PHYSICAL REVIEW C, VOLUME 61, 044324

Level density and y strength function in %Dy from inelastic *He scattering
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Complementary measurements have been performed for the level densiysarahgth function in*s2Dy
using inelastic®He scattering. Comparing these results to previous measurements usiffOhEHe,a)
reaction, reveals that the measured quantities above 1.5 MeV do not depend significantly on the nuclear
reaction chosen.

PACS numbeps): 21.10.Ma, 21.10.Pc, 25.55¢e, 27.70+q

I. INTRODUCTION the Weisskopf estimate, which is based on single-particle
transitions (see, e.g., Ref[22]), some transitions deviate
Nuclear level densities have recently gained new interestnany orders of magnitude from this approximation. A com-
While earlier studies of level densities were mainly based ompilation of averagey transition strengths for dipole and elec-
counting levels close to the ground state and neutron resdtc quadrupole transitions can be found in REZ3]. The
nance spacing at the neutron binding endrhy], a variety ~ uncertainty of they strength function concerns the absolute
of new methods and experimental results are available todayalue and they energy dependence. F&il transitions one
More recent compilations of existing data on level densities2SSumes that the energy dependence follows the giant di-
[3,4] include level spacing data of several other reactiond0le resonanceyy’) cross section. However, this is to be
involving light particles up t)A=4, as well as results from Proven. _ _
Ericson fluctuation measurements. Recently, experimental N this work, weﬁdetermme the level density and
level densities in®?As and "°Ge over a large excitation en- streng;h f_unct|on fort®?Dy for energies close up to the neu-
ergy interval of 5-24 MeV have been repor{é&d, obtained tron binding ene_:rgan. By é%%qurmgg th’e F{[gse”t data,
from proton evaporation spectra dfC-induced reactions. V.Vh'Ch were thalned from th . y(*He He 7.) y reac-
Also, the Oslo cyclotron group has reported on a nevx}llg% t03|_r|1 rewoulsezc[j)atém,g]_, which were Obt"’.lfmf]d ft;"”? the
method to extract level densities andstrength functions y(*Hea y) y reaction, we can test if the basic as-

. , sumption of our analysis method is fulfilled.
from primary y spectra(see Ref[6] for the basic assump- This main assumption is that thedecay pattern from any

tions, and Ref[7] for the methogl This method has the gycitation energy bin is independent of the population
advantage that the level density is deduced frpriransi-  mechanism of states within this bie.g., direct population
tions; thus the nucleus is ||ke|y to be therma“zed, and th%y a nuclear reaction or indirect popu'ation by a nuclear
measured level density is supposed to be independent of thgaction followed by one or several rays. Since they
formation mechanism of the excited nucleus. Several applidecay probabilities of an excited state are independent of the
cations of the method were reported in R¢&-11]. populating reaction, the assumption above is generally
Experimental progress has been accompanied by new thequivalent to the assumption that the same states are popu-
oretical developments with respect to the first analyticalated equally by direct and indirect population mechanisms.
nuclear level density formula proposed by Befthé]. Level  One can now imagine several cases where this assumption
densities have been studied for finite temperatures within thgnight be invalid.
BCS model[13,14. Today, Monte Carlo shell model calcu-  First, thermalization time might compete with the half-life
lations [15,16] are able to estimate nuclear level densitiesof excited states, and the selectivity of the direct population
[17] for heavy midshell nuclei like'®Dy [18]. Also, more  py a nuclear reaction will be reflected by a differentiecay
schematic approaches like binomial level densitiel§ have  pattern with few and relatively strongtransitions compared
been revived lately. Important applications of the theoreticato a statistical spectrum, which is the expectedecay pat-
and experimental efforts are calculations of the nucleon syntern after complete thermalization.
thesis in stars, where the level densities are inputs in large Second, direct population might populate states with dif-
computer codes, and thousands of cross sections are esirent exact or approximate quantum numbers like spin or
mated[20]. Another aspect studied is the reduction of he parity than indirect population. Since states with different
mass with temperatuf@1], and as a consequence the reduc-exact or approximate quantum numbers do not mix at all, or
tion of the level density parameter<m*, where the effec- mix very weakly in the latter case, the ensemble of populated
tive massn* is given bym, m,/m. This is believed to have states after thermalization will differ for the two population
an appreciable effect on the physics of stellar collapse.  mechanisms; therefore, one can expect diffesedecay pat-
Also, the present knowledge of thestrength function is  terns.
poor. Although the strengths can be roughly calculated by |t is very difficult to judge where the assumption of the
method is applicable and how good this approximation is.
Below we will, by comparing two different direct population
*Electronic address: Andreas.Schiller@fys.uio.no mechanisms represented by two different nuclear reactions,
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FIG. 1. Normalized primary spectra for the®*2Dy(®He 2He’ v ) 152Dy reaction, including estimated errdidata points compared to the
leasty? fit according to Eq(1) (lines).

