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Low-lying dipole excitations in the heavy, odd-mass nucleug®Ta
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The strength distribution of low-lying dipole excitations in the heavy odd-mass nutdéleswas studied in
nuclear resonance fluorescence experiments performed at the bremsstrahlung beam of the Stuttgart 4.3 MV
Dynamitron accelerator. To increase the detection sensitivity in the whole range of excitation energies between
1.8 and 4 MeV two measurements were carried out at different bremsstrahlung end-point energies of 2.7 and
4.1 MeV using two large-volume HPGe detectors of a relative efficiency of 100%. Detailed information on
excitation energies, decay widths, transition probabilities, and branching ratios of 37 new low-lying states in
the energy range 1.8—3.5 MeV have been obtained. The observed dipole strength is rather fragmented, apart
from a strong excitation at 2.297 MeV. The total strength in the investigated range of excitation energies
(1.8—4 MeV} is reduced by a factor 0~3.5 as compared to the neighboring even-even nuclé&dsf.
[S0556-281®8)02308-5

PACS numbsds): 25.20.Dc, 21.10.Re, 23.20.Lv, 27.7(Q

I. MOTIVATION nuclei, like the isotopes in the rare earth or actinide region.
This is documented by the first observation of this mode in
The dipole strength distributions in heavy even-even nu-y-soft nuclei[O(6) nuclei] like °%Pt[17] or 3Ba[18]. In
clei, both of electric and magnetic character, were subjects ot**Cs, differing by one proton from its even-even neighbor-
recent systematic studies in nuclear structure phy@es, ing isotope'®Ba, a strong reduction of the detectable total
e.g.,[1,2]). New, rather collective excitations have been ob-dipole strength was observed in recent NRF experiments
served like the orbitaM1 “scissors mode” in deformed [19], resembling the situation in the rare earth nuclei.
nuclei [3] or E1 two-phonon excitations in spherical,  The aim of the present investigation was to study the frag-
semimagic nucl€fi4,5]. Comprehensive systematics could bementation of the dipole strength in the mass region near
established for these modes, mainly by nuclear resonancE®pt, the isotope which is regarded to be one of the best
fluorescence (NRF) experiments, in even-even nuclei candidates of ay-soft Q(6) nucleus[17,20. As a target
[1,2,6,7. On the other hand, corresponding experiments omucleus we have choséfi'Ta since the dipole strength dis-
the neighboring odd-mass isotopes provided surprising retributions in its even-even neighbor$Hf and 83w are
sults. known from our previous NRF experimersl,22. Further-
The coupling of an additional neutron to the two-phononmore, *®Ta is nearly monoisotopic in the natural abundance
excitation in14Nd leads to a 2®3~ ® particle multipletin  of the element tantalum. In addition, the odd-odd isotope
143Nd, which could be observed experimentdl8;9]. How-  *¥°Ta, occurring with a very small relative abundance of
ever, in the nucleit®*3La and *!Pr, differing by one proton 1.2x10"* is a nucleus of fundamental interest’Ta is

from the neighboring\=82 isotones!*®B8a and *Ce, re-  “stable” as an isomer [y,,=1.2x 10*° yr), while its ground
spectively, only about 40% of the expected dipole strengthstate decays with a half-life of 8.1 h. The nucleosynthesis of
could be observed in NRF experimeifs]. 180Ta remains still a puzzle. The photoactivation of ti&ra

The different fragmentation of th®l1 “scissors mode” isomer and its depopulation was the subject of several recent
and the reduction of the experimentally observed totakxperiment$23—26. The most direct way to study this pho-
strength in odd-mass rare earth nu¢tel-14 was an open toactivation process would be NRF experiments8f'Ta.
problem for a long time. The puzzle of the lacking strengthHowever, extremely expensive samples of this isotope are
was able to be solved recently. Statistical fluctuation analyenly available in quantities o&£200 mg with a low relative
ses of the corresponding NRF spectra showed that a consignrichment of about 5%. The present study*§fia should
erable part of the strength is hidden in the continuous backalso provide, as precise as possible, information on the di-
ground of the spectrfl5,16]. pole strength distribution it®'Ta to allow realistic estima-

The M1 “scissors mode” represents a rather commontions of the feasibility of a direct NRF experiment 6#"Ta.
excitation mode, which is not restricted to deformed rotor

