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Nuclear resonance fluorescence experiments were carrteat the High-Intensityy-ray Source facility at
Triangle Universities Nuclear Laboratory to charactetize low-energy dipole structure é#U using 100%
linearly-polarized photon beams from 2.0 to 6.2 MeV. Onedred-thirteen transitions corresponding to de-
excitations to the ground state U were observed for the first time and the energy, spin, pdritggrated
cross section, reduced width, and branching ratio weremé@ied for each of these identified levels. The total
E1 y-ray interaction cross section was calculated and it wasicktithat the observed concentration of low-
lying E1 transitions were excited from the low-energy tail of thengidipole resonance and were not a pygmy
dipole resonance. Comparisons were made between quad@asndom-phase approximation calculations
and the experimentally-observed strength. The obsenegraaictedV1 strength agreed well with each other.
However, there was no similar agreement for Biestrength.

PACS numbers: 23.20.Lv, 24.30.Gd, 25.20.Dc, 27%80.

I. INTRODUCTION The orbital M1 “scissors” mode is described as the nu-
clear motion in which deformed bodies of protons and neu-
trons vibrate against each other [2]. In this collective mod

Much experimentali@ort is focused on measuring the mag- the ground-state transition strength in actinide nuclgeiser-
netic M1) and electric E1) dipole strengths in nuclei [1]. ally fragmented and concentrated in the energy region below
Observation of dipole states are important because they cha3 MeV with considerable dependence on deformation [3]. In
acterize the various collective and single particle nuckea  previous®*®U(y, y’) experiments [4, 5], the scissors mode is
citation modes, in particular, the “scissors” mode, thenspi observed between 2.0-2.5 MeV and the summiddstrength
flip mode, and the pygmy dipole resonance. Theskedint  is measured to bEB(M1) = 3.2(2) un? with a mean excita-
excitation modes are prominent in various regions below otion energywwm of 2.3(2) MeV. This£B(M1) is comparable
near the neutron separation energy and represent importaiot those determined for rare-earth nuclei, where the sasso
nuclear structure phenomena. F8U, as well as for otherac- mode is observed at energies between 2.4 - 3.7 MeV with
tinide nuclei, a complete characterization below the meutr  ww; ~3.0 MeV and£B(M1) between 0.20(2) - 3.7(G)n?,
separation energy is absent from nuclear databases. depending on the degree of deformation [6]. Endite. [6]

noted tha&B(M1) depends specifically on the square of the
deformation parameter

“Present fliliation: AREVA/Canberra Industries, Inc., Meriden, Connecticut The M1 spin-flip .mOde IS a CO”eC.tlve vibration between
06450. USA. those nucleons which undergo a spin-change and those that
fPresent fiiliation: Quantum Beam Science Directorate, Japan Atomic En do not change spin [7]. This mode carries the majority of the
ergy Agency, Shirakara-Shirane 2-4, Tokai-mura, Ibard&i-3195, Japan M1 strength [8]. An inelastic proton-scattering experiment
*Present fiiliation: Physics Division, Lawrence Livermore Nationaldoxa- estimated the upper limit of thd 1 spin-flip resonance i#8U

tory, Livermore, California 94550, USA. _ to be 15 - 25un? in the energy range of 4 - 10 MeV [8, 9].
SPresent fiiliation: Chemistry Division, Los Alamos National Laborggp H . tigati f thi de f tinid leidh

Los Alamos, New Mexico 87545, USA. owev_erz Investigations o IS mode 1or ac _II"II € nuclerena
tPresent fiiliation: Physics Division, Lawrence Livermore Nationaldara- ~ D€€nN limited to measurements of the continuum because of

tory, Livermore, California 94550, USA. the large density of states. For comparisbB(M1) has been
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FIG. 1: The setup fory, y') experiments at HIS for the current work (top view). All detectors were not usleding data collection at each
energy scan. The flux monitor detector is shown on axis asagedit the Compton scattering position of £1.Zhe figure is not drawn to
scale.

found in similarly deformed rare-earth nuclei to be betweerdipole (AL=1) excitations are highly favored over quadrupole

