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Direct proof of the two-phonon character of the dipole excitations
in 1*Nd and '*‘Sm around 3.5 MeV
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Resonant inelastic proton scattering experiments were carried out to investigateldsay of the I state
at an excitation energy of around 3.5 MeV in tRe=82 nuclei 1*Nd and *#4Sm. y-ray branching ratios were
determined fromy-proton coincidences in both nuclei. The newly obseryatkcay of the dipole excitation at
3225 keV in1*Sm to the one-phonon states, in particular the-{437) E2 transition to the octupole phonon
state, is the first direct proof of the two-phonon character of the state in anyN=82 nucleus.
[S0556-28186)50208-9

PACS numbses): 21.10.Re, 23.20.Lv, 25.40.Ep, 27.60.

The firm assignment of a multiphonon structure to theare important to establish the two-phonon character of a vi-
vibrational states of nuclei is one of the fundamental prob-brational state.
lems in nuclear physics. From the picture of collective low- In the semimagidN=82 isotones which includé®®Ba,
lying quadrupole and octupole excitations that are considere&'®Ce, “Nd, and '#‘Sm the J"=1;, member of the
as “phonons” emerges the idea of multiple-phonon excita-2* 3~ quadrupole-octupole multiplets has been identified
tions. The coupling of two quadrupole phonons"(22%)  at an excitation energy of around 3.5 Mé¥0-12,16,17.
leads to a multiplet of three states with spin and parityThis assignment was based on two observations: First, this
J7=07, 2", and 4". Such multiplets have been observed instate is the only strong electric dipole excitation up to 4.3
a number of spherical nuclef1-3] and evidence for MeV and its energy is close to the sum energy of tHeadd
2,®2, states has been discussed in deformed nji#le8]. 3" state. Second, it shows an enhanced electric-dipole tran-
In contrast, the knowledge about th€ 23~ [9—17] and the  sition strengthto the ground state, which is a hint of a large
3" ®3" [18] multiplets is still rather sparse. octupole component in the wave function, i.e., a hint of a

In a simple harmonic picture the members of these mul2*®3~ structure.
tiplets are degenerate in energy and lie at the sum energy of Still one has to consider that tHel transitions are very
the single-phonon constituents. However, remaining interacweak (=3x10 2 W.u.) as compared to the giant dipole
tions split the multiplet and even the center of gravity of theresonance €10 W.u). Thus, a real proof and a direct evi-
multiplet states can be shifted. A crucial problem in an ex-dence of a two-phonon nature of theg, Istate must come
perimental investigation of multiphonon multiplets is a reli- from the observation of an allowdd2 or E3 decay to the
able identification of the member states. The determinatiomne-phonon statesee Fig. L In a simple picture one ex-
of spin and parity of states in the expected energy region
alone is not sufficient because the level density is high and—
there is often more than one candidate. Therefore the knowl-'EnhancedE1 strength means that the transition strength is about
edge of the absolute transition strengths andjedecay 30 times larger than the typical value ef10 % W.u. (Weisskopf
properties and their comparison with theoretical predictionsinit).
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preciable strength in this reactipf1—-2§. According to the
_Energy properties of the chosen isobaric analogue resonance only a
EQ* )+ EGT) - small spin and parity window will be strongly excited. The

1 1 selectivity of this reaction is an important advantage and

leads toy spectra containing only a few lines. In particu-
E2 lar, one is able to detect very weakbranches.
EG-) 3; The investigations oft*2Nd and **‘Sm were performed

! EI/E3 with the Van de Graaff accelerator of the University of Co-
logne. The incident proton energies were 10.25 MeV and
E@2}) E3 2i 10.20 MeV for 1*Nd and #4Sm, respectively. These beam

energies correspond to ther3ps,) IAR [21-28. Thus
E2 particle-hole states with negative parity and spin O to 4 are
GS ot v strongly excited. In addition thevBp;,,) resonance excites
the 1, state with an appreciable streng21—2§.

