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I. INTRODUCTION'

The influence of the temperature on the structure of the
atomic nucleus has been taken into account in describing the
heavy ion reactions whose exit channels contain at least one
nucleus excited above the yrast line/1’2/. Since the time neces-
sary to get the thermal equilibrium seems to be less than the
deexcitation time/zj, it is expected that above the yrast line
the atomic nucleus could be described by mean field models at
finite temperature. At the same time, the temperature seems to
be the right parameter to distinguish phase transitions speeclfic
to the mean field. The competition between the long range cor=
relation leading to the static deformatioéB/ of the average nucs
lear field and the thermsl fluctuations and their contribution
to the structure of the gient resonancesfa/ have already been
siudied. The possibility of superfluid - normal fluid phase
trangition using a model with peiring correlations has also .been
studied as well/B/. Taking into account the fluctuations, the
sharp phase transition predicted by the mean fleld theory, as
for infinite gystems, is dramatically changed. In some ceses no
phase transition is observed.

In the present work the superfluid-normsl fluid and super-
fluid-superfluld phase transitions described by the mean field
model with peiring &nd alpha~type ccrrelations/s's/ have been
analysed with respect to the temperature parameter,

The paper ig organized as followe, In sectlon II we formu-

late the model. The discussion of the gap equations and the phase
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diagrams within a schematic single~-particle model having equi-
distant twice degenerated energy levels at zero temperature is
given in gection III. The temperature dependence of the super-
fluid enhancement factors of the favoured a ~clusterization
processes ( & -decay and « -transfer reactions) and two-nucleon
transfer reactions is presented in Section IV. Section V shows the

conclusions.

II. FORMULATION OF THE MODEL

We consider & nucleus formed as & system of nucleons mov-
ing in a certain single~particle self-consistent field generated
by & deformed diffuse-edge potential,

The free (Gibbs) energy operator of such a system of in-

teracting nucleons is

- - -~
/‘ﬁ = H -2 AN ~&TS, (1)
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where the Hamiltonian }f has the form/?’a/
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is the pairing operator,
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is the particle number cperator and
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is the entropy.
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ig the cccupation number of the quasiparticle states, 53. and
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chemical potentials, ﬁﬂs is Boltzmai's constant and [/ is

, are the particle and quasiparticle energies, /& are the
the absolute temperature. In the above formulas ‘WCp) stands

for neutrons (protons). 4

The transformaiion from particle Fermi operators clSV-(Q;f)

+
to the quasiparticle Fermi operators ¢(24~ (“%f} is done by

the well-known Bogolubov-Valatin equation/g/:
a’t - u YT Yo,
se = Hsoag o +T Vs Xsoo (8)

By introducing the two-quasiparticle operators/g/
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and ;Q~ = 2. (HS -—V ) Qfgg- S +
¢ S . (12)
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Defining the single quasiparticle Hamiltonian b"/1/
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and the corresponding thermodynamic average by
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we have
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The Gibbs energy at finite temperamture has the following

forms )
G = < F>, =

-2 {22(55 ~A) [+ -2m0] -
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,_ (18)

As a remark we sgee that for G% = 0 the Gibbs energy -1; coinci-

des wilith the expression given elsewere/1'2/, if one includes
the peiring interaction term in the Hamiltonian of the nucleus.
By é:{ we denote the following expression

et —1(G +GPI W -AGN, = Ve .
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In the following we shall neglect/)/ thege self-consistent
field corrections, i.e. ES~ = 65-'
4 <
Applying the variational principle
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with the condition Ug*V¥ = 1, we ovtain
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Combining eqs.{21) and (23}, we obtain
2 2
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for the nontrivial solution, i.e. Z&; # 0. This solution is

ovtained from eq.(22) and the condition that the H‘umber of

nucleons should Le conserved on average, 1l.e.,

2h
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where r*; is the number of the nucleons of the sort ¢ (n or p)

participating in the superfluidity.



III. SOLUTIONS OF THE GAFT EQUATIONS AND THE PHASE DIAGRAM

In the following we shall proceed in the frame of a schema-
tic model with equidistant twice degenerated single-partivle

energy levels at zero temperature

kK (28)
Al = Egl) + X (29)
S:
gt' = ?.,G'o' <30
X, = (€4, (31)
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Here X a&re integers belonging to the interval K& (~-20,21)
reflecting the fact that we included in our treatment at gero
temperature 42 single~particle levels. This seems to be the ne-

cegpary number of levals"fg/ included in the superfluidity prob-

lem. The quantities E}(f} and A; are, respectively, the Fermi

energies for noninteracting &nd interacting fermions of the
. .
type ¢ , and ¢ =pm .
Let ug anelyse, as in the previous papers/r’S/, the sym-
metric situation where the protons and neutrons have the same

following properties:

7S o =dn=d, (33)
A= A= A G0 4
for which the gap equationsg have symmetric solutions
XP = Xy = X (34}
Introducing the following notation
t = e KT (353
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the correlated Gibbs energy (18) has the expression
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Here 3; 5 é& anda # are thnc model parameters, and X
replaces the gap variable.