10 - 15un? in the energy range of 6 - 10 MeV [10]. (AL=2) ones, making it a good probe for studyikig andE1
The pygmy dipole resonance (PDR) is comprised of a conexcitations in nuclei.

centration of low-lyingE1 excitations in deformed nucleiwith ~ This article describes NRF measurements?giJ, per-

a substantial neutron excess [11]. There have been many réermed at the High-Intensity-ray Source (H}S) facility [19]

cent measurements of the existence of a PDR [12—14]. That the Triangle Universities National Laboratory (TUNLh&

origin of thisE1 excitation is described specifically as the vi- current work follows the NRF techniques of previous studies

bration of the neutron skin against the inert core of the nuon#*°U [20] and on?3?Th [21], also performed at the S

cleus. It is expected that as the neutron excess increases, facility.

should the strength of the PDR. Furthermore, it has been sug-

gested that the dipole strength, located at energies below o

above the neutron-separation eneggymust be enhanced by Il. EXPERIMENT

the deformation present in the nucleus itself [15, 16].

Theoretical calculations using quasiparticle randomsgha  Thirty measurements have been performed with 100%
approximation (QRPA) predict substantiglray strength in  linearly-polarized photon beams with energies of 2.0-6e63M
the energy region below the neutron separation energy frorand with high-intensity (total flux 2.3(1)x10° - 3.2(1)x10’
bothM1 andE1 excitations in neutron-rich, deformed nuclei y/s). Beams are created at theySIfacility through Comp-
[17, 18]. More experimental data are needed to identify andon backscattering of free-electron-laser photons witttel
to distinguish between the various collective modes; wéeth trons stored in a storage ring [19]. They are collimated to
these modes are local phenomena present in only a few nirave an energy spread between 3 and 5% on target. A circu-
clei or whether they are global phenomena, manifesting themar lead collimator, with either 1.3 or 1.9 cm in diameter, is
selves within all deformed nuclei. Theoretical calculat@o |ocated~60 m downstream from where the electrons collide
agree, at least, on one point with prior experiments: in gdne  with the free-electron-laser photons and confines the beam t
the density of 1 states decreases as the excitation energy ina particular volume of photons per second.
creases, while the density of btates increases with energy  As shown in Fig. 1, two detector arrays, separated by about
as it approaches the giant dipole resonance (GDR). 1.5 m, were placed downstream from the collimator and po-

In recent years, it became possible to improve the sensitivsitioned around thé*U targets such that the beryllium win-
ity of nuclear resonance fluorescence (NRF) experiments siglows of the detectors were 10 cm away from the center of the
nificantly because of the availability of quasi-moneneigyet target. The first array (detector setup #1) consisted of four
high-intensity, and linearly-polarized beams. In the NRFclover detectors (each consisting of four high-purity germ
process, an incident ray excites the nucleus in its ground nium (HPGe) crystals) where each segment ha5% dfi-
state, into a higher-energy state, typically populatimglal  ciency relative to a 7.6 cm 7.6 cm Nal detector. The second
level (aAJ=2 level is much less probable). Afterward, the array (detector setup #2) consisted of four HPGe detectors
nucleus deexcites and if the excitation energy is below theach with~60% relative ficiency. Two more HPGe detec-
particle-emission threshold, only rays are emitted, popu- tors with ~25% relative iciency were arranged with these
lating the ground state or lower-lying excited states. &inc two arrays as well. For a polarimetry setup, the detectors we
the momentum transfer associated with NRF is small, loweconfigured at one of six ffierent spacial positions to measure
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ing to E1 transitions are observed in the detectors placed at E, (MeV)

angles of £/2, n/2) and (3/2, n/2) (vertical detectors). Back-
ward detectors placed at the angles of#@), and (0, a/4) o .
are used to distinguish betwebhl andE2 transitions. FIG. 2: Beam-energy measurement (solid histograms) wittotier-

A large volume (123% relativeféciency) HPGe detector response corrected beam profile overlaid (dashed curvé),fer3.1
MeV.

was placed in the beam axis prior to NRF data collection to
measure the beam energy and the energy profile of the pho-

ton beam. During the beam-energy measurement, coppegtetector éiciency curve above, =3.4 MeV.

