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Critical temperature for quenching of pair correlations
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The level density at low spin in the161,162Dy and 171,172Yb nuclei has been extracted from primaryg rays.
The nuclear heat capacity is deduced within the framework of the canonical ensemble. The heat capacity
exhibits an S-formed shape as a function of temperature, which is interpreted as a fingerprint of the phase
transition from a strongly correlated to an uncorrelated phase. The critical temperature for the quenching of
pair correlations is found atTc50.5060.04 (stat)60.08(syst) MeV.
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The thermodynamical properties of nuclei deviate fro
infinite systems. While the quenching of pairing in superco
ductors is well described as a function of temperature,
nucleus represents a finite many-body system characte
by large fluctuations in the thermodynamic observables
long-standing problem in experimental nuclear physics
been to observe the transition from strongly paired state
zero temperature, to unpaired states at higher temperatu

In nuclear theory, the pairing gap parameterD can be
studied as a function of temperature using the BCS gap e
tions@1,2#. From this model the gap decreases monotonic
to zero at a critical temperature ofTc;0.5D. However, if the
particle number is projected out@3,4#, the decrease is signifi
cantly delayed. The predicted decrease of pair correlat
takes place over several MeV of excitation energy@4#. Re-
cently@5#, we reported fine structures in the level densities
the 1–7 MeV region, which are probably due to the break
of individual nucleon pairs and a gradual decrease of p
correlations.

Experimental data on the quenching of pair correlatio
are important as a test for nuclear theories. Within fin
temperature BCS and RPA models, level density and spe
heat are calculated for, e.g.,58Ni @6#; within the shell model
Monte Carlo~SMMC! method@7,8# one is now able to esti
mate level densities@9,10# in heavy nuclei@11# up to high
excitation energies. Level density and specific heat for s
eral heavy and deformed nuclei have also been calcul
within the finite temperature Hartree-Fock-Bogoliub
method@12#.

The subject of this Rapid Communication is to report
the observation of the gradual transition from strongly pai
states to unpaired states in rare earth nuclei at low spin.
canonical heat capacity is used as a thermometer. Since
particles at the Fermi surface contribute to this quantity, i
very sensitive to phase transitions. It has been demonstr
from SMMC calculations in the Fe region@13–15# that
breaking of only one nucleon pair increases the heat capa
significantly.

Recently @16,17#, we presented a method for extractin
level density andg-ray strength function from measure
g-ray spectra. Since theg-decay half-lives are long, typically
10212–10219 s, the method should essentially give obse
ables from a thermalized system@18#. The spin window is
typically 2 –6 \ and the excitation energy resolution is 0
MeV.
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The experiments were carried out with 45 MeV3He pro-
jectiles from the MC-35 cyclotron at the University of Osl
The experimental data were recorded with the CACT
multidetector array@19# using the (3He,ag) reaction on
162,163Dy and 172,173Yb self-supporting targets. The bea
time was two weeks for each target. The charged eject
were detected with eight particle telescopes placed at
angle of 45° relative to the beam direction. Each telesc
comprises one SiDE front and one Si~Li ! E end detector
with thicknesses of 140 and 3000mm, respectively. An ar-
ray of 28 5 in.35 in. NaI(Tl) g detectors with a total effi-
ciency of;15% surrounded the target and particle detecto

From the reaction kinematics the measureda-particle en-
ergy can be transformed to excitation energyE. Thus, each
coincidentg ray can be assigned ag cascade originating
from a specific excitation energy. The data are sorted int
matrix of (E,Eg) energy pairs. At each excitation energyE
the NaI g-ray spectra are unfolded@20#, and this matrix is
used to extract the primaryg-ray matrix, with the well es-
tablished subtraction technique of Ref.@21#.

The resulting matrixP(E,Eg), which describes the pri-
maryg-ray spectra obtained at an initial excitation energyE,
is factorized according to the Brink-Axel hypothesis@22,23#
by P(E,Eg)}r(E2Eg)F(Eg). The level densityr(E) and
the g-ray energy-dependent factorF(Eg) are determined by
a leastx2 fit to P. Since the fit yields an infinitely large
number of equally good solutions, which can be obtained
transforming one arbitrary solution by@17#

r̃~E2Eg!5Aexp@a~E2Eg!#r~E2Eg!, ~1!

F̃~Eg!5Bexp~aEg!F~Eg!, ~2!

we have to determine the parametersA, B, anda by com-
paring ther and F functions to known data. TheA and a
parameters are fitted to reproduce the number of known
els in the vicinity of the ground state@24# and the neutron
resonance spacing at the neutron binding energy@25#.

Figure 1 shows the extracted level densities andg-ray
energy-dependent factors for the161,162Dy and 171,172Yb nu-
clei. The data are identical to those in@26#, where theg-ray
strength function is discussed thoroughly.