Il. EXPERIMENTAL METHOD AND TECHNIQUES
*Present address: Sektion Physik, LMU iMinen, Am Coulom- A. NRF technique
bwall 1, D-85748 Garching, Germany. '
TPresent address: Oliver Lodge Laboratory, University of Liver- The NRF process, the resonant absorption of real photons
pool, Oxford Street, Liverpool, L69 7ZE, United Kingdom. by an atomic nucleus and the subsequent deexcitation of the
*Deceased. photoexcited level byy decay, offers the advantage of an
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extreme selectivity for excitations of low multipolarity, ) g3
mainly dipole excitations. Therefore, the NRF method repre- — BUIL; J—Jp) :E 7o
sents by far the most sensitive technique to study dipole SPUB(IIL; J—Jg) Ty E3;
excitations even in ranges of excitation energies with a high !

level density, e.g., in odd-mass nuclei or odd-odd isotope
The formalism describing NRF experiments is summarize
in previous publicationse.g.,[2,27]). From experiments us-

ing continuous bremsstrahlung as the photon source the tot
cross section integrated over one resonance and the full solid

(6)

j:or deformed nuclei the branching rafy, provides valu-
able information on th& quantum numbeK of the excited
sfate within the validity of the Alaga ruldg8].

angle can be extracted: B. Experiments
fic\ 200y The present NRF experiments 6ffTa were performed at
Isvf=g( = T (1)  the bremsstrahlung facility of the Stuttgart Dynamitron ac-
Y

celerator[2,12,29. To increase the detection sensitivity in
4 the entire range of excitation energies of inter€si8—4
MeV), experiments were performed at two different brems-
Istrahlung endpoint energies of 2.7 and 4.1 MeV. Here elec-

Herel'y, I's, andl" are the decay widths of the photoexcite
state with spinJ to the ground state, to a final lower-lying

state, and its total width, respectively. The statistical facto £ about 25GA he b hi
9=(2J+1)/(2J,+1) is called the “spin factor.” The prod- tron currents of about 250 A on the bremsstrahlung pro-

uctgI'y, which can be directly extracted from the measureoducnor! target were l.Jsed n t_he present experiments. The
scattering target consisted of six metallic Ta shédimmeter

Egﬁttsrgr;%t:ﬂ:ﬁgsgl(e;iﬁ grr%p(?\;ltllo)r}al to the reduced EEXCI'(alG mm) with a total mass of 5459 mg which were alterna-
' tively put into layers with six Al sheets of the same diameter
3 and a total mass of 1527 mg. The isotopdl has several
B(IT1)1=g B(II1)| = E( E_) (alo), (2)  excited states at low energies with absolutely and rather pre-
Y cisely known decay width$30]. Therefore, the Al sheets
and in numerical form served as an internal standard for the absolute photon flux
calibration, a technique which is nowadays a common nor-
ol malization method in all low-energy NRF experiments
B(E1)1=0.955—-[10"3 e* fm?], (3)  [31,37. The scattered photons were detected by three high-
Ey resolution Gey-ray spectrometers installed at angles of
about 90°, 127°, and 150° with respect to the incoming

al'v_ , bremsstrahlung beam. The two high-efficiency detectors with
B(Ml)TZO'O%A’?[“N]' @ efficiencies of~100% [relative to a standard 7.6 ciV.6
4 cm NakTl) detectot were set up at 90° and 127°, respec-
Here the excitation energids, are in MeV and the ground- tively. Under 150° a third detector was installed with a mod-
state transition width§, in meV. erate relative efficiency of 22%. The total time of data col-

Unfortunately, in the case of odd-mass target nuclei thdéction was 104 h at a bremsstrahlung end-point energy of
angular distributions of the scattered photons are less anis&o=4.1 MeV and 34 h for the measurements with=2.7
tropic than in the case of even-even nuclei. Therefore, ifMeV.
particular for odd-mass nuclei with higher ground-state spins
like Jo=5/2, 7/2, etc. {8'Ta has a ground-state spin &f Ill. RESULTS AND DISCUSSION

