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Nuclear resonance fluorescence experiments were performed on the rare earth¥@deind **>°Tb to
study the fragmentation of tHd 1 scissors modan odddeformed nuclei and to establish a kind of systematics.
Using the bremsstrahlung photon beam of the Stuttgart Dynamiend point energy 4.1 MeVand high
resolution Gey spectrometers detailed information was obtained on excitation energies, decay widths, transi-
tion probabilities, and branching ratios. The results are compared to those observed recently for the neighbor-
ing odd nuclei*®>1%Dy and >’Gd. Whereas in the odd Dy isotopes the dipole strength is rather concentrated,
both Gd isotopes show a strong fragmentation of the strength into about>ZBdy and 90 transitions
(**’Gd) in the energy range 2—4 MeV. The nuclet®Tb linking the odd Dy and Gd isotopes exhibits an
intermediate strength fragmentation. In general the observed total strength in the odd nuclei is reduced by a
factor of 2—3 as compared to their neighboring even-even isotopes. The different fragmentation behavior of the
dipole strengths in the odd Dy and Gd isotopes is unexplained up to[50856-28186)03311-(

PACS numbseps): 25.20.Dc, 21.10.Re, 23.20g, 27.70+q

I. INTRODUCTION tations from the ground state can lead, in general, to the
bandhead as well as to other members of a single scissors
In recent years many investigations have been devoted tmode band. A detailed experimental study of the scissors
the study of the systematics and the fragmentation of thenode states in odd-mass nuclei can thus shed light on their
low-lying orbital M1 mode in deformed even-even nuclei, band structure and perhaps once and for all settle the ques-
often referred to as thscissors modeThe discovery of this tion of the collectivity of these states.
new type of excitation by Bohlet al.[1] led to an increased The coupling of an unpaired nucleon to the excitations in
interest in low-lying dipole excitations in heavy nuclei and the even-even core of odél+are earth nuclei has been stud-
stimulated a flock of both theoretical studies and experimenied theoretically by Van Isacker and Frank in the framework
tal investigations using different probes like photons, elecof the interacting boson-fermion mod€lBFM) [4,5], by
trons, and protonésee[2] and references thergirFor even-  Raduta and co-workerg5,7] in the particle-core-coupling
even nuclei the scissors mode nowadays is well establishadodel, and quite recently by Soloviet al. [8] within the
as a rather general phenomenon in deformed nuclei over trguasiparticle-phonon-nuclear mod€PNM). All these cal-
whole mass region. The nuclear resonance fluorescenailations predict asplitting, a distribution of the orbital
(NRF) technique has proved to be the most sensitive and11 strength over a large number of excitations due to the
selective probe to study this mode and in particular itsdifferent couplings of the unpaired nucleon eéach of the
strength fragmentatiofsee[3] and references thergin orbital M1 excitations in the even-even core and due to the
It is a principal and interesting question whether the scismixing with single-particle levels.
sors mode exists in odd-mass nuclei as a common feature as The investigation of the orbit&¥l 1 mode in oddA nuclei
in even-even deformed nuclei. Even if scissors mode states NRF experiments has to deal with some drawbacks inher-
are much more difficult to observe and to identify in odd-ent to these odd-mass nuclei. The angular distributions for
mass than in even-even nuclei, as discussed later, there nisost spin cascades involved in excitation and deexcitation of
another compelling argument to investigate systematicallthe nuclear levels become nearly isotropic, due to the half-
the odd-mass case. Up to now there has been nearly no iinteger spins of both the ground and excited states. In gen-
formation on the bands built on the scissors mode. In NRFeral, unambiguous spin assignments to the excited states are
experiments on deformed even-even nuclei only #fe therefore no longer possible. Only in few favorable cases can
=1" states are excited, which are conjectured to be theéhe spin of the excited state be determined from the mea-
bandhead of &"=1" band, because for the excitation of sured angular distribution with the sensitivity of present NRF
the second level of the band from the ground stateE@n  setups(e.g., for ground-state spify=1/2; see Ref[9]). In
transition is needed, which has a much lower intensity inaddition the half-integer spins also cause the transitions to be
photon scattering. In odd-mass nuclei, in contrét, exci-  nearly unpolarized and thus one cannot extract parities from
NRF polarization measurements.
Besides these principal physical drawbacks another more
“Present address: Physics Department, Yale University, New Haexperimental problem arises in the case of édduclei. It is
ven, Connecticut 06520-8124. related to the strong fragmentation of dipole strength. The

0556-2813/96/54)/228719)/$10.00 54 2287 © 1996 The American Physical Society



2288 A. NORD et al. 54

TABLE |. Target compositions and specifications.