investigate in which excitation energy interval the assump-uct nucleus. In the second step, thepectra are unfolded for

tion might break down. every excitation energy bin using measured response func-
tions of thecacTus detector array27]. In the third step, the
Il. EXPERIMENT AND DATA ANALYSIS primary y spectra for every excitation energy bin are ex-

_ _ tracted from the unfolded data by the subtraction technique
The experiment was carried out at the Oslo Cyclotronof Ref. [28]. In the fourth step, we extract the level density
Laboratory using the MC35 Scanditronix cyclotron. Theand y strength function from the primary spectra. The

beam current was-1 nA of *He particles with an energy of main assumption behind this method is the Axel-Brink hy-
45 MeV. The experiment was running for a total of two pothesig29,30

weeks. The target was an isotopically enriched 95%Dy
self-supporting metal foil with a thickness of 1.4 mgfkm I'(E4,E,)=F(E,) 0(Ey), (2)
glued on an aluminum frame. Particle identification and en-
ergy measurements were performed by a ring of eigfiti5i  with E;=E,—E,, . This states that the decay probability in
telescopes at 45° relative to the beam axis. The telescopdise continuum energy region represented by the primary
consist of a front and end detector with thicknesses of somsepectrumI" is proportional to the level density and a
150 and 300Qum, respectively, which is enough to effec- y-energy-dependent factdf. The level density and the
tively stop the ejectiles of the reaction. Therays were y-energy-dependent factor are estimated by a Igadit to
detected by a ball of 27 5k5in Nal(Tl) detectors the experimental datf7]. In Fig. 1 the experimental data,
(cAcTUS) [25] covering a solid angle of 15% of 47r. Three  including estimated errofg], are compared to the fit accord-
60% G&HP) detectors were used to monitor the selectivitying to Eq.(1).
of the reaction and the entrance spin distribution of the prod- The data are fitted very well by the theoretical expression
uct nucleus. During the experiment we also collected, beef Eq. (1). This is a remarkable example for the validity of
sides data for thé®Dy(*He*He’) 52Dy reaction, where re- the Axel-Brink hypothesis. However, it can never be com-
sults are presented in this work, data for thepletely ruled out that a minor portion of the primary
162Dy (3He,a ) %Dy reaction, where some results were pre-y matrix cannot be factorized into a level density and a
sented in Refs[9,11]. A comprehensive description of the y-energy-dependent factor. One might also encounter large
163Dy (He a y ) %Dy experiment, to which we will compare fluctuations in these quantities at very low level densities
our findings, can be found in Rf26]. around the ground state, or when considering highly collec-
In the first step of the data analysis, the measured ejectiléve y transitions and single-particle transitions at similar
energy is transformed into the excitation energy of the prod+y energies.
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FIG. 2. Determination of parametefsand « of Eq. (2). The FIG. 3. Comparison of the extracted relative level density of

extracted level density curve from tH&Dy(3HeHe' y) 19Dy re- Dy deduced from tlr;elezlzy(?’He,?’l—E’y )**Dy reaction (this
action datafull data points and line in the inges compared to the Work) and from the Dy(*Hea ) Dy reaction (previous
number of known levels per excitation energy bin around theworks). The error bars of the former level density curve are about

ground statehistogran) in the region between the arrows, and to half the number of the error bars of the latter due-t6 times better

the level density at the neutron binding eneByy, calculated from ~ Statistics in the data of thé®Dy(°He,’He’y) Dy reaction. The

the extracted level density curve from tHEDy(®He y)1%%Dy  €rgy are accounted for in the text.
reaction datalempty data points and slashed line in the ihset

shown Ill. RESULTS AND DISCUSSION

A. Level density

Since the leask? fit according to Eq(1) yields an infi- We compare extracted level densities off®Dy
nitely large number of equally good solutions, which can béom two reactions namely**Dy(3He 2He' y)¥Dy and

obtained by transforming one arbitrary solution by 163Dy (3He « v )162Dy. While level densities from the latter