block attenuators were placed0 m upstream from the de-  Natural room background peaks which are present in every
tector setup #2 to decrease treay intensity on the detec- spectra, namely the 1461 keyray line (*°K) and the 2615

tor. The spectra from these measurements were unfolded ugeV y-ray line ¢°8Tl), were used to calibrate the energy and
ing GEANTS [23] simulations to correct for the detector re- calculate the dead time for all detectors. Dead time of the
sponse in order to determine the beam-energy profile as showgata-acquisition systems for the detectors was found by com
in Fig. 2. The beam attenuation by the copper blocks is garing the rate of rays generating the 1461 keV lines in the
slowly-varying function with the energy in the range of 2.0 - spectra with and without beam. From this method, the dead

6.2 MeV. Itis a negligible correction (less than 0.1% at£  time [25] was determined to first order to be about 15-50% for
2.0 MeV, for example) to account for the left end of the distri setups #1 and #2, and about 1-3% for the flux monitor.

bution of the beam as a bit larger than the right end when the
beam itself is about 100 - 200 keV wide.

After the beam-energy measurement was completed, the [11. DATA ANALYSIS
large volume HPGe detector was moved out of the beam path
and set to an angle of either 6.2{y 11.2(4) (with respect ~ The summed spectra from tH#é%U(y,y’) measurements

to the beam axis) for an absolute measurement of the photdn the horizontal, vertical, and backward-angle detectors
flux. A 1.1-mm-thick copper plate was placed directly in theare plotted in Fig. 3 forE,=2359 keV and in Fig. 4 for
beam path, about 100 cm downstream from detector setup #2 =4210 keV with the beam profile overlayed. Ground-state
and about 161 cm or 181 cm upstream from this flux monitotransitions are present within the beam-profile distritti
depending on the Compton angle chosen. Thus, the absoluihile transitions to the first-excited-state can be fourside
beam flux on target was established during data acquisitioand outside of it.

for each beam energy using the observed Compton-scatteredThe ground-state decay width, are determined from the

y rays. following equation:

The targets consisted of depleted uranium disks, which are
about 2.50(5) cm in diameter and are encased within a thin, F_(ZJ _Is( B ? @
plastic sealant. Each disk has a mass of 6.5 g with a thickness I gl\nic) ’

of about 0.16 cm. A target is assembled with 1, 2, or 3 disks ) ) ) )
stacked together. The number of disks chosen for a partict¥herel is the total level width] s is the integrated cross sec-
lar beam energy was carefully selected to maximize the NRHON, gis the spin factor (2+1)/(2Jo+1), Jo is the ground-state
count rate while keeping the dead time below 50%. This colSPiN.J is the excited-state spin, and I the energy of the de-
lection of sealed3®U disks was housed within an evacuated €XCltingy ray. - _ _
plastic tube, that extendedL m past the detector setup #2.  |he energy-integrated cross sectigrs calculated by using
In each measurement, the photon beam spot size was smalf@fPerimental observables:
than the cross-sectional area of the target. N

Standard calibration sources were used to establish the ef- ls = — =< )
. nee(E,)W(0, 9)N,
ficiency e(E,) for all detectors up t&, =3.4 MeV. The di-
ciency of the flux-monitor detector was found by positioning whereN is the dead-time-corrected number of counts in the
calibratecP®Co source to the copper plate as described in Refiull energy peak, and, is the number of target nuclei per unit
[20]. MCNPX simulations [24] were carried out to extend the area such that
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FIG. 3: NRF spectra from &®U target using an incident photon>40
beam ofE, = 2359 + 103 keV. (a) The spectrum in the horizon-235
tal detectors with the beam profile (solid curve) overlayéa). The
spectrum in the vertical detectors. (c) The spectrum in gukivard-
angle detectors. Deexcitations from levels to their asgediground
state and first excited state are labeled with solid arroimeg | Tran-
sitions to the first excited state are observed in multiptecters and

are denoted by dashed lines.

d
n = KpNA.

whered is the thickness of the target,is the density of the
target materialA, is the atomic weight, ani, is Avogadro’s
number. The quantitys is corrected for self-absorption [26
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and the extent of the correction depended on the individual
transition being assessed.