Isotope Composition Enrichmef#s] Total masse$mg] Major impurities
Isotope 27Al

155Gd Gd,04 92.8 919 759 156Gd (5.79%); °'Gd (0.8%

157Gd Gd,04 92.3 1850 510 158Gd (5.49%); 1°%Gd (1.9%

1591 Th,0, 99.9 1655 508 DyO3; Gd,05 (< 0.1%

effect of the resulting much smaller peaks for excitations inthe Stuttgart Dynamitron accelerat®0]. The bremsstrah-
odd-A nuclei as compared to the even-even nuclei is twofoldlung endpoint energy in the experiments was 4.1 MeV. The
First, since the background from nonresonant scattering afcattered photons were detected by three high-resolution
the incident bremsstrahlung beam remains the same as ®eHP)-y spectrometers of high efficienciesranging from
even-even nuclei, the NRF measurements on Addiclei e~ 25% toe~ 100% relative to a standard ¥X'3” Nal/Tl
require a much higher experimental sensitivity. Furthermoregdetector. The detectors were installed at scattering angles of
even small amounts of impurities<(2%) of the neighboring approximately 90°, 127°, and 150° with respect to the inci-
even-even isotopes give rise to peaks in the photon scatterirdgnt bremsstrahlung beam. Details of the experimental setup
spectra, which are comparable in size to the strongest peakgere described in our previous publicatidi®s14,17. Table

for excitations in the odd\ isotopes. This shows the neces- | summarizes the target compositions and specifications.
sity of targets with the highest available enrichment. Further-

more, the excitations in the neighboring even-even nuclei B. NRF technique

have to be well known.

The first NRF experiment searching for the scissors mode h(lr;r':o’:Rslz;aet;(gr?r:lmsg[:suzgnc%igggt?f?%%ir?éerr?uscﬁg:?gg?etht
in an oddA nucleus was performed on the odd-protonp 9

nucleus %o by the Darmstadt groupl0]. However, no an excitation energy{, can be measured. The total cross
strong excitation B(M1)]= 0.1 Mﬁ] coula be obse’rved. section integrated over one resonance and the full solid angle

Our group detected for the first time a concentration of di- fic\ 2ol
pole strength around 3 MeV in the odd-neutron isotope |s=g(7rE—> T (1)
163Dy [11], which nicely fits into the systematics of the X

strong orbitalM1 excitations in the neighboring even-even ) . .
Dy isotopes!®0162.16fy [12_14, is determined absolute[y8,21] (for the oddA nuclei an iso-

The interpretation of the dipole excitations observed intr'opic angular intensity distribution.is assumed in t.he analy-
163py as scissors mode excitations was supported by calc @9 o I'r, andI” are the decay widths of the excited state
lations in the framework of the IBFM modglL1]. A similar ~ With spinJ to the ground state with spif, to the final level,
behavior subsequently was seen in our measurements on

161Dy [14]. However, the picture observed in the Dy isotopic T ey
chain changed dramatically in the Gd isotop&Gd. In > 3000 _
157Gd no concentration of dipole strength could be detected. £
On the contrary, the excitations were spread over the entire -
energy region from 1.9 to 4 MeYabout 90 transitiond 14]. : 2000

The aim of the present experiments was to study the other a
stable odd Gd isotopé®Gd, completing the investigations S 1000
of the Gd isotopic chainp41°5:1%6.157.158.169q) [1 13-19 in S
order to see whether the extreme fragmentation of the dipole
strength in 1°'Gd represents some “pathological” case or 0
whether the observed concentration of dipole strength in .. 2500¢
161.16hy is the exception. In addition, it was of interest to F :
investigate the odd-proton nucled®Tb which links the Gd - R000 ;
and Dy isotopic chains. After a brief survey on the well- : 1500 E
known experimental technique of the NRF and the theoreti- w 3 3
cal relations needed for the understanding of the extracted E 1000 - 3
guantities(Sec. I) the results are presented in Sec. lll. Sec- 3 3 lfc 3
tion IV deals with the discussion of the new results for 500¢ M

15 15 H H H Bt L L L » L L L 1
. E?l%nd 9Tbllgthe context of the previous observations T T T YTy T T o T T
in 1°116Py and 1°'Gd and recent calculations.
Energy [keV]
Il. EXPERIMENTAL METHOD

FIG. 1. Spectra of photons scattered &ffGd and**°Tb mea-
sured at a bremsstrahlung endpoint energy of 4.1 N&aé text
All data reported on were obtained in NRF experimentsCalibration lines ¢’Al), lines from background?®%b, *°C), and

performed at the well-established bremsstrahlung facility otarget impurities ¥*%Gd) are marked.