reaction were already published in Relf6,24,8 using ap-
~ e e _ _ roximate extraction methods, and in REF] in the present
e(B—E)=0(Ex~E)) AexptalE—Ey D, @ Form, data from the first reaction are shown here frz)r the first
time. Figure 3 shows the relative level densities, which are
= _ calculated by dividing the extracted level densities
F(E,)=F(E,)BexplaE,), @ by an exponentialC expE/T) with T=580 keV andC
=10 MeV ! in our case. One can see that both level den-
[7], we have to determine the three paramefeiB, anda of  sities agree very well within 10% in the excitation energy
the transformation by comparing the results to other experiinterval 1.5—6.5 MeV. This result is very encouraging, since
mental data. We fix the parameteksand « by comparing level densities are generally only known within an error of
the extracted level density curve to the number of known+50-100%. Above 6.5 MeV the errors are too large to
levels per excitation energy bin around the ground gig make conclusive observations. Belowl.5 MeV the two
and to the level density at the neutron binding enelBgy level densities differ dramatically from each other. In Fig. 2
calculated from neutron resonance spacing {lad Since one can see that the extracted level density from the
the procedure was described in detail in R&f, in Fig. 2we  %Dy(°He,« )%y reaction agrees very well with the
only show how the extracted level density curve compares taumber of known levels per excitation energy bin below
other experimental data. ~1.2 MeV, whereas the extracted level density from the
The parameteB could now in principle be fixed by com- 5Dy(3He*He’y)'%?Dy reaction overestimates the number
paring the extracted-energy-dependent factdt to other  of levels in this energy region by a factor of3.
experimental data of the strength function. However since  The level density at-0.5 MeV excitation energy is de-
data are very sparse and the absolute normalizatiory of termined by the data in the primany matrix which lie ap-
strength function data is very uncertain, we give theproximately on the diagondt,=E. . Careful examination
y-energy-dependent factor in arbitrary units. of Fig. 1 shows that the bumps &{=E, are very well fitted
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by the factorization given by Eq1). We therefore conclude 4 r
that the differences in the level density at excitation energie r
around~ 0.5 MeV are not artifacts of the extraction method,
but have their origin in differences of the
primary y spectra. In the primaryy matrix of the
162Dy(*He*He' v)®Dy reaction we actually find a large
number of high energetig transitions, connecting the direct
populated states with the ground-state rotational band. Thisg
surplus of counts compared to primagyspectra from the
163Dy (*He« v)%?Dy reaction is the reason for overestimat-
ing the level density at-0.5 MeV of excitation energy.

We argue that the level density curve extracted from the ¢ : '
neutron pickup reaction data is the more realistic one, asg 1.5 - f
supported by Fig. 2. Since the neutron pickup reaction cross z
section is dominated by highneutron transfer, the direct +,+ :3% b %
population of the'®?Dy nucleus takes place through one- ++;§$¢¢ %, &Jrf H %
particle—one-hole components of the wave functions. Suct o L “ffbfog * +*
configurations are not eigenstates of the nucleus, but ar< 0.5 r 4
rather distributed over virtually all eigenstates in the neigh- 2 L H
boring excitation energy region. Thus we can expect fast anc 0 [u ol o Lo b s L
complete thermalization beforg emission. Inelastic®He
scattering, on the other hand, is known to populate mainly
collective excitations. These collective excitations will ther-  FIG. 4.  Comparison of the extracted relative
malize rather slowly, since their structure is much more likey-energy-dependent function of'®Dy deduced from the
eigenstates of the nucleus, and their wave functions are les&Dy(°He’He'y)%Dy  (this work and from the
spread over eigenfunctions in the close excitation energy re**®Dy(®He o y)%?Dy reaction (previous work, reanalyzed in this
gion. However, we can expect that their structure is similamwork). Also here, the error bars of the relatiyeenergy-dependent
to the structure of states in the ground-state rotational bandunction extracted from the data of the former reaction are about
Therefore, the large transition rates from the direct popu- half the number of the other ones, due to better statistics.
lated states to the ground-state rotational band might just
reflect the inverse process of inelastic scattering. The surpluss

of y counts can therefore be interpreted as preequilibriu 24] using an approximate extraction method; however, the

decay. An extreme example for this are nuclear resonancg,e, \vere reanalyzed using the exact extraction method of
fluorescencéNRF) studies[33]. It is estimated that in even Ref. [7], and are, along with data from the

nuclei more than 90% of the strength from states excited 152[5y(3He3He,7)162Dy reaction, published in the present
by 'y rays goes to the ground state or to the first excited statqq oy the first time in this work. Figure 4 shows the rela-
Thermalization of the excited states in NRF is also hindere ive F functions, which are obtained by dividing the ex-
by the fact that one populates isovector states, which in th ) n oy _ :