The factorW(0, ¢) describes the angular distribution of the
y rays following the spin sequencg 3 J* — J with the
following combinations: 0 — 1* — 0* or 2+ (M1), 0" — 1~
— 0*or 2, (E1),and 0 — 2* — 0* (E2).

To obtain the photon flux Non the target, the number of
counts in the scattered peak id normalized by the Compton-
scattering cross section,

Ne

Ny = S )oelE, 0. By @

whereo(E,, 6.) is the Compton-scattering cross sectiég,
is the Compton-scattering angle, amgl, is the areal density
of the copper atoms. The quantity, Neduced from Compton
scattering was verified within 5% with values obtained using
the known resonances in th&B(y,y’) reaction [16, 20, 27].

The recommended condition that all observed states must
either be at or above asXetection limitDL was used in order
to assess the existence of the dipole transitions measyred b
this experiment. The detection limit is quantitatively defi
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in Ref. [28] as: where orbital angular momentuim= 1 for dipole transitions,
andIT is M for magnetic radiation anH for electric radiation.
DL = 5.4+ 3.3+v2Ng, (5) No transitions to any states other than the first excited:

2* state atEx = 45 keV are observed in the present work.
whereNg is the integral over the background with length of Therefore I’ can be assumed to be equallip+ I'y, where
20 such thatr is the dispersion of a Gaussian fit of the peaksI; is the width of transition to this*2state. The experimental
observed at the same energy. One example of the minimal deéranching ratio can then be defined as
tectablel s (solid curve) is shown in Fig. 5 as compared to the
measureds (solid points) forgE, = 3.1 MeV. For the present 3
work, the lowest detectablg was about 3 eVb. However, the Rexp = E(@) ’ (8)
detection limit will vary with incident beam energy, intétys I'o\E1
and duration of measurement.

whereE; is the energy of a branching transition to thes?ate
Despite the choice of as2detection limit, many peaks that ! 9y J

) while Eg is the energy of the ground-state transtion. The quan-
were reported from the present experiment were at or aboveg,, Rexp is also described as the ratio of the reduced transition

3o limit, particularly 30 out of 34M1 transitions and 78 outof -, 5papilitiesB of the transitions to the first excited state and to
20 Elltrqnsmons to the ground state. Ther_efore, a quantgativy, o ground state. Given this definition, the Alaga rules Ea0,
description of whether the result was obtained by coinaden joqart that, for a dipole state,

or not, is needed. The statistical significamgds defined in
terms of the error function such that [29]

R BT—29
~ R(1T — O+)
re=1- erf(l) , ©6) B(1" — 07) ;
V2 V237 1< 3, K, LK — K|l K >
wheren is the number of standard deviations above the 2 V2Jp +1 < Jo, Ko, L, K = Ko| J, K >
detection limit. A value ofrs < 10% describes the results as a 1 for K=1
likely coincidence. About 71% and 77% of the obserkét = {2 for K=0} : 9)

andE1 transitions, respectively, could be described as "very

likely”. wherer is the parity of the state arld is the rotational quan-
The most probable states excited in the present NRF expetdm number. For dipole states, only transitions from states

iment are those with**1*. It follows that deexcitations to with K = 0,1 are allowed. Values d® betweer2 and 2 can

states with either"®0" or 2" are primarily observed. The re- indicateK-mixing or a transition from a level which violates

duced transition probabilities for dipole strengths aeedhly ~ the Alaga rules.

ones of consequence for this work. These strengths are de- Finally, the diference between the transition intensities for

duced using the horizontal and vertical detector orientations for dastum
energy can be quantified. In general, this asymmatry is
defined as

o (hC/Ey)ZLJrl
B(IIL, E) 1= gI’ ~———— —L[eL+D)1? , (D) 3
Org:ﬁ 8r(L+1) Apy = b=y , (10)

