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Thermal fission rate around superfluid-normal phase transition
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Using Langer’s InkF method, we discuss the temperature dependence of nuclear fission width in the presence
of dissipative environments. We introduce a low frequency cutoff to the spectral density of the environmental
oscillators in order to mimic the pairing gap. It is shown that the decay width rapidly decreases at the critical
temperature, where the phase transition from superfluid to normal fluids takes place. A possible relation to the
recently observed threshold for the dissipative fission is discussed.

PACS numbes): 24.75:+i, 24.60.Dr, 24.60.Ky, 25.70.Jj

[. INTRODUCTION cay dominateg21]. Also, the method can be applied to a
system with many degrees of freed¢v].

Fission of a hot nucleus has attracted much interest of The paper is organized as follows. In Sec. Il, we briefly
nuclear physicists in the past several years to study nucle&eview Langer’s InF method for the decay of an unstable
dissipation together with deep-inelastic heavy-ion collisionsstate at finite temperatures. In Sec. I, we apply this method
[1-3). It is known that statistical codes to calculate the decayo the fission of*Cf at temperatures in the region near the
of a compound nucleus significantly underestimate the exsuperfluid to normal phase transition. The summary and a
perimentally observed prefission neutron, charged particlediscussion on the possible origin of the threshold phenomena
and y-ray multiplicities at high excitation energies if the discussed if4] are given in Sec. IV.
original Bohr-Wheeler formula for the fission width is used,
though _they work pretty well at low energi¢d—9]. Two Il. LANGER'S Im E METHOD
alternative interpretations of this fact have so far been pro-
posed. The one attributes the large prefission neutron emis- We consider a system where a macroscopic degree of
sion to the so-called transient effef@]. In this case, one freedomqis coupled to environmental heat bath. In the prob-
assumes that some amount of neutrons are emitted before tlam of fission,q corresponds to the fission coordinate. We
asymptotic fission rate given by the Bohr-Wheeler formula isassume the following Lagrangian for this systg2a]:
achieved. The other is to consider that fission is hindered by
nuclear dissipation. Based on the latter idea, Thoennessen 1 . 1 ]
and Bertsch have analyzed fission data on prefission neutroh,= 5 M (9)a?—V(Q)+ 2 > mi(x?— w?x?)— > cixif(q)
charged-particle, angi-ray multiplicities for various systems ' '
by using statistical codes, and obtained systematics of the c?f(q)?
threshold energy, where a dissipation starts to play a signifi- +Z '
cant role in fissiorf4]. This systematics has been confirmed :
by experimentally studying the excitation energy dependence
of the fission probability irf°®Pb compound nucldi7]. where{x;} and{w;} are the coordinates of the environmental

On the other hand, the nuclear dissipation does not plapscillators and the corresponding excitation energies, respec-
any significant role in spontaneous fission because of thtively. V(q) is a potential for the macroscopic degree of free-
strong pairing correlation between nucledi®,11. When dom, which has a local minimum and a maximungatqq
one discusses nuclear fission at moderate excitation energies)dq=qy,, respectivelyM(q) andf(q) are the mass of the
one has to take into account the temperature dependence mfacroscopic motion and the coupling form factor, respec-
the pairing gap. The pairing gap decreases with temperatutévely. We assume general functions @ffor them[18,20.
and the nucleus eventually undergoes a phase transition froiithe last term is the so-called counter term which cancels the
a superfluid to a normal fluifil2—15. The purpose of this static potential renormalization due to the coupling between
paper is to investigate the effects of the superfluid-normathe macroscopic and the environmental degrees of freedom
phase transition on the fission width at finite temperatureq.22]. Takigawa and Abe have suggested that, in contrast to
Our study was partly motivated by that ja0], where the heavy-ion fusion reactions at sub-barrier energies where the
effect of pairing on the fission at zero temperature has beestatic potential renormalization plays an important role in
discussed. enhancing the fusion cross section over the predictions of a