The protons were scattered fnoa 1 mg/cnt self-

FIG. 1. Decay pattern expected from thedecay of a two-  Supporting metallic foil, enriched to 95.7% and 96.3% for
phonon 1, state. 142Nd and **4Sm, respectively. The experiments were carried
out at theosirRisSCube spectrometdr?9]. It was equipped
N » with six escape-suppressed Ge detectors placed at 45°, 90°,
pects that the (}—2;)E3 transition and the 5nq4135° with respect to the beam axis. The total solid angle
(1,+—31)E2 transition have transition strengths that arecoyered by these detectors was 4.5% af 4n addition two
identical to those of the 3and 2 states to the ground state, Sj(Li) detectors were placed at 90° with respect to the beam
respectively, because the “same phonon” is destrdy8].  axis for particle detection, which covered a relatively large
However, the considere&3 transition competes directly solid angle of 3.2% of 4 [30]. The particle detectors were
with the lower multipolarityE1 transition with the same en- used at room temperature. A resolution of 45 keV for a
ergy. Therefore it is nearly impossible to measure the?*!Am « source was obtained. The energy resolution of the
B(E3) strength directly. The competing ;(,;1—>21+)E1 tran-  measured proton spectra was about 90 keV. This loss of
sition is enhanced for the very same reasons as theesolution comes from the large opening angle of the detec-
(1,;h—>Og+_S)E1 ground-state transition. Very recently this tors and from the target thickness. Proton-singles,
electric-dipole transition could be observed for the first timey-singles, yy-, and y-proton coincidences were recorded
in a N=82 nucleus[15]. Photon scatteringy,y') experi-  with the CologneFerA analyzer systenf31] during a 60
ments gave previously upper limits for thEl decay hour beamtime for thé*Nd target and a 120 hour beamtime
branches to the single-phonon states of the order of 5% dor the #‘Sm target. Two milliony-proton coincidences
less in *3Ba and *%Ce[16,17. were collected in thé**Sm(p,p’y) reaction.

An observation of the (;‘_>31* )E2 transition is there- Typical y-proton coincidence spectra are shown for the
fore a much more direct proof for the two-phonon structure.***Sm(p,p’ y) reaction in Fig. 2. In the upper part the proton
This transition was not observed previously in any of thespectrum is presented. In particular, the strong excitation of
semimagicN= 282 nuclei. Only upper limits have been de- states with energies between 3.5 and 5.0 MeV strikes the
rived from a f,n’y) study[15]. The situation is quite dif- €ye. This is due to the excitation via the IAR and results
ferent for the nuclei with two additional neutronbl € 84). from the selectivity of this excitation mechanism. The two
Here the (f;,—37)E2 transition strength and furthermore dotted lines show a cut window in proton energy loss be-
the complete 23~ multiplet has been observed i“Nd ~ tween 3175 and 3275 keV. This is around the excitation
[9,14]. energy of the electric dipole,] state in**Sm at 3225 keV.

It is the aim of the present paper to show the results offhe y rays that were coincident to protons with these energy
resonant p,p’y) studies to investigate the decay of the losses are shown in the lower part of Fig. 2. The two marked
1,n state in theN=282 nuclei *4Nd and '*Sm in order to 7 lines at 1415 keV and 1566 keV correspditenergy to
establish the two-phonon structure of these states. the (1;;—3;) and (1,,—2;) transitions in'*’Sm, respec-

The energy of the }, state lies far above the yrast line tively. The othery lines have been identified as depopulating
and an appreciable cross section for its population can only transitions of excited states that are close in energy to the
be expected for special reactions such asn(y) and 1p, State in**‘Sm.