A. Experimental setup
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TABLE II. Results for the reactiot®>Gd(y,y’): the excitation TABLE Ill. Results for the reaction*®Gd(y,y’): excitation
energiesE, , the integrated cross sectiohs the productgl’, of energiesk, of photoexcited states with a decay to lower-lying states

the spin factorg and the ground-state transition widtlhg, the besides the ground state, spins and paritfeandK quantum num-

productsgl“{)ed of the spin factorg and the reduced ground-state bersK; of the fed excited levels, observed branching rafgg,,

transition widthsI‘{,ed, and the reduced transition probabilities branching ratiofy,e, predicted by the Alaga rules, and spihand

B(M1)T7. K quantum number& proposed for the photoexcited levels; see
text.
Ex Is gl or5* B(M1)1 ®
[keV] [eVb] [meV] [meVIMeV?] (2] Ex 3 Ky Rexpt Riheo  J K
[keV]

1675 7.3= 09 53=*= 0.6 1.128+ 0.127 0.097+= 0.011
1982 2.4+ 0.6 25=* 0.7 0.315*= 0.083 0.027+= 0.007 2456 5/ 312 1.05% 0.38 150 372 12

2017 6.3= 0.6 6.7 0.7 0.819% 0.080 0.071*+ 0.007 0.67 3/2 312
2283 1.4+ 0.3 1.9+ 0.4 0.161* 0.034 0.014+ 0.003 097 5/2 312
2329 15+ 04 2.2+ 06 0.170+ 0.044 0.015+ 0.004 2655 7/2° 32 258* 0.28 - 5/2  3/2;5/2
2456 1.3+ 0.3 4.1+ 0.7 0.275*+ 0.050 0.024+ 0.004 2755 527 3/2 172x 051 150 3/2 172
2558 2.1+ 0.4 3.5+ 0.6 0.209+ 0.037 0.018+ 0.003 0.97 5/2 3/2
2596 3.1+ 0.4 55+ 0.7 0.315*+ 0.040 0.027+ 0.003 2854 5/27 3/2 049* 0.09 043 5/2 5/2
2645 1.3+ 0.4 2.4+ 0.8 0.129+ 0.041 0.011*+ 0.004 7/2% 3/2 0.86% 0.11 - 5/2 5/2
2655 1.9+ 0.4 11.3= 1.1 0.601%= 0.058 0.052+ 0.005 2865 5/ 32 114+ 033 150 3/2 1/2
2689 1.3= 0.4 25= 0.8 0.130%= 0.042 0.011*+ 0.004 0.67 3/2 312
2728 3.9+ 0.5 7.5+ 1.0 0.370*= 0.051 0.032+ 0.004 0.97 5/2 3/2
2743 2.6+ 0.4 5.1+ 0.8 0.249* 0.040 0.021*+ 0.003 3123 5/ 3/2 063026 067 32 3/2
2755 1.4+ 0.3 7.4+ 1.1 0.355*+ 0.053 0.031*+ 0.005 0.97 5/2 312
2768 2.9+ 0.3 5.7+ 0.7 0.270+ 0.032 0.023*+ 0.003 043 5/2 5/2

2814 1.3+ 04 28=* 0.7 0.124+ 0.033 0.011+ 0.003
2819 1.3+ 0.3 28=*= 0.6 0.124* 0.027 0.011+ 0.002
2826 1.3+ 04 2.6=* 0.7 0.117%= 0.032 0.010+ 0.003 . .
2854 36+ 04 17.0+ 1.2 0.732+ 0.049 0.063+ 0004 can be extracted from the data. Then the following numerical

2865 1.4+ 03 6.0+ 0.9 0256+ 0037 0022+ 0003 'elations hold:

2872 2.6+ 0.3 5.6+ 0.7 0.235+ 0.030 0.020*+ 0.003 2.866gT
3011 1.3+ 0.3 3.2+ 0.7 0.115+ 0.025 0.010+ 0.002 B(ED)T=—3— E30[10*3 e? fm?], (4
3123 15+ 0.3 59+ 1.1 0.194+ 0.035 0.017+ 0.003 x

3199 1.1+ 0.3 3.0+ 0.8 0.091+ 0.023 0.008+ 0.002
0.2598gT,

3305 1.8= 0.4 50= 1.0 0.140% 0.028 0.012+ 0.002 B(M1) = —=— ==l 3], )
X

@Assuming pureM1 transitions.