The partition function in the canonical ensemble
©2001 The American Physical Society06-1
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Z~T!5 (
n50

`

r~En!e2En /T ~3!

is determined by the measured level density of access
statesr(En) in the present nuclear reaction. Strictly, the su
should run from zero to infinity. In this work we calculateZ
for temperatures up toT51 MeV. Assuming a Bethe-like
level density expression@27#, the average excitation energ
in the canonical ensemble

^E~T!&5Z21(
n50

`

Enr~En!e2En /T ~4!

gives roughly^E&;aT2 with a standard deviation ofsE

;TA2aT wherea is the level density parameter. Using E
~4! requires that the level density should be known up
^E&13sE , typically 40 MeV. However, the experimenta
level densities of Fig. 1 only cover the excitation region
close to the neutron binding energy of about 6 and 8 M
for odd and even mass nuclei, respectively. For higher e
gies it is reasonable to assume Fermi gas properties, s
single particles are excited into the continuum region w
high level density. Therefore, due to lack of experimen
data, the level density is extrapolated to higher energies
the shifted Fermi gas model expression@28#

rFG~U !5 f
exp~2AaU!

12A0.1776a1/2U3/2A1/3
, ~5!

whereU is the shifted energy andA is the mass number. Fo
shift and level density parametersa, we use the parametriza
tion of von Egidyet al. @29#. The expression had to be no

FIG. 1. Experimental level density~points in left panels! and
g-ray energy-dependent factor~right panels! for 161,162Dy ~upper
part! and 171,172Yb ~lower part!. The error bars show the statistic
uncertainties. The solid lines are extrapolations based on a sh
Fermi gas model~see text!. The isolated point at the neutron bind
ing energy is obtained from neutron resonance spacing data.
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malized by a factorf in order to match the neutron resonan
spacing data. The factors are 1.2, 0.9, 0.6, and 0.6
161,162Dy and 171,172Yb, respectively. The solid lines in Fig. 1
show how the expression extrapolates our experimental l
density curves.

The extraction of the microcanonical heat capacityCV(E)
gives large fluctuations which are difficult to interpret@5#.
Therefore, the heat capacityCV(T) is calculated within the
canonical ensemble, whereT remains fixed and is the mor
appropriate parameter. The heat capacity is then given b

CV~T!5
]^E&
]T

, ~6!

and the averaging made in Eq.~4! gives a smooth tempera
ture dependence ofCV(T). A correspondingCV(^E&) may
also be derived in the canonical ensemble.

The deduced heat capacities for the161,162Dy and
171,172Yb nuclei are shown in Fig. 2. All four nuclei exhibi
similarly S-shapedCV(T)-curves with a local maximum
relative to the Fermi gas estimate atTc'0.5 MeV. The

FIG. 2. Semiexperimental heat capacity as a function of te
perature~left panels! and energŷ E& ~right panels! in the canonical
ensemble for161,162Dy and 171,172Yb. The dashed lines describe th
approximate Fermi gas heat capacity. The arrows indicate the
local maxima of the experimental curve relative to the Fermi g
estimates. The dash-dotted lines describe estimates according t
~9! wheret is set equal to the critical temperatureTc . Tc is indi-
cated by the vertical lines.
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S-shaped curve is interpreted as a fingerprint of a phase
sition in a finite system from a phase with strong pairi
correlations to a phase with weak pairing correlations
scribed in very recent theoretical calculations@12,15#. Due to
the strong smoothing introduced by the transformation to
canonical ensemble, we do not expect to see discrete tra
tions between the various quasiparticle regimes as we d
Ref. @5#, but only the transition where all pairing correlation
are quenched as a whole. In the right panels of Fig. 2, we
that CV(^E&) strongly increases in the first MeV of excita
tion energy. The shape of this structure confirms the exp
tation that the pair correlations are quenched over a w
excitation energy region@5#.

In the following, we will extract the critical temperatur
for the quenching of pairing correlations from our data. A
inspection of Fig. 1 shows that the level density is roug
composed of two components as proposed by Gilbert
Cameron @28#: ~i! a low energetic part; approximately
straight line in the log plot, and~ii ! a high energetic par
including the theoretical Fermi gas extrapolation; a slow
growing function. In order to model the observed behavior
the CV(T) curves on Fig. 2, we construct a simple lev
density formula composed of a constant temperature le
density part witht as temperature parameter, and a Fe
gas expression

r~E!}H h exp~E/t! for E<«

E23/2exp~2AaE! for E.«,
~7!

whereh5«23/2exp(2Aa«2«/t) accounts for continuity a
the energyE5«. If we also require the slopes to be equal
«, the level density parametera is restricted to

a5S A«

t
1

3

2A«
D 2

. ~8!

Figure 3 shows the heat capacity evaluated in the can
cal ensemble with the level density function of Eq.~7! and
t2151.7 MeV21. The left-hand part simulates a pure Fer
gas description, i.e., the case«50, assuming a level densit
parametera520 MeV21. One can see that a pure Fermi g
does not give rise to the characteristic S shape of the
capacity. The right-hand part simulates the experime

FIG. 3. A pure Fermi gas model cannot give rise to the char
teristic S shape of the canonical heat capacity curveCV(T) ~left
panel!. A simple composite level density can schematically sim
late our experimental findings~right panel!.
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where «55 MeV and a fulfills Eq. ~8!, i.e., again a
520 MeV21. The characteristic S-shape emerges, as a
seen in the experimental data of Fig. 2.