(7,7'). These reactions have the disadvantage that they are To establish these two and other obseryeiansitions in
either not selectivéas neutron scatterirfd.3]) or have avery the level scheme the-proton coincidences were analyzed.
high low-energy backgroundas photon scattering16]). Coincidenty spectra were analyzed with gates in proton en-
Both disadvantages make the observation of very weak ergy corresponding to definite excitation energy. Within the
branches with low transition energies very difficult. energy range from 1 to 6 MeV we have chosen 40 keV wide

The inelastic proton scattering at proton energies correwindows with a mean energy every 20 keV in proton energy
sponding to the isobaric analogue resonandé®) is a  loss. An example of the coincidence rates in dependence on
fruitful tool to investigate high-lying negative parity states in the excitation energy is shown in Fig. 3. One can see that the
even-even nucleisee, e.g., Ref20]). It can be expected that coincidence rate of the well known {20, ()E2 transition
the states of the 28 3™ quintuplet can be excited with ap- in 143Nd rises strongly at the excitation energies of 1576 keV
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FIG. 4. Coincidence rates of the depopulatipgrays of the

FIG. 2. y-proton coincidence spectra taken from resonant in-, _ 14 .
elastic proton scattering o#‘Sm. The scattered proton spectrum is .1ph level in *'Sm at 3225 keV plotted versus the excitation energy

X . in the energy range from 3.0 to 3.5 MeV. These rates were ex-
shown in the upper par@). Some strong excitations are labeled L . . :
. . ; . : gy A — s 1 tracted from coincidence spectra with a window of 40 keV width
with their spin and parity assignment. The label™&1 ™" indi-

cates a doublet at 4.3 MeV. The resolution obtained in the proto In excitation energy. The energies of the obseryetiansitions of

spectrum is about 90 keV. The two dotted lines indicate a 100 ke aigihk:\s/trlgr:hi(:?;cejgleoﬁgi?éeo:ol?hlesek;\i{[z;g(;Eeelr?:rler g?lg(:,mz)’% keV
window around the 3225 keV,j state in**‘Sm. They spectrum in 9 p 9y

the bottom partb) is coincident to the protons in this marked en- @ n _aII plots establish thesg transitions as the depopulating
. transitions of the }; state to the one-phonon states. The dashed
ergy range. The two labelegl lines at 1415 keV and 1566 keV curves are plotted o quide the eve
have been established as depopulating ,,43,) and P 9 ye.
(15—21) v transitions in ***Sm. The othery lines depopulate

other states in*‘Sm that are close in energy to the dipolg, dtate. , o ) ] ,
keV. The shape of this “excitation function” is mainly

dominated by the resolution of the proton detectors. For the

and 2084 keV. The maximum at an excitation energy Ofdata with sufficient statistics an additional evaluation of the

1576 keV corresponds to the direct excitation of tHestate ¥ coincidences was done. According to th'e' above proce-
dure we were able to observe very wegkransitions and to

in 1*2Nd. The second maximum in the coincidence rate indi- , - ;
cates the feeding of this;2state by the 3 state at 2084 place the gqrrespondlng trgnsmons into the level scheme.
1 161 vy transitions and 61 excited statesdfSm could easily

be placed.
o To establish the two marked transitions in thepectrum
- 12000 E, = 1576 keV in Fig. 2 as depopulating transitions of the [, state in
=S ] 144Sm the coincidence rates of thegéransitions were com-
$ 8000 : pared with the coincidence rates of the well-known ground-
g ] state y transition from the I, state. This comparison is
% 4000 A
k= ] TABLE I. Deduced branching ratios and transition energies of
S 0] _ the 2, 3;, and 1, states in**Nd. The results obtained in this

' 1'5'0'0 T 1'7'5'0 T 2'0'06 T 2'2‘56 ' work are in good agreement with previous data.
Excitation Energy (keV) “Nd
JT—J7 I, Tap [fs]
Ey [keV] Ref.[34] E, [keV] This work Ref.[15] Ref.[15]
FIG. 3. Coincidence rate of the ground-state transition from the
27 level in ¥2Nd at 1576 keV plotted versus the excitation energy
determined from coincidence spectra with a window of 40 kev  1575.82) 2/ —0,4 1575.82)  100.0 100.0  15¢3
width in excitation energy. The coincidence rate has maxima a084.42) 3; —2; 508.62)  100.0 100.0 630753
excitation energies of about 1576 keV and 2084 keV. The lowesB424.14) 1Eh—’0;s 3424.23) 100.0 1000 1.804
excitation energy1576 ke\j indicates the direct excitation of the —27  1847.86) 2.7(5 2.98)
2, state in*?Nd. The second maximum in coincidence rate indi- 37 (13393% <16 <36
cates the feeding of thej2state by the decay of the3state at !
2084 keV. 2y transition not observed.