— + .
=7/2"), the modest angular resolution of the setup and the In Figs. 1 and 2 the spectra of the scattered photons are

picted as measured with bremsstrahlung end-point ener-
bi | ns to the phot ited states. The | isot jies Ey of 2.7 and 4.1 MeV, respectively. The low-energy
Iguously Spins 1o the pnotoexcited states. The low aniso :I(v)f)art(up to 2.7 MeV is shown in Fig. 1 in two panels, docu-

pies in the angulgr d_|str|but|ons in addition lead to rather lo menting the increased sensitivity of the measurement with a
degrees of polarization of the scattered photons. As a conseg-

) . . Olaken by the two 100%-efficiency Ge detectors installed at
str(raer;gths in even-even nuclei we introduce the quam'%cattering angles of 90° and 127°. Obviously, the low-
gl'o™ energy spectra are dominated by a strong excitation at 2297

keV. Besides the labeletlAl peaks(photon flux calibration
gried= To (5) and a background linePb) some weak excitations can be
E?;’ seen around 2250 keV in the upper spectruby=2.7
MeV). Another concentration of fragmented strength could
which is proportional to the reduced dipole excitation prob-be observed at higher excitation energid800—-3100 keY
abilities[see Eqs(3) and (4)]. as shown in Fig. 2, where the high-energy part of the spec-
The decay branching ratiB, for the decay back to a trum is depicted.
low-lying excited state and to the ground state, respectively, The observed intensity ratio®V/(90°)/W(127°) agree
is defined by within their errors with unity, corresponding to a nearly iso-
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given. The decay branching rati®,,; are quoted in cases
where a decay to the first excited state at 6.2 kel (
=9/27, bandhead of the low-lying =9/2 band or to the
second excited state at 136.2 ke¥"E9/2" of the K=7/2
ground-state rotational bandould be observed. In all other
cases where no decay branching could be detected the quan-
tity gI'y has been deduced assuming an exclusive ground-
state transitionI{y=T).

In Fig. 3 the dipole strength distribution i'Ta is de-
picted in the lower panel and compared to the strength dis-
tribution in the neighboring even-even nucletfHf [21].

For *1Ta the products of the reduced transition probability

I'#?and the spin factog=(2J+1)/(2J,+1) are plotted as

a function of the excitation energy. Féf'Ta the spin factor

g can be 3/4, 1, or 5/4 for dipole excitations to levels with

spins J=5/2, 7/2, or 9/2, respectively. For the even-even

nucleus the spins of the excited levels are 1 and therefore the

spin factor is known and amountsge= 3. The producgl’*°

is proportional to the reduced transition probabilitisze

AL AL AR NSRS NSRS RO AL S Egs.(3) and(4)].

2000 2100 2200 2300 2400 2500 2600 .. .

Surprisingly for an odd nucleus, a very strong dipole ex-

Energy [keV] citation was observed at 2.297 MeV 1#i'Ta, which clearly

FIG. 1. Upper panel: spectrum of photons scatteredifa in dominates the strength distribution. Its strength amounts to