wherel,y (I,v) is the dead-time correctedray transition in-

28 tensity in the horizontal (vertical) orientation. For apesize
24 - 4 detector and target, a pukél transition would havéyy = 1
and a puré=1 transition would havéyy = —1. For real detec-
20 i tors with finite geometry, the observed range is<-Byy <1.
2 16l i In order to compare values 8§,y across dierent beam ener-
@/ gies, the asymmetry needs to be normalizedidproducing a
w121 1 weighted asymmetnjy such that
8 - -
A ] ZMllyH—lyV | ZMllyH—lw
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FIG. 5: The comparison of the minimal detectablgsolid curve)  where it is assumed that the averayé, ¢) is similar for the
with the experimental values] for |s atE, = 3.1 MeV. The detec-  entire set ofM energy bins over the energy interval inves-
tion limit varies with energy. tigated. Each sum is over the entire set of bins involved in



1.25 I . . . T M1 andE1 transition intensities is shown in Fig. 6 as aver-
1.00 [ i . ages over 0.2-MeV wide energy bins. The transition intensi-
0.75 | g ties are from the discrete transitions only. When the asymme
050 k i try is close to zero, there is an equal amount of cross-sectio
025 L ¢ ] weighted transition strength from both the magnetic and-ele
Z 000 - tric dipole radiations at that particular beam energy. Abov
< o2 | t 3 ; 1 E, = 4.2 MeV, the level density becomes too large to observe
' individual deexcitations.
-0.50 |- ; } .
-0.75 - T Listed in Tables | and Il are the measurgday energies
-1.00 E1 T3 §% S and transition strengths of 113 newly observed transit{@is
Qs bl—t 1 areM1 and 86 aré=1) along with eight previously measured
15 20 25 E 3'\'/? v 35 40 45 transitions (seveM1 [4, 32] and oneEl [33]). All values
y (MeV) are listed with their statistical uncertainties. Most of than-

sitions to the ground state are accompanied by transitmns t
FIG. 6: The asymmetrjyy for the discrete transitions in the energy the first excited state. This observation provides evidémnae
range between £2.0-4.2 MeV. Each point indicates an average overthey are indeed NRF frof8U. However, for 23 of the mea-
a 0.2-MeV energy bin. sured states (eigiM1 and fifteerE1), no accompanying tran-
sition to the first excited state was observed above the detec
the asymmetry comparison. For example, the denominator itsIOn fmit
the sum of allls for both the horizontal and vertical detectors  Additionally, for two M1 and 231 levels, both a transition
within the energy range from the lowest energy to the high+o the ground state and to the first excited state are obsatved
est energy being compared. This normalization is necessasjie same energy. Since the angular distribution for a branch
since multiple choices of target mass axgdwere used for ing transition following the spin combinatiorf G- 1* — 2*
each beam energy. is isotropic, then the observed intensity in the horizoatal
vertical detectors will be the same. The counts of the peak as
sociated with the first excited-state transition within detec-
IV. RESULTS tor orientation that does not have an overlapping grouatest
transition can be subtracted from the peak within the detec-
Many discreteM1 andE1 transitions to the ground state tor orientation that does have it. Therefore, the groumatest
were observed between 2.0 and 4.2 MeV. The ratio of théransition can be deduced as a separate entity.

TABLE I: The energies, integrated cross sections, ground-statbsyigikperimental branch-
ing ratios,y-ray strengths, and the numbers of standard deviationseabev2r detection
limit of the observed magnetic dipole transitions frofn=) 1* states in?3U. Statistical
errors are shown with the values.

E, Is r2/;r Rexp B(M1) n E, s 2/;r Rexp B(M1) n
(keV) (eVb) (meV) fin?) (keV) (eVb) (meV) fin?)