for electric or magnetic dipole excitations, respectively,
and the total level width, respectivelyg=(2J+1)/  where the excitation energi&s, should be taken ifiMeV]
(2J,+1) is the so-called spin factor. Since in NRF experi-and the ground-state transition widthig in [meV].
ments on oddA nuclei, as discussed above, the spirf the In NRF experiments on odéd-nuclei, as discussed above,
photoexcited states cannot be determined, the spin fgdtor the spins) and parities of the photoexcited levels cannot be
usually unknown. In the case of elastic scatterihg=€I'y)  determined. The spin facta@ is not known. Therefore, we
the scattering cross section is proportionagiey/T'. If the  introduce for the following discussions the quantgy{)ed,
decay to excited state§'{/T") can be observed or is known, the product of the spin factay and the reduced ground-state
the product of the spin factor and the ground-state decajransition widthT' £,
width gI"y can be determinedyl’ is related to the reduced

excitation probabilities B(IIL,E,)T=B(IIL;Jy— J(E,)) [red_ Iy ®
(IT=E or M) by 90 =0gs:
* L+1 E.\2L+1 This product can be directly measured and is proportional to
glo=8m 2 —”z(ﬁ_x) B(IIL,E)T. (2) the corresponding reduced transition probablitsd1L) 7
m=1 L[2L+ D! "\ Ac [see Eqs(4) and (5)].

In some cases information on the spihsf the photoex-
If the ground-state decay of the state at the en&gis a  Cited states can be extracted from the measured decay
pure dipole transition, the reduced dipole excitation probabilbranching ratioR., to lower-lying states. This quantity
ity Rexpt is defined as
E3
9 [#AcC 3 R _B(HL,\]HJ]‘) _Pf 7o 7
B(Hl)T:gB(Hl)lZE(E—J (aTy) (3) eXpt_B(HL;J—>JO) _FO E?,Jf. (7)
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TABLE IV. Results for the reactiod®Tb(y,y’): the excitation energieg,, the integrated cross sectiohg the productgI’, of the

spin factorg and the ground-state transition widthg, the products«gl‘{)ed of the spin factog and the reduced ground-state transition widths

'Y, and the reduced transition probabilitiB§M1)1.

Ey Is al'o I’ B(M1)1? = Is al'o gre’ B(M1)T
[keV] [eV b] [meV] [meV/Me\?] (2] [keV] [eVb] [meV] [meV/Me\F] (2]