the energy range 2.0—-2.7 MeV measured at a bremsstrahlung enﬂbou,ﬂ?’('\/I l)T%O.ZS_Mﬁ, or B(E1)1~3.1x10 ° e? fm? de-
point energy of 2.7 MeV. The spectrum represents the sum of th@€nding on the parity of the level. Unfortunately, both the
spectra taken by the two 100%-efficiency Ge detectors installed atP!n J and the parity of this 2297 keV level are unknown.
scattering angles of 90° and 127°, respectively. Labeled peaks stefROmparing the measured decay branching riig,~ 0.24
from the photon flux standar@Al, from background %8Pb), orare = 0.03 (for the decay to the ground state and tHe=9/2"
single escapg¢SE) peaks. The peak marked by an asterisk corre-state of theK=7/2 ground-state rotational bandith the
sponds to the decay of the 2297 keV level to the low-lying excitedprediction of the Alaga rules the assignment3, K
state at 136.3 keV. Lower panel: spectrum of photons scattered oft-(7/2, 7/2) or(9/2,9/2 are possible. Besides this strong
!81Ta in the energy range 2.0-2.7 MeV measured at a bremsstralexcitation at 2.297 MeV the strength distribution shows a
lung end-point energy of 4.1 MeV. For explanations see above. strong fragmentation with some strength concentrations
around 2.4 and 3.1 MeV, respectively. In the energy range
tropic angular distribution, as expected fé#Ta with its above 3.4 MeV no dipole excitations could be observed in
high, half-integer ground-state spi§=7/2". 18173 in contrast to the results fd3f°Hf. The reason for that
In Table | the results of the present experiment are sumprobably is an increased strength fragmentation in the odd-
marized. Excitation energids, (uncertainties<1 keV), in- mass nucleus.
tegrated scattering Cross sectidgvg, and the productg[‘o For a deformed even-even nucleus [#8Hf the observed
of the spin factog and the ground-state decay widfly are ~ dipole excitations can be classified by the decay behavior of
the excited states which can be used fd¢ aumber assign-
T VTN T T O TN T T ment. Empirically it was shown that all strodd< =0 dipole
excitations havé&l charactef6] whereas strong K=1 di-
pole transitions correspond M1 transitions as shown in all
our previous polarization measuremefts Therefore, pari-
ties can be tentatively assigned from the dedu€edimbers
within the validity of these “rules” supported by systemati-
cal experimental findings. In the upper panel of Fig. 3 the
dipole strength distribution int®Hf now can be separately
given forAK=1 excitationg(solid barg and transitions with
AK=0 or excitations to spin-1 levels without an observed
decay to the first excited statepen bars The figure shows
that there is no distinctly different behavior of the strength
distribution patterns oE1 andM1 excitations in the even-
2800 2900 3000 3100 3200 3300 3400 even nucleus ®Hf. . .
Energy [keV] In the following we want to discuss the total dipole
&y strength observed iff'Ta and to compare it with the results
FIG. 2. Spectrum of photons scattered &ffTa in the energy for the neighboring even-even nucled$’Hf. The total
range 2.8—3.4 MeV measured at a bremsstrahlung end-point energjrength observed in'®Ta (1.8—-4 MeV; all errors were
of 4.1 MeV. For explanations see caption of Fig. 1. added linearly amounts t03; 5 4 yev 9T F%=(14.9+2.2)

Ey=2.7 MeV
(a)

2297 keV

'S
(=3
(=]

]
200Pb

Ey=4.1 MeV
(b)

Counts / 1.2 keV

27 Al

Counts / 1.2 keV
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TABLE |. Results of the present®'Ta(y,y’) experiment: Excitation energids,, integrated elastic
resonance scattering cross sectibgg, the productgl’, of the spin factorg and the ground-state decay
widths I'o, the productsgI'f® of the spin factorg and the reduced ground-state decay widft&, and
observed experimental decay branching raRgg, are given. In cases where no decay branching could be

detected the quantitgl’, has been deduced assuming=1I".

Ex |s,0 gro grE)Ed Rexpt
[keV] [eV b] [meV] [meV/Me\?]
1866 5.43-0.86 4.92-0.78 0.76:0.12
1935 4.230.64 4.12-0.63 0.57-0.09
2097 2.210.52 2.53:0.60 0.27-0.06
2105 3.65-0.68 4.21+0.79 0.45-0.08
2240 2.15-0.49 2.81-0.64 0.25-0.06
2253 2.88-0.53 3.810.71 0.33:0.06
2272 3.62-0.59 4.86-0.79 0.410.07
2289 3.25-0.55 4.43-0.75 0.370.06
2297 23.65-2.52 39.0:3.91 3.22:0.32 0.24-0.0F
2400 2.410.45 7.65-1.18 0.55-0.09 1.33-0.28
2418 2.110.44 5.28-0.96 0.37-0.07 0.65-0.18
2448 5.450.72 11.951.53 0.81-0.10 0.48-0.09°
2519 2.4x0.43 3.96-0.71 0.25-0.04
2761 1.64-0.35 3.25:-0.70 0.15-0.03
2800 1.0740.31 2.18-0.64 0.13:0.03
2807 3.76:0.53 7.711.08 0.35-0.05
2812 3.07:0.46 6.32£0.95 0.28£0.04
2835 2.49-0.41 5.210.87 0.23:0.04
2845 1.57#0.35 3.310.73 0.14-0.03
2892 1.68-0.35 3.66:-0.77 0.15-0.03
2898 3.14-0.46 6.86-1.00 0.28-0.04
2929 1.56:0.34 3.35:0.75 0.13:-0.03
2967 3.02:0.42 6.92-0.96 0.26-0.04
3016 1.34-0.31 3.17#0.73 0.12£0.03
3023 4.65-0.56 11.06:1.34 0.40:£0.05
3029 4.06:0.51 9.70:1.23 0.35-0.04
3035 5.75-0.65 13.7%1.55 0.49-0.06
3054 1.24-0.29 6.55-1.13 0.23:0.04 1.18-0.2¢
3065 2.880.41 7.04-1.01 0.24-0.04
3074 1.430.31 8.49-1.37 0.23-0.05 1.62£0.36
3081 8.99-0.95 22.21+2.35 0.76:0.08
3086 2.370.38 5.87-0.94 0.23:0.03
3092 1.46-0.31 3.63:0.78 0.12:0.03
3108 2.58-0.40 12.171.55 0.410.05 0.88-0.14
3320 2.99-0.44 8.58-1.26 0.23£0.03
3329 3.170.45 9.141.29 0.25-0.04
3407 2.13-0.37 6.44-1.11 0.16-0.03