R452 WILHELM, RADERMACHER, ZILGES, AND VON BRENTANO 54

TABLE Il. Deduced branching ratios, transition energies, and TABLE Ill. Reduced transition probabilities of the;2 37,
lifetimes of the 2, 3; , and 1, states in**Sm. The decay from and 1, states in***Sm. The values for the } state are calculated
the 1, state to the one-phonon states is observed for the first timefrom Table Il. A comparison is made with previous experiments
and results obtained from QPM calculations. The deduced
1445 B(E2;1,,—3;) value is a proof of the two-phonon structure in the
wave function of the [, state.

Jr—3f l,
Ex [keV] Ref.[32] E, [keV] This work Ty [fs] 144g
IJTJ7 B(E\)| [W.ul]
1660.12) 2{—0;; 1660.12)  100.0 84-3 2 Theory Experiment
1810.32) 3;—2; 150.22) 100.0  24506:3500°  Ref.[32] Ref.[33] This work Others
+ c
3225.53) 1ph*’?gs 3225.52) 100.0 1.94-0.26 317_)0& 34.4 383)°
_>217 1565.84)  1.93) 3;—2;  033x10°? 0.28(4)x10°2°
—8% M1 189 1,05 110<107%  3.66(50)1073  3.5(5)x10°%°
aReferencd 35]. 1.3(2)x 1073
PReferencd 36]. 127 0.10x10°% 0.61(13)x10°2
‘Intensity agrees with the value given in Ref$1,13. 1= 3" 13.7 16.640)
d_ifetime deduced fromT'3/T" =220+ 30 meV[10] and the branch- _P" "1 ' '
ing ratios determined in this work. “Referencd 32].
bReferencd 36].
‘Referencd10].

shown in Fig. 4 for the energy range from 3.0 to 3.5 MeV. Indreference$11,13.

the three parts of Fig. 4 the coincidence rates of the 3225

keV, 1566 keV, and 1415 ke transitions in 1*‘Sm are

shown. The dashed curves in Fig. 4 are included to guide the

eye. We note that the three plots look very similar. Thus weion probabilities from the J, state to lower-lying states. The
have identified the transitions as depopulatingtransitions ~ reduced transition probabilities areB(E1;1,,— 0, )

of the 1, state in **Sm, although the statistics of the low =3.66(50) mW.u.B(E1;1,,—2;)=0.61(13) mW.u., and
energy vy transitions is low. The branching ratios were de-B(Ez;lth31‘)=16.6(40) W.u. They are given in Table
duced from they-proton coincidences. Angular correlation |||. In particular the strong (—31)E2 decay to the octu-
effects could be neglected because of the large solid angle @ble phonon state at 1810 keV is a compelling proof of the
the particle detectors. The complete results of the measurgo-phonon character of the;Istate at 3225 keV. We stress
ments will be reported elsewhere. In the following the maingnce more that thisy transition is here established for the
fﬁCUS will be on the decay of the, state in **Nd and first time in aN==82 nucleus. The deduce&(E2) value for

