetric extension of the extended Casten tgang|

g :h(ﬁdp+ﬁd,7)- L7 G, +G, ), +4.,)
Control parameterss, ¢

Now, the phase transitions take place in planes andavarmeial
phase occurs

1st order

. 2nd order

M.A. Caprio and F. lachello

Phys. Rev. Lett. 93 (2004) 242502.

J.M. Arias, J.E. Garcia-Ramos, J. Dukelsky
Phys. Rev. Lett. 93 (2004) 212501.



Applications to odd-A nuclei using the U(6/12) supersystny:
J. Jolie, S. Heinze, P. Van Isacker, R.F. Casten, Phys. Rev. C 70 (2004) 011305(R).

A=ancPruE)- QR Q5

there are no symmetry related constraints
needed are dominant | = 1/2, 3/2, 5/2 orbits

W, Pt

Se As Ru,Rh



Odd- neutron nuclei in the W-Pt region a=-47 keV
A= 52 keV

A A 2R+E AR+ A + A :
H= - 0Q Q2" +ACIU™" ()] +BC,ISpir3)]  B=3.4 keV




Conclusions

The IBM provides a realistic and very rich framework todsyy shapes
and their relation to guantum phase transitions likegsnodels .

D.D. Warner,
Nature 420
614 (2002)

. Thanks to (amongst others):

S. Heinze, University of Cologne,
P. Cejnar, M. Macek Charles University Prague;
R.F. Casten, E. A. McCutchan, V. Zamfir, Yale Umsiby;

This work is supported by the DFG under grant JO391/2-3.