1254 35.0+ 9.0 24.0+ 5.0 12.170+ 2.536 1.100+ 0.200 2718 1.9+ 1.3 4.0+ 2.0 0.199+ 0.100 0.016+ 0.010
1317 12.0+ 3.0 9.8+ 1.9 4.290+ 0.832 0.370x 0.070 2755 1.8+ 16 4.0+3.0 0.191* 0.143 0.015+ 0.013
1637 7.6+ 1.8 85+ 1.6 1938+ 0.365 0.170x 0.030 2787 2.7+ 0.7 54* 14 0.249* 0.065 0.022+ 0.005
1709 7.0+ 20 5.2+ 1.8 1.042+ 0.361 0.090+ 0.030 2831 2.7+ 03 5.6% 0.7 0.247+ 0.031 0.021* 0.003
1896 2.2+ 1.1 2.0+ 1.1 0.293+ 0.161 0.026* 0.013 2855 4.5+ 12 9.0+ 20 0.387+ 0.086 0.035= 0.009
2020 5.7+ 12 6.1+ 1.3 0.740* 0.158 0.063+ 0.014 2870 2.1* 04 11.0+ 3.0 0.465* 0.127 0.040+ 0.011
2089 3.8+ 1.1 4.3+ 12 0.472+ 0.132 0.041* 0.011 2881 3.3+ 0.6 18.0f 4.0 0.753% 0.167 0.064* 0.013
2116 14.0+ 2.0 21.0+ 3.0 2.217+ 0.317 0.190+ 0.020 2890 4.3+ 04 9.3% 0.8 0.385* 0.033 0.033+ 0.003
2183 2.4+ 0.4 3.0+ 0.5 0.288+ 0.048 0.025+ 0.004 2903 17.3+ 0.8 37.9+f 1.7 1.549+ 0.069 0.134* 0.006
2192 4.0+ 2.0 6.0+ 3.0 0570+ 0.285 0.050+ 0.020 2918 3.7+ 0.8 19.0+ 3.0 0.765* 0.121 0.065*+ 0.012
2219 1.7+ 0.1 22+ 0.1 0198+ 0.009 0.017+ 0.001 2924 22+ 09 5.0* 20 0.200+ 0.080 0.017= 0.007
2223 2.6+ 0.7 3.4+ 0.8 0.309+ 0.073 0.026+ 0.007 2938 2.6+ 0.6 58* 1.2 0.229+ 0.047 0.020* 0.004
2257 6.0+ 20 8.0=* 3.0 0.696+ 0.261 0.060+ 0.020 2947 3.2+ 09 7.0* 20 0.274* 0.078 0.025* 0.007
2270 1.4+ 0.6 1.9+ 0.8 0.162+ 0.068 0.014*+ 0.006 2963 3.8+ 04 86+ 0.9 0.331* 0.035 0.029* 0.003
2319 9.0+ 1.2 22.0+ 2.0 1.764+ 0.160 0.153* 0.014 2993 45* 0.8 10.5*+ 1.8 0.392*+ 0.067 0.034*= 0.006
2339 4.8+ 1.2 115+ 1.9 0.899+ 0.148 0.078*+ 0.013 3018 22+ 05 51+ 11 0.186* 0.040 0.016*= 0.004
2359 6.6+ 0.5 9.6+ 0.7 0.731+ 0.053 0.063+ 0.004 3062 54+ 1.2 13.0f 3.0 0.453% 0.104 0.039* 0.009
2372 28+ 04 41+ 0.6 0.307+ 0.045 0.026+ 0.004 3079 2.4+ 0.5 13.0f 4.0 0.445* 0.137 0.037= 0.012
2434 29+ 11 45x 17 0312+ 0.118 0.027+ 0.010 3102 2.7+ 13 7.0+ 3.0 0.235+ 0.101 0.020= 0.010
2445 2.2+ 0.3 3.4* 04 0233+ 0.027 0.020+ 0.003 3117 27+ 18 7.0* 4.0 0.231* 0.132 0.019= 0.013
2590 3.3+ 0.4 58+ 0.8 0.334+ 0.046 0.029+ 0.004 3129 31x 01 79*03 0.258* 0.010 0.022= 0.001
2595 4.6+ 1.4 8.0+ 2.0 0.458+ 0.114 0.040+ 0.012 3159 1.4* 06 35* 1.7 0.111* 0.054 0.010* 0.005
2638 2.0+ 0.6 7.0+ 2.0 0.381+ 0.109 0.035+ 0.011 3180 3.2* 0.6 85* 1.6 0.264% 0.050 0.023+ 0.004
2651 2.6+ 0.5 9.0+ 2.0 0.483+ 0.107 0.044+ 0.010 3198 2.3* 0.8 12.0+ 4.0 0.367+ 0.122 0.031* 0.009
2677 2.8+ 0.3 52+ 05 0.271+ 0.026 0.024+ 0.002 3227 3.9+ 0.1 10.5* 04 0.312+ 0.012 0.027+ 0.001
2701 2.7+ 05 5.2+ 0.9 0.264+ 0.046 0.023+ 0.004 3368 3.2+ 0.7 10.0£ 2.0 0.262+ 0.052 0.022+ 0.005

@Assuming pureM 1 transitions.

For deformed nuclei, in the rotational limit, the theoretical TABLE V. Results for the reactiod®Th(y,y’): excitation en-

branching ratioRy,e, is given by ergiesE, of photoexcited states with a decay to lower-lying states
5 besides the ground state, spins and paritfeandK quantum num-
R V23:+ 1(J3,K¢ L ,K—=K¢]J,K) ® bersK; of the fed excited levels, observed branching rafgg,,
hec= . . . .
theo m(JOaKo-LaK_ K0|J,K) branching ratiofRy,, predicted by the Alaga rules, and spihand

K quantum number& proposed for the photoexcited levels; see

and allows theK-quantum numbeK of the excited state to Xt
be determined assuming the validity of these so-called Alaga E

rules[22]. X -
[ ] [keV] ‘]f Kf Rexpt Rtheo J K
IIl. RESULTS 1254 5/2°  3/2 0.72= 0.08 0.67 3/2 3/2
) ) 1317 5/2" 3/2 0.86+ 0.14 0.67 3/2 3/2
Figure 1 shows the experimental spectra of photons scat- 097 52 32

tered off 5Gd and*>°Tb. In both cases the spectra taken by 1637 528 32 072+ 0.15 067 32 32
the three individual detectors are summed up. The peaksl16 5/2°  3/2 0.37+ 0.05 043 52 52
marked by?’Al correspond to transitions iR’Al. Disks of 2319 5/2°  3/2 0.81= 007 067 3/2 32
this isotope sandwich the target and serve for the photon flug339 52" 312 0.64+ 0.11 0.67 32 312
calibration[23]. The non-negligible effect of small impuri- 2870 5/2° 32 1.50% 0.30 150 32 12
ties in the enriched®Gd target material is demonstrated by 2881 52" 32 076+ 016 067 32 312

the presence of the peaks labeled HYGd. This problem 097 52 312
does not exist in the case of the chemically pure, naturally918 52° 32 070+ 014 067 32 32
monoisotopic 1°*Tb sample. Already a short inspection of 097 52 32