45”‘1-4 the (1,,—3; )y decay is in good agreement with the corre-

In - 2Nd we were able to observe the weak y decay of spondingB(EZ;ZfaogS) value of 11.918) W.u. [32] that
the 1, state at 3424 keV to the;2state at 1576 keV. The is expected for a neeirly harmonic two-phonon stt@].
branching ratio is 1(1,,—21)/1(1p,—045)=0.0245).  This confirms the dominant two-phonon character of the
Within the experimental errors this ratio agrees well with theli;h state. In Table Ill a comparison with theoretical predic-
results given in the literaturgl5]. The branching to the3  tions[33] is shown for the reduced transition probabilities.
state at 2084 keV could not be observed in this work-These predictions are calculated in the framework of the qua-
We deduced an upper limit ofl(1,,—3;)/1(1,, siparticle phonon moddlQPM) and agree well with the ex-
—>0g_s)<0.016. In Table | the results are summarized and gerimental values.
comparison with previous data is given. The new results obtained by the resonaptp( y) reac-

In 14“Sm neither they decay of the T, state at 3225 keV tion confirm this method as a fruitful tool to observe ex-
to the 2 state at 1660 keV nor its decay to thg 3tate at tremely weaky transitions. To obtain a more systematic
1810 keV were known. In Table Il the deducedenergies knowledge about the structure of thg, state in theN =282
and branching ratios are presented for tlfi'e' 3, , and ];;h nuclei further investigations will be carried out in the future.

states. Where possible a comparison is given with branching The authors wish to thank R. F. Casten. A. Dewald. A.
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branching ratios. We determindd,=(1.94+0.26) fs from  the experiments. This work was supported in part by the
the valueFé/l“:ZZOt 30 meV obtained from they') DFG under Contract No. Br799/6-2 and by the U.S. Depart-
experimentg 10]. Moreover, one obtains the reduced transi-ment of Energy under Contract No. DE-FG02-91ER-40609.



54 DIRECT PROOF OF THE TWO-PHONON CHARACTER OF ... R453

[1] A. Bohr and B. MottelsonNuclear StructurgBenjamin, New  [17] R.-D. Herzberg, Ph.D. thesis, Universitai Koln, 1995.

York, 1975, Vol. 2, and references therein. [18] Minfang Yeh, P. E. Garrett, C. A. McGrath, and S. W. Yates,
[2] A. Aprahamian, D. S. Brenner, R. F. Casten, R. L. Gill, A. Phys. Rev. Lett76, 1208(1996, and references therein.
Piotrowski, and K. Heyde, Phys. Lett40B, 22 (1984). [19] R. V. Jolos(private communication
[3] R. F. CastenNuclear Structure From a Simple Perspective [20] C. F. Moore, J. G. Kulleck, P. von Brentano, and F. Rickey,
(Oxford University Press, New York, 1980and references Phys. Rev.165 1312(1968.
therein. [21] P. von Brentano, W. J. Braithwaite, J. G. Cramer, W. W. Edi-

[4] H. G. Barner, J. Jolie, S. J. Robinson, B. Krusche, R. Piepen- son, and G. W. Phillips, Phys. Le@6B, 448 (1968.
bring, R. F. Casten, A. Aprahamian, and J. P. Draayer, F)hy5[22] J. G. Cramer, P. von Brentano, G. W. Phillips, H. Ejiri, S. M.
Rev. Lett.66,_6 (199D. . ) Ferguson, and W. J. Braithwaite, Phys. Rev. Létt, 297
[5] A. Aprahamian, X. Wu, S. Fischer, W. Reviol, and J. X. (1968

Saladin, Inst. Phys. Conf. Set32 584 (1992.
[6] X. Wu, A Apra)r:amian 3 Cazstro-c(eronz and C. Baktash [23] J. P. Wurm, A. Heusler, and P. von Brentano, Nucl. Phys.
R P ’ ' ' A128, 433(1969.

Phys. Lett. B316, 235(1993. . .
[7] WyKorten T fl'attlein( 3 zerl D. Habs. and D. Schwalm [24] E. Grosse, K. Melchior, H. Seitz, P. von Brentano, J. P. Wurm,
X " a . T ’ ' ' and S. A. A. Zaidi, Nucl. PhysA142, 345(1970).