We use Langer’s InF method, where the decay width of one-dimensional potential modg3,24], the static potential
a metastable state is related to the imaginary part of the freenormalization in the fission problem can lead to two oppo-
energy[16—20. In this method one can describe the decaysite effects, i.e., it could either lower or increase the effective
process for a very wide range of temperature, i.e., from zerdission barrier compared with the bare potential barrier, thus
temperature, where the decay process is governed by tHeading to either hindrance or enhancement of the fission
guantum tunneling, to high temperatures, where thermal desate, depending on the properties of the coupling form factor
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f(q) [18]. Both cases lead to a temperature-dependent fission * Vit e+ (df/dq)ézq vn¥o(Vy)
barrier height5]. In this paper, we introduce the counterterm fq= — 5 o , (8)
similarly to [22]. n=1 vy~ wpt+(df/da)g_q vn¥e(vn)

In order to obtain the free energy, we first express the
partition function in the path-integral form. After integrating wherev,=2mn/3% are the Matsubara frequenciégis the
out the environmental degrees of freedom, the partition funckaplace transform of the retarded friction kerfig8], and is

tion at the temperaturkesT=1/8 takes the forni25] given by
2(B)= f ZLa(n)]e” Sl (2 3 s o,z 9
' ' 12)= M(Q) ¥ moe? 22+’ ©

where the path integral is performed over all the periodi
paths with the periods#. the effective Euclidean action

Ser[ 9(7)] is given by

CThe subscripts 0 and in Eqg. (8) denote that the quantities
with those indices should be evaluated gtq, and q

=(,, respectively. The crossover temperatiiteis identi-

1 fied with the highest temperature at which the quantum cor-
> M[q(r)]q2+V[q(T)] rection factorf, divergeq17]. This is the temperature where
the so-called bounce path which describes a tunneling decay

Bh
seﬁ[qw)]:fo dr

1 (ph Bh disappears as one increases the temperature from zero. At
+ > f drf dr'k(r—7")f[q(7)]f[a(7")] temperatures below,, the bounce solution dominates the
0 0 decay and the decay rate has less temperature dependence
3 [17]. In the absence of environments, this prescription as-
signskgT to beh wp/27r. This is consistent with the earlier

with the influence kernek(7) [18,25 observation by Affleck on the crossover temperafd@. It
) should be noticed that Langer’s Immethod implicitly as-
Ci sumes that the coupling of the macroscopic degree of free-
k(T):Z {m.wZ +8(7): dom to the environmental degrees of freedom is strong
o enough to assure that the system is always in a thermal equi-
c?  cosHwi[|7]—(1/2)BA]} . librium.
2miwi SIHI‘[(l/Z)ﬁw,B] ' ( )

lll. FISSION OF A HOT NUCLEUS

h
where We now apply Eq(7) to the problem of the fission of a

% hot nucleus. Following10] we introduce a low cutoff fre-
:8(1):= X, S(r—nph) (5  quencyw, to the distribution of the environmental oscillators

n=-co in order to mimic that there is no nuclear levels below the
) ) ] ) ) two-quasiparticle state in even-even nuclei. Accordingly, we
is a generalized function with periodsh. set the cutoff frequency toR(T)/%, A(T) being the pair-

We consider now a high-temperature regime, where the,y 5o 4t the temperatui® and take the spectrum density
decay of a metastable state is governed by the thermal hoRs ihe environmental oscillators 480]

ping. Evaluating the path integral in E(R) in the saddle-

point approximation and using the relation between the de- - c2
cay widthI" and the imaginary part of the free enelgy] J(w)= > Z m_' SNw—w)=nw—w)b(w—on,),
i | Wi
P(T)=— 2 L ime 6 (10
(M==% 5 ImF, (6)

where 7 is the friction constanf22]. Note thatw.=% and
T, being the crossover temperature where the transition bé*—’.cz.o c_orrespond {0 two extreme cases whe_re Fher_e IS no
ssipation at all and where the spectrum density is given by

tween the thermal activated decay and the quantum tunnelingi e ;
occurs, we find that the decay width at temperafiian be e usual Ohmic dissipation, respectively. The former and the

expressed agl8] latter cases giv,e the Bohr-Wheeler formula and _th_e well-
known Kramers’s formula at moderate to strong friction for
on M(do) the decay rate, respectively, with a quantum correction factor
r=_2=R 0 fqe*ﬁVb, (7)  [17]. For the spectrum density given by E40), Eq. (9) for

