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Level density andg strength function in 162Dy from inelastic 3He scattering

A. Schiller,* M. Guttormsen, E. Melby, J. Rekstad, and S. Siem
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~Received 2 December 1999; published 20 March 2000!

Complementary measurements have been performed for the level density andg strength function in162Dy
using inelastic3He scattering. Comparing these results to previous measurements using the163Dy(3He,a)
reaction, reveals that the measured quantities above 1.5 MeV do not depend significantly on the nuclear
reaction chosen.

PACS number~s!: 21.10.Ma, 21.10.Pc, 25.55.2e, 27.70.1q
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I. INTRODUCTION

Nuclear level densities have recently gained new inter
While earlier studies of level densities were mainly based
counting levels close to the ground state and neutron r
nance spacing at the neutron binding energy@1,2#, a variety
of new methods and experimental results are available to
More recent compilations of existing data on level densit
@3,4# include level spacing data of several other reactio
involving light particles up toA54, as well as results from
Ericson fluctuation measurements. Recently, experime
level densities in69As and 70Ge over a large excitation en
ergy interval of 5–24 MeV have been reported@5#, obtained
from proton evaporation spectra of12C-induced reactions
Also, the Oslo cyclotron group has reported on a n
method to extract level densities andg strength functions
from primary g spectra~see Ref.@6# for the basic assump
tions, and Ref.@7# for the method!. This method has the
advantage that the level density is deduced fromg transi-
tions; thus the nucleus is likely to be thermalized, and
measured level density is supposed to be independent o
formation mechanism of the excited nucleus. Several ap
cations of the method were reported in Refs.@8–11#.

Experimental progress has been accompanied by new
oretical developments with respect to the first analyti
nuclear level density formula proposed by Bethe@12#. Level
densities have been studied for finite temperatures within
BCS model@13,14#. Today, Monte Carlo shell model calcu
lations @15,16# are able to estimate nuclear level densit
@17# for heavy midshell nuclei like162Dy @18#. Also, more
schematic approaches like binomial level densities@19# have
been revived lately. Important applications of the theoreti
and experimental efforts are calculations of the nucleon s
thesis in stars, where the level densities are inputs in la
computer codes, and thousands of cross sections are
mated@20#. Another aspect studied is the reduction of thev
mass with temperature@21#, and as a consequence the redu
tion of the level density parametera}m* , where the effec-
tive massm* is given bymk mv /m. This is believed to have
an appreciable effect on the physics of stellar collapse.

Also, the present knowledge of theg strength function is
poor. Although the strengths can be roughly calculated
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the Weisskopf estimate, which is based on single-part
transitions ~see, e.g., Ref.@22#!, some transitions deviate
many orders of magnitude from this approximation. A co
pilation of averageg transition strengths for dipole and ele
tric quadrupole transitions can be found in Ref.@23#. The
uncertainty of theg strength function concerns the absolu
value and theg energy dependence. ForE1 transitions one
assumes that theg energy dependence follows the giant d
pole resonance (g,g8) cross section. However, this is to b
proven.

In this work, we determine the level density andg
strength function for162Dy for energies close up to the neu
tron binding energyBn . By comparing the present data
which were obtained from the162Dy(3He,3He8g)162Dy reac-
tion, to previous data@24,9#, which were obtained from the
163Dy(3He,a g )162Dy reaction, we can test if the basic a
sumption of our analysis method is fulfilled.

This main assumption is that theg decay pattern from any
excitation energy bin is independent of the populati
mechanism of states within this bin~e.g., direct population
by a nuclear reaction or indirect population by a nucle
reaction followed by one or severalg rays!. Since theg
decay probabilities of an excited state are independent of
populating reaction, the assumption above is gener
equivalent to the assumption that the same states are p
lated equally by direct and indirect population mechanism
One can now imagine several cases where this assump
might be invalid.

First, thermalization time might compete with the half-li
of excited states, and the selectivity of the direct populat
by a nuclear reaction will be reflected by a differentg decay
pattern with few and relatively strongg transitions compared
to a statistical spectrum, which is the expectedg decay pat-
tern after complete thermalization.

Second, direct population might populate states with d
ferent exact or approximate quantum numbers like spin
parity than indirect population. Since states with differe
exact or approximate quantum numbers do not mix at all
mix very weakly in the latter case, the ensemble of popula
states after thermalization will differ for the two populatio
mechanisms; therefore, one can expect differentg decay pat-
terns.