8ranching to the excited 972state at 6.2 ke\(bandhead of the low-lying{=9/2 band.
bBranching to the excited 9/2state at 136.3 ke\(first excited state in th&=7/2 ground-state rotational
bangd.

meV/Me\2. This value would correspond to total reduced ming procedure for the totaW1 strength that should be at-
transition probabilities 0f£; g4 vey B(E1)]=(14.3+2.1)  tributed to theM 1 scissors mode. From this considerations,
X102 e? fm? or ;g samev B(M1)]=(1.29+ 0-19),%%1, the strength added up in the energy interval 2.4-3.7 MeV

assuming exclusiveNE1 or M1 excitations, respectively. should be regarded for nuclei with an atomic numier

These total strengths are about a factor of 3.5 lower thafe68. The total strength observed fdf'Ta in this energy

those observed in the neighboring even-even nuclédsf  range is 54 37vev 9T E%=(8.3+1.3) meV/Me\?. This

[21]. value would correspond to total reduced transition probabili-
In a recent publicatiof6] we proposed a consistent sum- ties of 2,4 37 wev B(E1)1=(7.9+1.2)x10 3 e? fm? or
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e L e L Therefore, following the systematic investigations to explain
180¢ 3 the missing strengths of tHd 1 scissors mode in odd-mass
: nuclei[15,16, we assume that only about 50% of the ob-
(a) | served strength in'8Ta can be attributed to the scissors
24 b mode (about 0.3%2). This value is about a factor of 3—4
: lower than expected from the systematics of the scissors
1 i mode strengths for even-even nudléi. This fact suggests
1 - the assumption that the overwhelming part of thEl
; E strength in the heavy odd-mass nuclei§éTa is hidden in
] | H J [I LIH I i the continuous background of the NRF spectra, even more as
032 L L L1 3 shown for odd-mass rare earth nudl&b,16].
3] 181, b To come back to the astrophysical problem of the photo-
] i activation process of®™Ta, one has to state that the ob-
1 (b) served strong fragmentation of the dipole strengthtiiTa
: : into many weak excitations seems to prevent the highly de-
sired direct NRF experiment off"Ta, at least in the energy
] : range 2—-4 MeV investigated in the present experiments.
1 3 Since the rare odd-odd isotogé€™Ta is only available in
] small quantities(some mg'$ of rather low enrichment
] 1, i (=5%), representing the world’s stock, it would be very
02 oo 200 2600 om0 . difficult to assign unambiguously weak excitations observed
in direct NRF studies to photoexcitations 81" Ta. There-
Energy [keV] fore, inclusive photoexcitation experiments of enriched Ta
samples by measuring activation yield curves in bremsstrah-
lung experiments seem to be the only choice at present to
study this interesting problem.

w
Loty

Ty [meV/MeV 3]

g To™ [meV/MeV 3]
(]
|
T

FIG. 3. Comparison of dipole strength distributions i#PHf
[upper panela)] and *8'Ta [lower panel(b)]. Plotted as a function
of the excitation energy are the quantitiEgad for the even-even
nucleus'®Hf, where the spin factor is known to lge=3, andgI'F
for the odd-mass nucleu$'Ta. HeregI'f%is proportional to the ACKNOWLEDGEMENTS
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