Therefore, our method to findTc relies on the assumption
that the lower energetic part of the level density can be
proximately described by a constant temperature level d
sity. Calculatinĝ E(T)& andCV(T) within the canonical en-
semble for a purely exponential level density givesT21

5^E(T)&211t21 and

CV~T!5~12T/t!22. ~9!

Thus, plottingT21 as function of^E(T)&21 one can deter-
minet from Fig. 4. The quantityt is then identified with the
critical temperatureTc , sinceCV(T) according to Eq.~9!
exhibits a pole att and the analogy with the definition ofTl

in the theory of superfluids becomes evident. TheCV(T)
curve of Eq.~9! with Tc5t using the extracted critical tem
peratures for the four nuclei is shown as dash-dotted line
Fig. 2. This simple analytical expression with only one p
rameterTc describes well the experimental data up to te
peratures of;0.4 MeV. The critical temperature itself i
marked by the vertical lines. The extractedTc is rather close
to the other estimate ofTc represented by the arrows. Th
extracted values areTc50.52, 0.49, 0.51, and 0.49 MeV fo
the 161,162Dy and 171,172Yb nuclei, respectively, which are
somehow delayed compared to a degenerated BCS m
with Tc50.5D yielding Tc;0.44, 0.46, 0.37, and 0.40 MeV
for the respective nuclei, whereD is calculated from nucleon
separation energies@24#.

We will now discuss how sensitive the extracted critic
temperature is with respect to the extrapolation, and we
give an estimate of the uncertainty of the extracted criti
temperatures. In the fit in Fig. 4, we use only energies fr
^E&;0.5–2 MeV. This corresponds to energies in the le
density curves up toEn;6 MeV according to Eq.~4!. Also,
in Fig. 2, the interval where Eq.~9! describes the experimen
tal data isT;0 –0.4 MeV. This corresponds to energies

-

-

FIG. 4. The critical temperature is deduced by fitting a strai
line with slope 1 to the data points between the arrows.
6-3
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the level density curves up toEn;8 MeV. Thus, the ex-
tracted critical temperature from the low-energy behavior
the T(^E&) andCV(T) curves does only depend weakly o
the actual extrapolation of the energy dependence of thr
curve. Also, the S shape of theCV(T) curve depends only on

FIG. 5. CanonicalCV(T) curves of162Dy derived with different
extrapolations of the experimental level density curve aboveBn .
The extrapolations are performed at the extremes~dotted lines! of
the parametrization of von Egidyet al. @29#, i.e., at a512.9 and
23.4 MeV21 andC1520.5 and22.7 MeV and multiplied with a
factor f such that they agree with the level density atBn derived
from neutron resonance spacing. The solid and dashed lines
equal to those in Fig. 2. The heat capacity curve belowT
;0.4 MeV is not affected by the different extrapolations. The d
ted lines can be regarded as typical error bands for all four nu
F.
an

nd

02130
f

the fact that the nuclear level density develops somehow
Fermi gas expression at energies somewhere above the
tron binding energy~see Fig. 5!. The main contribution to
the statistical error in the critical temperature comes from
uncertainty of the slope of the experimental level dens
curve. Since this slope is well determined by the counting
discrete levels on one end and the neutron resonance sp
data on the other end, we estimate the statistical error oTc

being;0.04 MeV. It is also important to notice, that due
the strong smoothing in Eq.~4!, the errors of the experimen
tal level density curves are negligible in our calculatio
However, one should keep in mind that, by our method, cr
cal temperatures of the order 0.5 MeV are determined fr
the shapes of theT(^E&) and CV(T) curves up to onlyT
;0.35 MeV. Certainly a systematic error will be introduce
due to this extrapolation, since Figs. 2 and 4 show that
simple functional form of Eq.~9! does not describe the dat
above T;0.4 MeV. Anyway, the actual values of th
CV(T) curves aboveT;0.4 MeV depend on the specifi
extrapolation of the experimental level density curves. W
estimate roughly the systematic error ofTc introduced by the
extrapolation being 0.08 MeV.

In conclusion, we have seen a fingerprint of a phase tr
sition in a finite system for the quenching of pairing corre
tions as a whole, given by the S shape of the canonical h
capacity curves in rare earth nuclei. For the first time
critical temperatureTc at which pair correlations in rare eart
nuclei are quenched, has been extracted from experime
data. The observed S shape of the heat capacity agrees
with recent theoretical findings.

The authors are grateful to E.A. Olsen and J. Wikne
providing the excellent experimental conditions. We tha
Y. Alhassid for several interesting discussions. We wish
acknowledge the support from the Norwegian Resea
Council ~NFR!.
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