5128 312 0.80*= 0.20 0.67 3/2 3/2

these spectra shows the pronounced fragmentation of the 1198
0.97 52 3/2

tal strength into a large number of peaks.
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155Gd 157Gd 159Tb
7/2+ 4200
5/2+ 3805
5/2+ 3628 6/2— 3637
5/2+ 347.9 *
*
11/2+ 276.0
8/2- 21 5/2+ 241.4
9/2- 2213
8/2+ 1802
/2= 1484
2+ 1376
/2 1314
ﬂg:Tu_u * 7/2+ 11587
2+ 107.6 *
8/8=__o0. b/er a8 o s 200 s/zs_sa0
*
2— 0 8/2— 0 2+ 0
* * *

FIG. 2. Comparison of low-lying collective bands in the odd nué®it>Gd and*®>°Th. Spins, parities, and excitation energies are given.
States, which are fed by transitions from levels excited in the present photon scattering experiments, are marked by asterisks.

Table Il summarizes the results fdP°Gd(y,y’) in nu- bilities for decays to various excited states in the low-lying
merical form. The quoted quantities are the excitation enereollective bands.
gies E, (with an error of< 1 keV), the integrated cross
sectionsl, the productggl’y of the spin factorg and the

ground-state transition widthg,, the productgI'F of the IV. DISCUSSION

spin factorg and the reduced ground-state transition widths

F[)ed, and the reduced transition probabilitiB§M1)T as- In the following we want to discuss the observed different
sumingM1 excitations. fragmentation of the low-lying dipole strength in the odd

In some cases a decay of the photoexcited level to a lowisotopes of the Dy and Gd isotopic chains. Figure 3 summa-
lying excited state, besides the ground state, was observetizes the experimental data fgf%161:162163.1y in the en-
For these levels the observed branching rafyg,, the ergy range of the scissors modsee[14] and references
spins and paritied” , and theK-quantum numberk; of the  therein. Plotted is the produagT'¢ for the odd nuclei and
final states populated besides the ground state are summBS? for the even-even isotopegor these nuclei the spin
rized in Table Ill. Furthermore, the spink and quantum factorg amounts tagy=3). In the case of the even-even iso-
numbersK of the photoexcited levels are quoted as sug-topes onlyAK =1 excitations are shown. THd1 character
gested by the comparison of the observed decay branchings the stronger excitations if®215Dy was established by
Rexpt @nd the branchingRye, predicted by the Alaga rules. NRF polarization measuremenjts3,14. The insets give the
Tables IV and V show the same quantities observed in theummed values og]“{)ed (summed in the energy range 2-4
reaction **°Tb(y,y"). The numerical results for the corre- MeV), which can directly be converted into the total
sponding ¢,y’) reactions on'*’Gd and **%'®Dy can be B(M1)] strengths using the numerical relati¢®). The total
found in the tables presented in our previous publicationstrength in the even-even Dy isotopes increases with the
[11,14. mass numbeA. It should be noted that the extremely high

In Fig. 2 the low-lying collective bands in®>*°Gd and  total M1 strength in*®*Dy contains a considerable spin con-
159Th below 500 keV are compared. The levels, besides theribution as observed in proton scattering experim¢Res.
ground states, which are fed by the decay of some of th&dhe B(M1)7 strength summed up over the proper energy
levels photoexcited in the present NRF experiments areange of the scissors mod@.7—3.7 MeVf [24] is rather
marked by asterisks. As already discussed in Ref] inthe  constant and exhausts tihé1 scissors mode sum rule, as
case of *116Py and °'Gd the different behavior of the derived recently by Lo ludice and Richtg26]. For the odd
dipole strength fragmentation in the various odd isotopessotopes611¢Dy the concentration of the dipole strength
cannot simply be explained by a different number of possi-and its energetic position fit into the systematics of the even-
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[ B gI5™ = 28.6 meV/MeV® [eon, | [ T g5 = 30.1 meV/MeV® [194Gq |4

4k ] 2.5¢E ‘ | ) |
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FIG. 3. Dipole strength  distributions in the isotopes FIG. 4. Dipole strength distributions in the isotopes
1o0IenIonI0s By [parts (.a)‘(e)} For the even-even isotopes the 154,155,156,157.158, 1684 [parts(a)—(f)]. For the even-even isotopes the
reduced ground-state widtfi;” of AK=1 transitions are plotted. 4,00y ground-state width¥s® of AK=1 transitions are plotted.