2017.7(4) 2.6(6) 1.5(3) 2.005) 0.14(5) 2 | 2932.6(6) 2.8(6) 250) 1.5(@) 0.06(2) 1
2079.3(43°¢  6(1) 2.4(5) 0.0(1) 0.07(2) 2 2951.2(3) 6.8(5) 5.7(5) 0.9(1) 0.12(2) 2
2175.8(3)  40(2) 24(1) 0.57(3) 0.96(8) 17 | 2963.98}  2.2(5) 1.8(4) 0.0(1) 0.02(1) 1
2208.8(3)  29(2) 18(1) 0.22(8) 0.7(1) 4 3014.5(3) 4.5(8) 3.9(7) 0.4(1) 0.05(2) 2
2244.4(39 27(2) 14.2(8) 0.15(1) 0.41(3) 7 | 3030.6(3%  7.3(7) 6.2(6) 0.0(1) 0.06(1) 5
2294.1(3)  6.6(9) 4.0(5) 1.09(6) 0.18(3) 3 3037.7(3) 7(1) 7(1) 1.2(2) 0.15(3) 3
2410.0(39 18(2) 11(1) 1.8(1) 0.61(7) 4 3042.5(6% 24(6) 22(6) 0.0(1) 0.20(4) 0
2467.8(53°  80(8) 48(5) 0.0(1) 0.83(8) 5 3135.0(3) 5.1(9) 4.9(8) 0.9(3) 0.08(3) 2

2499.4(3) 32(2) 20(1) 0.50(5) 0.48(4) 9 | 3153.7(3) 5.0(6) 4.8(6) 0.39(5) 0.08(2) 4
2638.3(3) 10(1) 7.3(7) 1.4(1) 0.25(3) 10 | 3172.9(3) 1.9(3) 2.0(3) 1.1(1) 0.06(1) 2
2647.3(8) 25(2) 18(1) 0.84(8) 0.46(5) 20| 3217.6(6) 2.6(5) 2.5(5) 0.6(2) 0.03(1) 1
2702.2(3)  16(2) 10(1) 0.0(1) 0.14(2) 5 3234.5(7) 3.8(8) 4.1(8) 1.7(4) 0.09(3) 2
2738.9(9) 11(3) 8(2) 1.5(5) 0.3(1) 1 | 3307.3(3) 9(1) 10(1) 0.6(2) 0.11(4) 5
2756.4(3}9¢  7(2) 5(1) 0.0(1) 0.06(1) 2 3348.3(3) 6.3(8) 13(2) 2.0(2) 0.23(4) 3
2773.0(3) 8(1) 6(1) 1.1(3) 0.16(5) 4 | 3366.05) 6(1) 8(1) 0.55(6) 0.08(2) 4
2816.8(4} 26(5) 19(4) 0.0(1) 0.22(4) 2 3448.3(6) 4(1) 5(1) 1.1(1) 0.07(2) 1
2881.4(5) 2.8(6) 2.3(5) 1.4(3) 0.06(2) 2 | 3460.7(3) 6.4(8) 8(1) 0.58(7) 0.07(1) 4

2 No observed transition to the first excited state.

b Previously-observed state.

¢ Uncertainty of previously measured width = 5(5) meV [32] is reduced to 2.4(5) meV.

d Previously measured &, = 2754 keV withl'o = 0.08 meV [33]. New width i€ = 5(1) meV.

€ New parity assignment for previously-observed state.

f Both a transition to the ground state and to the first excitatt: sare observed at this energy.

Note: the M1 transition aE, = 3253 keV {p = 0.52(19) meV) [33, 34] is not observed in this experiment.



TABLE Il: The energies, integrated cross sections, ground-statesyiekperimental branch-
ing ratios,y-ray strengths, and the numbers of standard deviationseahev2r detection
limit of the observed electric dipole transitions from=) 1~ states irf°U. Statistical errors
are shown with the values.

E, Is r2/r Rexp B(E1) x10°3 n E, Is r2/r Rexp B(E1) x10°3 n
(keV) (eVb) (meV) €*fm?) (keV) (eVvb) (meV) €*fm?)