Denoting now the first two derivatives of expression (39)

A
F‘Cgl_@“f,;x): ;;;E(gujmt-,x) (40)
and
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we can define tuae importent curves (fig.1) of the phase diagram
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The curve (42) separates regions in which the number of

(45)

solutions of the gap equation

F (%_qu l-é‘)x) =0 (46)
differs by two.
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Fig. 1. Phase diagrem for +t = O as discussed in Section III.
The curves GDECF, ADBF, HB EIF and CIB are given by
eqs. (42), (43), (44) and (45), respectively.

Curve (43) separates regions in which the numver of solutions
of the gap equation (46) differs oy cne. In the case ;E =0
this curve reduces to a point representing the critical value
given Ly 3elyeev's ccndition/7’8’1o/ for zero temperature., The
crossing of curve (44) for X440 chenges the sign of the cor-
releted Giobs energy (39) for onc solutioir of the gap equation
{46).

The region of the phase disgram delimited ULy the curves (42)

for X 20 and (43) is broken up into itwc regions Ly the curve

(45). In these regions, the correlated Cibus energy hag two mi-
nime. The deepest minimum corresponds to the ground stgte of
the aystem and the cotherone corresponds to ithe metastable statce,
These two minima define two superfluid phases of the system.
The smallest solution defines the "pair" supertluid phase (the
region on the left side of the curve (45) in fig,)) and the lar-
gest one defined the o -type superfluid phasc (the region on
the right side of the curve (45) in fig.1)/7’8/. The jump from
one minimum to the other occurs on curve (45). The crossing of
this curve corresponds to a first order phasc transition, while
the crossing of the curve (43) corresponds to & second order
phase transition as in the usual pairing case (;L = 0).

Further on we have some temperature dependent properties
of two hypothetical nuclei defined by the following coordinates:

P (g = 0.265 g, = 0.00180)

and CP ( ;;

0.00183)

0.26; j"

in the phase diegram from fig.1. Such nuclei could lie in the

region of Sr( isotopes having the number of neutrons = 66.

The P -nucleus lies in the region of "pair" superfluid phase,

while the (Q -nucleus lies in the " « -1like" superfluid phase.
Figs., 2 and 3 show the correlated Gibbs energy (39) as a

function of X for different temperatures. The nucleus P
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different tempeoratures in the case of & bypothetical

aucleus P ( g, = 0.26, J, = 0.00180).
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suffers a second brdor phase transition for t = 0.51 for the
ground state and its « -like superfluid metastavle state

disappears at t = 1.19., The nucleus R suffers a first order
phase transition at 1t = 0.98, the ground state becomes a me-
tastavle o -like superfluld state which desuappears at 1t = 1.5

Figs. 4-7 show the gaps and the ground and metastable state

energies a8 a function of temperature.
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Fig. 4. The solutions of the gap eq.(46) for the P -nucleus

versus tempersture.

.

wi

8 P(g,=026, g, =0.0018)

6|

ol e

21

02 04 ! ) 1.0 12

t

ZE o Emfxn)

Fig. 5. The values of the correlated Gibbs energies (39)
corregponding to the two minima of the P -nucleus versus

temperature.
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Pige 7. The swiee as in fig.t for the () - nucleus.

SUPERFLUID ENBANCEMENT FACTOR FOR THE of ~CIMSTERIZATION
PROBABILITIES AND TWO-NUCLEON TRANSFER EEACTION PROBABILITIES

The o —clusterizucion pronaoilities ( H( ) and the two-nuc-—

zroas gections ( 0; ) for the favoured

as fol-

P = LS E,
(47)

T, = | ¢ ¢ F L
= =e = (48)
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Here ﬁﬁ(k) are the corresponding superfluild enhancement

factors defined by

2pR
Fo = P? e (49)
and

— R
rz = ?‘»h) (50)

when T;on\ are given by ed.(17),

Tn the schematic model with equidistant twice degenerated
single particle encrgy levels presented in section IIl these
quantities have the following simple form:

F ) = Rew, &) Fay - (51)

(2

The ratios F;‘(l\ have the form

-1

2 4 j
R, W)= x2(t) 5.4 (%,xcé)){““” S, Coyxe)] (529

2 -1

2
R}. (+) = ¥ “) s, (,'f,x(#)) % X(°)6~\(°:X(°))} (53)
and {ix(éfgre calculated, for instance, in table?(ﬁ?ref./?/.
A simple inspection of eys. (52,53) shows that the super-
fluid enhancement factors ¥ &} are monotonic decreasing to

L {EXY
zero functions of tempersture.