Phys. Lett. B317, 19 (1993.
[8] W. Korten, P. Baking, H. Hibel, W. Pohler, U. J. van Sev- [25] N. Marquardt, P. Rauser, P. von Brentano, J. P. Wurm, and S.
A. A. Zaidi, Nucl. Phys.A177, 33 (1972).

eren, P. Willsau, T. Halein, C. Ender, P. Reiter, D. Schwalm, _ : _
J. Gerl, T. Happ, T. Kity, M. Kaspar, I. Peter, S. Schremmer, [26] R. Martin, L. Bimbot, S. Gales, L. Lessard, D. Spalding, W. G.

and K. Vetter, Z. Phys. /851, 143(1995. Weitkamp, O. Dietzsch, and J. L. Foster, Nucl. Ph4210,
[9] M. Behar, Z. W. Grabowski, and S. Raman, Nucl. PtA219, 221(1973.
516 (1974. [27] S. Raman, J. L. Foster, O. Dietzsch, D. Spalding, L. Bimbot,
[10] F. R. Metzger, Phys. Rev. T4, 543 (1976. and B. H. Wildenthal, Nucl. PhysA201, 21 (1973.
[11] R. A. Gatenby, J. R. Vanhoy, E. M. Baum, E. L. Johnson, S.[28] L. Bimbot, L. Lessard, S. Santhanam, R. Martin, O. Dietzsch,
W. Yates, T. Belgya, B. Fazekaé,. Aeres, and G. Molha D. Spalding, K. Schechet, and J. L. Foster, Phys. Re3;. 7211
Phys. Rev. G41, R414(1990. (1974).

[12] H. H. Pitz, R. D. Heil, U. Kneissl, S. Lindenstruth, U. See- [29] R. Wirowski, M. Schimmer, L. Ber, S. Albers, K. O. Zell,
mann, R. Stock, C. Wesselborg, A. Zilges, P. von Brentano, S. and P. von Brentano, Nucl. Phya586, 427 (1995.
D. Hoblit, and A. M. Nathan, Nucl. Phy#509, 587 (1990. [30] M. Wilhelm et al. (unpublishegl

[13] R. A. Gatenby, E. L. Johnson, E. M. Baum, S. W. Yates, D.[31] M. W. Luig, S. Albers, F. Giesen, N. Nicolay, J. Rest, R.

Wang, J. R. Vanhoy, M. T. McEllistrem, T. Belgya, B. Faze- Wirowski, and P. von Brentano, Verh. Dtsch. Phys. Gafs.
kas, and G. Molna Nucl. Phys.A560, 633 (1993. 736 (1995.

[14] S. J. Robinson, J. Jolie, H. G."Bwr, P. Schillebeeckx, S. [32] J. K. Tuli, Nucl. Data Sheets6, 607 (1989.
Ulbig, and K. P. Lieb, Phys. Rev. Leff3, 412(1994). [33] M. Grinberg and Ch. Stoyanov, Nucl. Phys573, 231(1994).

[15] T. Belgya, R. A. Gatenby, E. M. Baum, E. L. Johnson, D. P.[34] P. M. Endt, At. Data Nucl. Data TableXs, 47 (1981).
DiPrete, S. W. Yates, B. Fazekas, and G. MoJiRnys. Rev. C  [35] S. Raman, C. H. Malarkey, W. T. Milner, C. W. Nestor, Jr.,
52, R2314(1995. and P. H. Stelson, At. Data Nucl. Data TabR&; 1 (1987.

[16] R.-D. Herzberg, I. Bauske, P. von Brentano, Th. Eckert, R.[36] A. F. Barfield, P. von Brentano, A. Dewald, K. O. Zell, N. V.
Fischer, W. Geiger, U. Kneisel, H. Maser, N. Pietralla, H. H. Zamfir, D. Bucurescu, M. Ivasi, and O. Scholten, Z. Phys. A
Pitz, and A. Zilges, Nucl. PhysA592, 211 (1995. 332 29(1989.