1,16
In the case of the odd nuclef™*Dy, because of the unknown In the case of the odd nucléP>°Gd, because of the unknown

spinsJ of the excited states, the products of the reduced ground:-, . .
spinsJ of the excited states, the products of the reduced ground-
state decay width§*® and the spin factog=(2J+1)/(2Jo+1) P! el procu » i

) state decay width§ © and the spin factog=(2J+1)/(2Jy+1)
are plotted; see text. are plotted: see text.

even isotopes. However, the experimentally detected total
strength is about a factor of 3 lower than in their even-eve
neighbors.

For 19Dy explicit calculations are available. The IBFM

ucleus %Dy where their calculations are in a fair agree-
ment with the experimental daf&2,13. In their calculations
Soloviev et al. found in *Dy a concentration ofM1
calculations by Bausket al. [11] support the interpretation SU€Ngth near 2.5 and 3.0 MeV in agreement with the experi-
as scissors mode excitations, give the right order of the tote{PentS[ll]' However, thg total sqmmed strength _below 3.2
strength, and explain the observed decay branchisge MeV of ZB(M1)]=3.2uy overestimates the experimentally
[14]). However, it should be emphasized that the calculate@PServed strength roughly by a factor of 2.
B(M1) values depend on the square of the difference be- In Fig. 4 the available experimental data.for the stable Gd
2 isotopes 154155:156,157.158.1684 gre summarized and com-
tween the neutron and proton bosgractors @,—g,)°. In p . _
the calculations of Bausket al. a value of 0.36 was used as Pared. Here also the produgf’g* for the odd nuclei and
suggested by Wolét al.[27]. On the other hand, one has to I’{fd for the even-even isotopes is plotted. In the case of the
note that when taking the same average bagdactors in ~ €ven-even isotopes onlfK =1 excitations are shown. For
the neighboring even-even nuclei the sum rule predictionghe strong excitations in'******°&d around 3 MeV the
given for totalB(M1)] strengths within the framework of M1 character is known from electron scattering form factor
the IBA-2 model[28] are about a factor of 2—3 lower than measurementgl,16,18,29. The M1 character of the stron-
the experimentally observed strengths in these nuclei. Quitger excitations in“°%Gd was established by NRF polarization
recently Solovievet al. [8] reported on QPNM calculations measurementgl3,19. The insets at the upper left of each
of low-lying M1 strength in?6®Dy. As pointed out in this panel give the summed values @F & (summed in the en-
paper in these calculations for the odd isotdf®y there is  ergy range 2—4 Me) The total strength in the even-even
no free parameter since all constants were fixed during th&d isotopes increases with the mass nunieiThis is in
construction of the phonon basis in the neighboring everagreement with the expected increase of the tBi@\11)
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FIG. 5. Comparison of the observed dipole strength distributions 2 ' “

in Gd and'®’Gd. Plotted are the produagd™? of the spin factor 3 ]
g and the reduced ground-state transition wiﬂtﬁd; see text. The ok !-'. I .(.d) ‘E
solid line in part(a) indicates the sensitivity limit in the present ' ]
NRF experiments. “;
strength proportional to the square of the deformation param- _
eter § (so-called 6% law” ) (see[30—33). Furthermore, the (e) ]
detectedM 1 strengths exhaust thd1 sum rule prediction AL

by Lo luduce and Richtefr26]. 2000 2500 3000 3500 4000

The striking difference of the dipole strength distributions
in the Gd isotopest>>>Gd as compared to the odd Dy
nuclei is the obviously very strong frag_mentatlon. In a_ddltlon FIG. 6. Comparison of the observed dipole strength distributions
the total strengths are reduced, in particulatitGd. In view in the odd rare earth nucldf515Gd, 15°Th. and 16115Dy [parts
of the small transition widths of the individual excitations (@—(e)]. Plotted are the products of the s’pin factpand the re-
weak E1 excitations cannot be excluded. Considering they,ced ground-state transition widFH? as a function of the exci-
increased sensitivity of the present NRF experiments eVefytion energy: see text.

E2 excitations cannot be excluded. Typical noncollective

E2 transitions may zbe gf the ordzer 20f. 1 Weisskopf unittjyity. At energies near the bremsstrahlung endpoint energies
[B(E2)y=0.06A™" e fm"~0.005e° b" in Gd and TH.  (E ~ 4 MeV) the lowered photon flux leads to a reduced

Energy [keV]