27 wy M(Qb) the Laplace transform of the damping kernel reads
wherewpg, is defined as ZkgT; /%. wg, wp, andV, are the
curvature of the potential barrigf(q) at the local minimum Y(2)= 7, 2 7 o In——2¢ ot e
q=0o, that at the barrier positiog,, and the height of the M(q) = M(q) | z wet72? z
potential barrier, i.e.¥y=V(q,) —V(qo), respectivelyf is (11

the quantum correction factor due to the quantum fluctuation
of the paths around the classical pathg7)=0,, qq(7) Note that the second term in this equation vanishes when the
=(g, and is given by cutoff frequencyw, is set zero.
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- — - Without Dissipation
7 ! —— Dissipation With Cut-Off]
3r \ - Ohmic Dissipation -

We now apply the above arguments to the fission of
248Cf. We take the reduced mass for the symmetric fission for
M(g) and the potential given in[26] for V(q).
fhwgy, hwp, gy, andV, then take the values of 1.18 MeV,
1.06 MeV, 3.4 fm, and 3.67 MeV, respectively. Though there
are extensive experimental as well as theoretical studies on
the dissipation coefficient for fission, its value is yet quite
scattered 1]. In this paper, we assume 200%Ys. for the
reduced dissipation coefficieng=7/M. This is a typical
value which one can find in the literatuf#,2]. We checked b e e ]
that the results of the following part of this paper does not 0 0.2 0.4 0.6 0.8 1
gualitatively change as long as one assumes a valug,for T (MeV)
which is consistent with data. We assume a bilinear coupling
form factor, i.e.,f(q)=gq. Since we are interested in the
effects of pairing in the super to normal transition region, we FIG. 2. Quantum correction factor as a function of temperature.
use a simplified expression for the temperature-dependeriihe dashed and the dotted lines are the quantum correction factor in

Quantum Correction Factor

pairing gap, the absence of environment and that in the system with Ohmic
dissipation without cutoff, respectively. The solid line is the quan-
_ 82 _ _ tum correction factor when a lower cutoff frequency has been in-
A(T)szTEa'r\/— [1_(T/Tga'f)] (for T<Tga") troduced through the temperature dependence of the pairing gap.
74(3) The left and the right arrows are the crossover temperature from a

(12 guantal to a thermal decay, and the critical temperature for the super

) to normal phase transition, respectively.
=0 (for T>TR"), (13

o ) - Notice that there is only one positive root for Ed.4). It
which is valid near the transition temperatyb]. In Eq.  should be remarked that in calculating the decay rate based
(12) ¢ is the zeta function an@®®" the critical temperature Eq.(7) the crossover temperatuig; has to be evaluated
for the superfluid-normal phase transition. We assign tht each temperaturé with corresponding cutoff frequency
pairing gap at zero temperature to be [&/ A being the «_, i.e., one must solve Eq14) by treatingw, as though it
mass number of a nucleus, and estimate the critical temperg independent of temperature. Otherwise, one cannot re-
ture T2*" using the relationT§*'~0.567A 4 [14,15. cover the decay rate formula of Kramers modified by the
Figure 1 shows the crossover temperaffyas a function  quantum correction factor at temperatures higher R,
of the cutoff parametefiw.. This is given by the positive where the pairing gap vanishes. The solid line in Fig. 1 is the

root of the equation solution of Eq.(14). The dashed line is the crossover tem-
perature in the absence of environments, fia,/27. If one

) ) 2 7| we | ¢ setsw,. to be zero, the crossover temperature is given by
WRTOR T W T OR Wy P n _m (V1+ a?— a)hwy/27, a being n/2M w,, [17]. This value is

denoted by the dotted line in the figure. The crossover tem-
o perature gradually decreases as the cutoff frequency de-
—tan! —C) =0. (14)  creases reflecting the increasing dissipafib.
Figure 2 shows the quantum correction factor given by
Eqg. (8) as a function of the temperature. In the limits of

02— T ] w.—0 ande, the infinite product in Eq(8) can be simpli-
] fied by usingl function[17,19. In the case of finitev., one