However, the inclusion of o -type correlations cen pro-
duce a region of nuclel with thelr ground states lying in the
of ~type superfluid phase (figs. 3,7}
For such nuclel the F&;z} factors are still large for
temperatures larger than the eritical one for the *pair® phase.
This result may explain the large yileld of of-particle emis—

aion in some heavy lon reactions.

13
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V. CONCLUSIONS

The finite-temperature pairing plus o -type BCS equations
have been derived by minimising the grand potential (Gibbs free
eniergy ). These equations have the same form as for zero tempe-
rature/Y’B/. The difference between the T # 0 and T = O cases is
the presence of non-zero quasiparticle occupations when T # O.
The finite temperature pairing plus « ~type BCS equetions were
solved within a schematic model with equidistant twice degenerat-
ed gingle-particle energy levels. One demonstrales that a firast
and second order "phasc transitions"from a superfluid state to a
normal state is caused vy the increase of the temperature.

For o -type superfluid nuclel the enhancement factors for
favoured o -clusterization processes ( o -decay and o ~trans-
fer reactions) and two-nucleon transfer reactions may be still
large for larger temperatures than the critical one for the

pairing phase.
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bpanpyw H. v ap. EL-B7-48
Koppenayma Tuna q-4acTuUHWX B aTOMHWX RAAPax
NpyM KOHEYHOW Temnepatype

BroueHUEeM NapHHX M Q~4YaCTUMUHLIX B3aUMOAENCTBMA B amuils TOHMaH NoNydYeHu
ypaBHEHWA ONA Wenei M xuMMuecknx notewywanoe Tuna EKUW npu xoneunsx Temnepa-
typax ‘KTEKW) npu MuHuMm3aumm BobWOro TEPMOAWHAMMWECKOro noTewymana (ceo-
6GoAHON 3HEPryuMn fu66ca). 3Tm YPaBHEHUA MMenT NoAOGHY0 GOPMY KaK Npu KOHE4YHh X
YemnepaTypax, Tak u Npu Hynesoh TemnepaTtype. EpwncTeennan pasnuya mewxgy T #0
u T = 0 mopenAamn - 3TO NPUCYTCTBME uuCna xBa3uwuacTry npu T # 0. KTBKW ypas-
HennA GuW peweHs B PAMKax OAHOWACTHUHO™ mopenn ¢ 42 npotoHmums u 42 weiitpon-
HbMM OBawAs BuUPOMAEHHHMM YPoBHAMM. Noxa3aHo, uto: 1) '‘dazoswe nepexopu l-ro
m f1-ro poRa M3 CBepxXTEKy4ux COCTOAHWN B HOPM3NLHOE COCTOAHME OnpeaesieHs
NnyTem BO3pacTaHun TemnepaTypu; 2) CBEPXTEKYUME W3IOMEPH WM/WMNM MX NOMOCH Ane-
MEHTapHbiX BO3bywaeHui ewe cywecTBYoOT Npu pasdymHux Oonsumx Temneparvypax
n 3) ceepxTekyume GaKTops YCHNEWHA NPOUECCOB Q-KNACTEPM3ALUUM W PEaKuyui A[ABYX~
HYKNOHHON NepPefadn AR HEeKOTOPWX AAEP MOryT umeTb bonewmne BenuunHu Npu Tem-
nepatypax BuMiie KPUTUUECKOW MapHOK TeMnepaTypu.

PaboTa ennonHeHa 8 flabopaTopuu TeopeTudeckoit dmauxku OHUAK.
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Brandus |. et al. EL-87-48
Alpha-Type Correlations In Atomic Nuclei
at Finite Temperature

By including the pairing and a-type interactions in the Hamiltonian
the finite-temperature BCS (FTBCS) gap and Fermi energies eguations have
been derived by minimizing the grand thermodynamic potential (the Gibbs free
energy). These equations have the same form both for the finite temperature
and for the zero temperature. The only difference between the T 4 0 and T =0
cases is the presence of nonzero quasiparticle occupations when T # 0. The
FTBCS equations for the schematic single-particle model with 42 proton and
42 neutron twice degenerated ievels have been solved demonstrating that:

1) "first and second order phase transitions from superfluld states to

a normal state are caused by raising the temperature; 2) the superfluid
isomers and/or their bands of elementary excitations may survive even at
large temperatures and 3) the superfluid enhancement fectors for a-clusteri<
2ation processes and for two~nucleon transfer reactions for some nuclei may
have large values for temperatures larger than the pairing critical one,

The investigation has b‘en performed at the Laboratory of Theoretical
Physics, JINR. ‘ :
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