It is very difficult to judge where the assumption of th
method is applicable and how good this approximation
Below we will, by comparing two different direct populatio
mechanisms represented by two different nuclear reacti
©2000 The American Physical Society24-1
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FIG. 1. Normalized primaryg spectra for the162Dy(3He,3He8g )162Dy reaction, including estimated errors~data points! compared to the
leastx2 fit according to Eq.~1! ~lines!.
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investigate in which excitation energy interval the assum
tion might break down.

II. EXPERIMENT AND DATA ANALYSIS

The experiment was carried out at the Oslo Cyclotr
Laboratory using the MC35 Scanditronix cyclotron. T
beam current was;1 nA of 3He particles with an energy o
45 MeV. The experiment was running for a total of tw
weeks. The target was an isotopically enriched 95%162Dy
self-supporting metal foil with a thickness of 1.4 mg/cm2

glued on an aluminum frame. Particle identification and
ergy measurements were performed by a ring of eight Si~Li !
telescopes at 45° relative to the beam axis. The telesc
consist of a front and end detector with thicknesses of so
150 and 3000mm, respectively, which is enough to effe
tively stop the ejectiles of the reaction. Theg rays were
detected by a ball of 27 5 in35 in NaI~Tl! detectors
~CACTUS! @25# covering a solid angle of;15% of 4p. Three
60% Ge~HP! detectors were used to monitor the selectiv
of the reaction and the entrance spin distribution of the pr
uct nucleus. During the experiment we also collected,
sides data for the162Dy(3He,3He8)162Dy reaction, where re-
sults are presented in this work, data for t
162Dy(3He,a )161Dy reaction, where some results were pr
sented in Refs.@9,11#. A comprehensive description of th
163Dy(3He,a g )162Dy experiment, to which we will compare
our findings, can be found in Ref.@26#.

In the first step of the data analysis, the measured eje
energy is transformed into the excitation energy of the pr
04432
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uct nucleus. In the second step, theg spectra are unfolded fo
every excitation energy bin using measured response fu
tions of theCACTUS detector array@27#. In the third step, the
primary g spectra for every excitation energy bin are e
tracted from the unfolded data by the subtraction techni
of Ref. @28#. In the fourth step, we extract the level dens
and g strength function from the primaryg spectra. The
main assumption behind this method is the Axel-Brink h
pothesis@29,30#

G~Ex ,Eg!}F~Eg! %~Ef !, ~1!

with Ef5Ex2Eg . This states that theg decay probability in
the continuum energy region represented by the primarg
spectrumG is proportional to the level density% and a
g-energy-dependent factorF. The level density and the
g-energy-dependent factor are estimated by a leastx2 fit to
the experimental data@7#. In Fig. 1 the experimental data
including estimated errors@7#, are compared to the fit accord
ing to Eq.~1!.

The data are fitted very well by the theoretical express
of Eq. ~1!. This is a remarkable example for the validity o
the Axel-Brink hypothesis. However, it can never be co
pletely ruled out that a minor portion of the primar
g matrix cannot be factorized into a level density and
g-energy-dependent factor. One might also encounter la
fluctuations in these quantities at very low level densit
around the ground state, or when considering highly coll
tive g transitions and single-particleg transitions at similar
g energies.
4-2
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Since the leastx2 fit according to Eq.~1! yields an infi-
nitely large number of equally good solutions, which can
obtained by transforming one arbitrary solution by

%̃~Ex2Eg!5%~Ex2Eg! A exp~a@Ex2Eg#!, ~2!

F̃~Eg!5F~Eg!B exp~aEg!, ~3!

@7#, we have to determine the three parametersA, B, anda of
the transformation by comparing the results to other exp
mental data. We fix the parametersA and a by comparing
the extracted level density curve to the number of kno
levels per excitation energy bin around the ground state@31#,
and to the level density at the neutron binding energyBn
calculated from neutron resonance spacing data@32#. Since
the procedure was described in detail in Ref.@7#, in Fig. 2 we
only show how the extracted level density curve compare
other experimental data.

The parameterB could now in principle be fixed by com
paring the extractedg-energy-dependent factorF to other
experimental data of theg strength function. However sinc
data are very sparse and the absolute normalization og
strength function data is very uncertain, we give t
g-energy-dependent factor in arbitrary units.