0.15 - ] has to evaluate it directly until one gets convergence. In gen-
[ eral cases, however, this is a fairly difficult numerical task
because the ratio for eachin Eq. (8) never becomes suffi-
ciently close to one even for very large Consequently,
i ] numerical errors accumulate as one performs the production
0.05 - . many times. In our applications, where we used a constant
] mass and a bilinear coupling, the infinite product series con-
ol - verged. The dashed and the dotted lines are the quantum
0 2 4 6 8 10 correction factor in the limit ofw,—0 andw, respectively.
’ﬁmc (MeV) The solid line is the quantum correction factor when the
lower cutoff for each temperature has been introduced. The

FIG. 1. The cutoff frequency dependence of the crossover teml-eft and the right arrows in the figure show the crossover

peratureT. between the quantum and the thermal regimes. Thetemperature frqm a quantal to a_ thermal decay, ie.,
solid line was obtained by numerically solving E4). The dashed  1¢—0-169 MeV, in the absence of environment and the tran-

and the dotted lines are the crossover temperature in the absence%?igrn temperature from. Super to .norma.I fluids, i.e.,
environments and that in the system with Ohmic dissipation withoufT & =0.432 MeV. The solid line coincides with the dotted
cutoff, respectively. line at temperatures higher tha®®", as is expected. Note

01} -

[o}

T (MeV)
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R 10'3§ L B [28]. The pairing gap gets smaller as the temperature in-
g 0t b creases. We suggested that the decay rate suddenly decreases
2 at the critical temperature, where the pairing gap disappears.
= 10°F This could be related to the sudden decay of superdeformed
® . L band at some critical angular moment{iz9)].
& 107E ; E In this paper, we assumed the standard value for the pair-
> 107 F i ) o . ing gap parameter. The critical temperature was then found
S g /7~ -Without Dissipation to be much lower than the threshold temperature for the dis-
@ 8L § —— Dissipation With Cut-Off | . . - . . .
o 107¢ - Ohmic Dissipation sipative fission discussed [#]. The nonmonotonic behavior
1070 s 7 N R R of the decay rate shown in Fig. 3 in this paper might there-
0 0.2 0.4 0.6 0.8 1 fore indicate the existence of the second critical temperature
T (MeV) other than the threshold temperature discussdd]inn this

connection, we wish to add comments on the possible

FIG. 3. Decay rate as a function of temperature. The dashed an%hange of our c_:r_itical temperature due to the yet !‘msettled
the dotted lines are the decay rate in the absence of environme@lue Of the pairing gap in large nuclear deformation. The
and in the Kramers limit, where there is no cutoff, respectively. TheéMPortant thing is that we should use the pairing gap at the
solid line takes the effects of cutoff into account. saddle point in our calculations, because our formula for fis-

sion is intimately related to that in the transition state theory.

that the quantum correction factor approaches one at hightudying the influence of the pairing vibration on the spon-
temperatures. taneous fission, the authors [80] obtained a fairly large

The decay rate for this system is shown in Fig. 3 as a/@lue of the pairing gap at the saddle point of the fission,
function of the temperature. The meaning of each line is thavhich is about two times larger than the standard value. The
same as that in Fig. 2. We observe a sudden decrease of g€ effective pairing gaps were also used in the time-
decay rate at the critical temperatuTéa". This behavior dependent Hartree-Fo¢kDHF) calculations for the induced
agrees with that found if27], where the diffusion of muons fission °f236L_J [31]. If we replace the pairing gap which we
in metal was studied by taking a superconducting phase traiSed to obtain Fig. 3 by such large effective pairing gaps, the
sition of the environmental electrons into account. NoticeSUdden decrease of the fission rate due to the disappearance
that the cusp behavior in the transitional region will be Of the pairing gap occurs nearly at the threshold temperature

smeared out to some extent in actual cases, for example, §gund in[4]. In order to draw a definite conclusion on the

the gradual disappearance of the pairing gap with temperdsonnection between our critical temperature and the thresh-
ture. old temperature in4] more detailed studies of the coupling

form factor as well as of the temperature and the coordinate
dependence of the friction constdt8,32—34 are required.

V. SUMMARY AND DISCUSSION The work toward this direction is now in progress.

We made use of the Iff method of Langer to discuss the
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