The associated decay width is sensitivity of the present NRF experiments.
W e . The detection limit in the'®>’Gd measurement was even
I'g,=4.8X10"A"(E,/MeV)> meV, (9  somewhat better. However, with the shown detection limits

of the °%Gd experiment only 5 very weak transitions of the

which amounts td'g,>1 meV for states in Gd and Th at about 90 observed excitations #'Gd would have been
excitation energies of above 2 MeV. This is the same ordemissed. Therefore, the observed decrease of the total dipole
of magnitude as the values of the level widths observed fostrength in 1°*Gd has to be considered as a real physical
the states which we interpret as dipole excitations. Thereforesffect and not as an artifact of the measurements. The lack-
the really detected tota¥l1 strengths might be still lower ing strength or extreme fragmentation in the odd Gd isotopes
than the numbers given in the insets of Figs. 3, 4, and 6. as compared td5:1®Dy is unexplained. The only calcula-

The reduced observed dipole strength'tiGd cannot be  tion for an odd Gd isotope'{’Gd) has been performed quite
explained by a lack of sensitivity in the present NRF experi-recently by Devi and Kotd33] in the framework of the
ments. This is demonstrated in Fig. 5. In this figure the di-interacting boson-fermion model including, d, and g
pole strength distributions if®3Gd (upper pant and **'Gd  bosons and the proton-neutron degree of freedom. However,
(lower par} are compared. The solid line in the upper parttheir results do not reproduce the difference in strength frag-
indicates the detection limit in the present measurementation for the odd Dy and Gd isotopes.
ments. Near 3.2 MeV it corresponds to a value of Empirically it seems that the fragmentation increases
B(M 1)T”mit~0.006uﬁ. As the depicted line shows, the sen- when going from*®®Dy to the lighter Gd isotopes. This can
sitivity of the present NRF experiments is best near 3.2e seen in Fig. 6 where the dipole strength distributions
MeV, in the energy range of the scissors mode. At lowerfor 1%>15Gd, °°Th, and 21Dy are plotted. For!>*Th
energies E,< 2 MeV) the increased background from non- the dipole strength distribution shows an intermediate frag-
resonantly scattered bremsstrahlung photons limits the sengnentation. When discussing the observed total strength,
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given as ggr(f)ed, one has to keep in mind that these Strength above 4 MeY37]. Assuming all strength to be of
values also may include possitd or evenE2 excitations M1 character a total strength f (3+1)u§ was detected
which cannot be distinguished in the present NRF experi{E, = 2.5-4.3 MeV} which would nicely fit into the sys-
ments. tematics of the neighboring even-even Er isotopes
The principal questions are, where is the missing strengtti®®*®®*"Er [38]. The portion of strength in the energy range
of the scissors mode in the odd nuclei and what is the reasoh0-4.3 MeV detected in these experiments 8fEr was
for the different fragmentation in various nuclei? The differ- about J#ﬁ, (assumingM 1 excitations.
ent strength fragmentation is unexplained up to now. There It should be emphasized, once again, that in all NRF ex-
is an urgent need for more theoretical work. Concerning th@eriments on odd:x nuclei no parity assignments are pos-
strength it would be a surprise if the total strength of thesible. Therefore, contributions from electric transitions can-
scissors mode in odd nuclei really would be reduced as comot be excluded and substantially complicate the discussion.
pared to the neighboring even-even nuclei. In other cases of particular at higher excitation energieg*#4 MeV) more
the weak coupling of an unpaired nucleon to a rather collecand moreE1 strength is expected from the tail of the electric
tive core excitation the total strength is rather conservedgiant dipole resonancéGDR). This fact dramatically in-
e.g., the coupling of an unpaired neutron to two-phonon exereases the difficulty of the interpretation of NRF experi-
citations(2 " ® 37) in sphericaN=82 isotope$34] leads to  ments to study thé11 strength distribution of the scissors
a two-phonomparticle multiplet of comparable total mode in odd nuclei. In conclusion, there is a need for further
strength[34,35. To search for the missing strength two di- experiments, using not only photon scattering, but other
rections might be appropriate and promising. If really thenuclear probes as well, and for more theoretical work to
fragmentation is so large that the individual excitations argeally solve the problems of fragmentation and missing
too weak to be detected by the present most sensitive NR§trength of the scissors mode in oddauclei.
experiments, a statistical analysis as proposed by the Darm-
stadt group[36] may give some estimate of the missing
strength hidden unresolved in the background of the NRF
spectra. Another speculative explanation would be a not ex-
pected shift of theM1 strength to energies above 4 MeV ~ We wish to thank A. Richter, V.G. Soloviev, and P. Van
which are not accessible in the present NRF experiments. #Asacker for stimulating and enlightening discussions. The
very recent NRF study of the isotop€’Er performed at the support by the Deutsche Forschungsgemeinschaft under
DarmstadtS-DALINAC facility in an extended excitation Contracts Nos. Br 799/6, Kn 154/21, and Kn 154/30 is grate-
energy range up to 4.3 MeV revealed considerable dipoléully acknowledged.
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