FIG. 2. Determination of parametersA and a of Eq. ~2!. The
extracted level density curve from the162Dy(3He,3He8g )162Dy re-
action data~full data points and line in the inset! is compared to the
number of known levels per excitation energy bin around
ground state~histogram! in the region between the arrows, and
the level density at the neutron binding energyBn , calculated from
neutron resonance spacing data~square in the inset!. In comparison,
the extracted level density curve from the163Dy(3He,a g )162Dy
reaction data~empty data points and slashed line in the inset! is
shown.
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III. RESULTS AND DISCUSSION

A. Level density

We compare extracted level densities of162Dy
from two reactions, namely162Dy(3He,3He8g )162Dy and
163Dy(3He,a g )162Dy. While level densities from the latte
reaction were already published in Refs.@6,24,8# using ap-
proximate extraction methods, and in Ref.@9# in the present
form, data from the first reaction are shown here for the fi
time. Figure 3 shows the relative level densities, which
calculated by dividing the extracted level densiti
by an exponentialC exp(E/T) with T5580 keV and C
510 MeV21 in our case. One can see that both level de
sities agree very well within 10% in the excitation ener
interval 1.5–6.5 MeV. This result is very encouraging, sin
level densities are generally only known within an error
650–100 %. Above 6.5 MeV the errors are too large
make conclusive observations. Below;1.5 MeV the two
level densities differ dramatically from each other. In Fig.
one can see that the extracted level density from
163Dy(3He,a g )162Dy reaction agrees very well with th
number of known levels per excitation energy bin belo
;1.2 MeV, whereas the extracted level density from t
162Dy(3He,3He8g )162Dy reaction overestimates the numb
of levels in this energy region by a factor of;3.

The level density at;0.5 MeV excitation energy is de
termined by the data in the primaryg matrix which lie ap-
proximately on the diagonalEx*Eg . Careful examination
of Fig. 1 shows that the bumps atEx*Eg are very well fitted

e

FIG. 3. Comparison of the extracted relative level density
162Dy deduced from the162Dy(3He,3He8g )162Dy reaction ~this
work! and from the 163Dy(3He,a g )162Dy reaction ~previous
works!. The error bars of the former level density curve are ab
half the number of the error bars of the latter due to;5 times better
statistics in the data of the162Dy(3He,3He8g )162Dy reaction. The
differences between the two curves below 1.5-MeV excitation
ergy are accounted for in the text.
4-3
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by the factorization given by Eq.~1!. We therefore conclude
that the differences in the level density at excitation energ
around;0.5 MeV are not artifacts of the extraction metho
but have their origin in differences of th
primary g spectra. In the primaryg matrix of the
162Dy(3He,3He8g )162Dy reaction we actually find a larg
number of high energeticg transitions, connecting the direc
populated states with the ground-state rotational band. T
surplus of counts compared to primaryg spectra from the
163Dy(3He,a g )162Dy reaction is the reason for overestima
ing the level density at;0.5 MeV of excitation energy.

We argue that the level density curve extracted from
neutron pickup reaction data is the more realistic one,
supported by Fig. 2. Since the neutron pickup reaction cr
section is dominated by high-l neutron transfer, the direc
population of the162Dy nucleus takes place through on
particle–one-hole components of the wave functions. S
configurations are not eigenstates of the nucleus, but
rather distributed over virtually all eigenstates in the neig
boring excitation energy region. Thus we can expect fast
complete thermalization beforeg emission. Inelastic3He
scattering, on the other hand, is known to populate ma
collective excitations. These collective excitations will the
malize rather slowly, since their structure is much more l
eigenstates of the nucleus, and their wave functions are
spread over eigenfunctions in the close excitation energy
gion. However, we can expect that their structure is sim
to the structure of states in the ground-state rotational ba
Therefore, the largeg transition rates from the direct popu
lated states to the ground-state rotational band might
reflect the inverse process of inelastic scattering. The sur
of g counts can therefore be interpreted as preequilibr
decay. An extreme example for this are nuclear resona
fluorescence~NRF! studies@33#. It is estimated that in even
nuclei more than 90% of theg strength from states excite
by g rays goes to the ground state or to the first excited st
Thermalization of the excited states in NRF is also hinde
by the fact that one populates isovector states, which in
proton neutron interacting boson model~IBA-2! are charac-
terized by a different~approximate! F spin quantum numbe
than other states in the same excitation energy regions.

We would like to point out that, although the basic a
sumption behind the primaryg method is partially violated
in the case of the162Dy(3He,3He8g )162Dy reaction, the level
densities in the excitation energy interval 1.5–6.5 MeV d
duced from the two reactions agree extremely well. This
dicates that the extracted level density curves are quite ro
with respect to the goodness of the assumption. Espec
the bump at;2.5-MeV excitation energy, indicating th
breaking of nucleon pairs@8,11# and the quenching of pair
ing correlations@9#, could be very well reproduced. On
should also keep in mind that the two reactions popu
states with slightly different spin distributions due to the d
ferent target spins in the two reactions, which might acco
for some differences in the extracted level densities.