. ! ’ F function by E’, with n=4.3 an ling them
proton neutron interacting boson mod#A-2) are charac- ?:alc tztdw 4UM(§\? yt()a);erygy tAIso in ?hiz c(:jazgatheg t\th furtf:-
terized by a differentapproximate F spin quantum number tions agree within 10% i.n they energy interval 1.5-6.5

than other states in the same excitation energy regions. MeV. Above ~ 6.5 MeV again, the error bars are too large to

We would like to point out that, although the basic as- :
sumption behind the primary method is partially violated allow for any co_nclusmns. 5elow1.3 MeV y energy, the
two functions differ dramatically from each other. Due to

: 62Myy/(3H e 3’ + )16 :
in the case of thé®Dy(*He He'y)***Dy reaction, the level experimental difficulties, like Analog Digital Converter

densities in the excitation energy interval 1.5-6.5 Me\( d.e'(ADC) threshold walk and bad timing properties of low en-
duced from the two reactions agree extremely well. This in- ; : )
e{getmy rays, we had to excludg rays with energies below

dicates that the extracted level density curves are quite robu_sL MeV from the data analys[g]. It is therefore very difficult
with respect to the goodness of the assumption. Especial% judge if the differences in thié function curves below 1.5

the bump at~2.5-MeV excitation energy, indicating the MeV » energy are also due to experimental probleires
breaking of nucleon pair8,11] and the quenching of pair- Y energy penme P '
the experimental cut was too optimistic, and we should

ing correlations[9], could be very well reproduced. One rather have excluded aly rays with energies below 1.5

should also keep in mind that the two reactions populat . . .
states with slightly different spin distributions due to the dif—?ﬂ%@ ?\L(t:(ljetl:]se different nuclear reactions used to excite the

ferent target spins in the two reactions, which might account Here we would also like to emphasize that, though the

for some differences in the extracted level densities. . . ) ; .
basic assumption behind the primayymethod is not com-
pletely fulfilled in the case of thé®Dy(°HeHe' y)*Dy
reaction, the twd~ functions agree very well. In particular
We compare the extractedenergy-dependent functidgh  the bump at~2.5 MeV v energy, which we interpret as a
of 18Dy for the two reactions. Thé& function from the “pigmy resonance,” is equally pronounced in both reac-

tn
tsl
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o 163Dy(3He,O(7)162Dy

tor F/Fq Larb. un
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Dy(PHea y)1%Dy reaction was already published in Ref.
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tions. We are therefore very confident that the extracted levatomparison with known data. However, although preequilib-
density andy-energy-dependent factor fdf“Dy presented rium y decay violates the basic assumption of the primary
in this work are not, or are only very slightly, reaction de- method, the effect on the extracted level dengitand the
pendent. v-energy-dependent factér between 1.5 and 6.5 MeV is
shown to be less than 10%. In conclusion, the present results
IV. CONCLUSIONS have given us further confidence in the new extraction tech-
) niques, and they open up several interesting applications in
This  work compares the results from the the future.
iZZDy(iHeFHe’)l%)lGZDy reaction to those of the  The preequilibrium decay does not seem to violate the
Dy(°*Hea v)'*Dy reaction. fhe level density and the  axel-Brink hypothesis, since the respective parts of the pri-
y-energy-dependent factétin **Dy are shown to be reli- mary y spectrum could be fitted within this assumption.
ably extracted \_N|tr_1 our mefrhod in the energy mter_val 1.5-However, the extracted quantities and F will then only
6.5_ MeV. The flndlngs are independent of the partlcu!ar rerepresent a weighted sum of the respective quantities ob-
action chosen to excite th€?Dy nucleus. The two reactions tained from preequilibrium and equilibrium decay, where
differ from each othefi) in the reaction type, i.e., inelastic , the case of thé®Dy(3He 2He' y) Dy reaction the pre-
*He scattering versus neutron pickup, and thus in the nucleafyyilibrium process dominates the level density below 1.5
states populated before thermalization, namely, collectivgjey excitation energy. We therefore conclude that neutron
excitations vs one-particle—one-hole stat@s;in the target  nicyyp reactions are more suitable than inela3tie scatter-
spins 0" for _lesz versus 5/2 for '*Dy, and thus in the  ing for our method, since the states populated by the former
spin distribution of direct populated states; affié) in the  reaction presumably thermalize completely, whereas those

i 3 i ; :
reactionQ value 0 MeV for°He scattering versus 14.3 MeV nonylated by the latter reaction might not completely ther-
for the neutron pickup reaction. Nevertheless, the only difynajize peforey emission.

ferences in the extracted quantities are those in the level

densities below~1.5 MeV excitation energy. These might ACKNOWLEDGMENTS
be explained by preequilibrium+y decay in the
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