B. g-energy-dependent factor

We compare the extractedg-energy-dependent functionF
of 162Dy for the two reactions. TheF function from the
04432
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163Dy(3He,a g )162Dy reaction was already published in Re
@24# using an approximate extraction method; however,
data were reanalyzed using the exact extraction metho
Ref. @7#, and are, along with data from th
162Dy(3He,3He8g )162Dy reaction, published in the presen
form for the first time in this work. Figure 4 shows the rel
tive F functions, which are obtained by dividing the e
tractedF function by Eg

n with n54.3 and scaling them to
;1 at ;4 MeV g energy. Also in this case the two func
tions agree within 10% in theg energy interval 1.5–6.5
MeV. Above;6.5 MeV again, the error bars are too large
allow for any conclusions. Below;1.3 MeV g energy, the
two functions differ dramatically from each other. Due
experimental difficulties, like Analog Digital Converte
~ADC! threshold walk and bad timing properties of low e
ergeticg rays, we had to excludeg rays with energies below
1 MeV from the data analysis@7#. It is therefore very difficult
to judge if the differences in theF function curves below 1.5
MeV g energy are also due to experimental problems~i.e.,
the experimental cut was too optimistic, and we sho
rather have excluded allg rays with energies below 1.5
MeV! or to the different nuclear reactions used to excite
162Dy nucleus.

Here we would also like to emphasize that, though
basic assumption behind the primaryg method is not com-
pletely fulfilled in the case of the162Dy(3He,3He8g )162Dy
reaction, the twoF functions agree very well. In particula
the bump at;2.5 MeV g energy, which we interpret as
‘‘pigmy resonance,’’ is equally pronounced in both rea

FIG. 4. Comparison of the extracted relativ
g-energy-dependent function of162Dy deduced from the
162Dy(3He,3He8g )162Dy ~this work! and from the
163Dy(3He,a g )162Dy reaction~previous work, reanalyzed in this
work!. Also here, the error bars of the relativeg-energy-dependen
function extracted from the data of the former reaction are ab
half the number of the other ones, due to better statistics.
4-4
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tions. We are therefore very confident that the extracted le
density andg-energy-dependent factor for162Dy presented
in this work are not, or are only very slightly, reaction d
pendent.

IV. CONCLUSIONS

This work compares the results from th
162Dy(3He,3He8g )162Dy reaction to those of the
163Dy(3He,a g )162Dy reaction. The level density% and the
g-energy-dependent factorF in 162Dy are shown to be reli-
ably extracted with our method in the energy interval 1.
6.5 MeV. The findings are independent of the particular
action chosen to excite the162Dy nucleus. The two reaction
differ from each other~i! in the reaction type, i.e., inelasti
3He scattering versus neutron pickup, and thus in the nuc
states populated before thermalization, namely, collec
excitations vs one-particle–one-hole states;~ii ! in the target
spins 01 for 162Dy versus 5/22 for 163Dy, and thus in the
spin distribution of direct populated states; and~iii ! in the
reactionQ value 0 MeV for 3He scattering versus 14.3 MeV
for the neutron pickup reaction. Nevertheless, the only
ferences in the extracted quantities are those in the l
densities below;1.5 MeV excitation energy. These migh
be explained by preequilibrium g decay in the
162Dy(3He,3He8g )162Dy reaction, whereas the
163Dy(3He,a g )162Dy reaction is supposed to show only a
equilibriumg decay, and thus reveals reliable level densit
below 1.5 MeV excitation energy, which is supported
s.
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comparison with known data. However, although preequi
rium g decay violates the basic assumption of the primaryg
method, the effect on the extracted level density% and the
g-energy-dependent factorF between 1.5 and 6.5 MeV is
shown to be less than 10%. In conclusion, the present res
have given us further confidence in the new extraction te
niques, and they open up several interesting application
the future.

The preequilibrium decay does not seem to violate
Axel-Brink hypothesis, since the respective parts of the p
mary g spectrum could be fitted within this assumptio
However, the extracted quantities% and F will then only
represent a weighted sum of the respective quantities
tained from preequilibrium and equilibriumg decay, where
in the case of the162Dy(3He,3He8g )162Dy reaction the pre-
equilibrium process dominates the level density below
MeV excitation energy. We therefore conclude that neut
pickup reactions are more suitable than inelastic3He scatter-
ing for our method, since the states populated by the form
reaction presumably thermalize completely, whereas th
populated by the latter reaction might not completely th
malize beforeg emission.
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