1996.7(3) 7.0(8) 2.803) 0.19Q2) 1.22) 8 [ 3470.7(3) Q) 9R2) 0.3(3) 0.8(8) 0
2080.7(4) 14(2) 8(1) 1.6(2) 6(1) 5 | 3475.2(3) 7(2) 10(2) 0.6(3) 1.1(7) 0
2093.3(43>  7(1) 3.1(6) 0.0(1) 1.02) 3 3479.0(3) 12(1) 14(1) 0.45(9) 1.4(3) 3
2145.6(3}°  8(1) 3.6(6) 0.0(1) 1.1(2) 3 3489.0(3) 13(4) 24(7) 1.5(6) 4(2) 0
2332.7(3)  10(2) 5.4(9) 1.4(1) 2.6(5) 4 | 3500531  14(2) 16(2) 0.0(1) 1.1(1) 7
2365.6(3)  44(6) 23(3) 0.0(1) 5.1(7) 5 3509.1(9) 12(3) 18(4) 0.7(2) 2.0(7) 1
2422.8(3)  12(1) 6.2(7) 0.0(1) 1.2(1) 7 | 3528.0(43  4.8(7) 5.5(8) 0.0(1) 0.36(5) 4
2491.5(5) 9(1) 5.2(8) 0.7(3) 1.6(8) 5 | 354806 5.7(8) 7(1) 2.0(3) 1.3(3) 5
2529.0(3) 12(2) 7(1) 0.3(1) 1.8(5) 5 | 3562.8(3)  5.4(6) 6.8(8) 1.3(3) 0.9(2) 6
2593.7(6) 6.6(7) 4.1(4) 0.18(4) 0.8(2) 9 | 3594.95Y  6.4(8) 8(1) 1.2(2) 1.1(2) 6
2602.5(4)  3.1(3) 1.92) 0.4(1) 0.4(1) 10 | 3608.7(3) 12(1) 14(1) 0.50(8) 1.3(2) 8
2844.2(93  3.5(5) 2.6(4) 0.0(1) 0.33(4) 5 | 361593y  3.7(5) 5.1(7) 2.6(5) 1.0(2) 4
2862.2(5y  4.3(5) 3.6(4) 1.5(3) 1.1(2) 6 | 3623.9(3)  3.4(4) 4.5(6) 1.5(3) 0.6(1) 5
2877.1(3}  4.1(6) 3.1(4) 0.0(1) 0.37(6) 2 3640.1(3)  3.5(6) 4.5(7) 0.8(2) 0.5(1) 2
2896.6(3) 5.4(8) 4.4(6) 0.8(2) 0.9(3) 4 | 3650.5(3)  8.2(9) 11(1) 0.9(1) 1.1(2) 7
2908.9(3) 7.5(9) 6.2(8) 0.8(2) 1.3(3) 5 | 3659.7(6)  3.5(5) 4.4(7) 0.7(1) 0.4(1) 3
2910.0(4) 11(1) 11(1) 1.1(1) 2.6(4) 9 | 3673.7(6)  4.1(7) 5.8(9) 2.0(4) 1.0(3) 3
3005.9(4  6.2(7) 5.8(6) 0.7(8) 1.0(2) 3 3728.0(9) 4(1) 5(1) 0.9(3) 0.5(2) 0
3018.9(3) 2.9(6) 2.6(5) 1.03) 0.6(2) 1 | 37385(8) 13(2) 18(2) 0.8(2) 1.7(5) 4
3043.6(3y  5.0(6) 4.4(5) 0.1(9) 0.40(7) 3 | 3759.9(3)  16(2) 23(2) 0.9(2) 2.3(5) 9
3046.9(33¢  5.0(6) 22(3) 0.0(1) 2.2(3) 7 | 3805.1(3%  18(2) 26(2) 0.9(1) 2.5(4) 9
3051.7(3y  7.8(7) 7.2(6) 0.7(1) 1.4(2) 5 3819.0(6) 11(1) 16(2) 1.1(2) 1.9(4) 7
3057.1(4  15(2) 14(1) 0.03(1) 1.92) 2 | 3828.7(3}y 5.2(8) 7(1) 0.0(1) 0.36(5) 3
3060.6(3) 7(1) 7(1) 0.58(5) 1.1(2) 3 | 3965.7(4) 10(2) 18(3) 0.49(4) 1.2(2) 3
3086.7(4)(3)  4.8(9) 4.5(9) 0.29(3) 0.6(1) 2 | 3990.7(9)  4.7(4) 9.5(8) 1.2(1) 0.9(1) 0
3091.0(4) 8(1) 7(1) 0.24(2) 0.9(1) 4 | 3995.8(3) 6(1) 11(2) 0.6(4) 0.8(1) 1
3094.2(3) 7.2(8) 7.8(7) 1.4(2) 1.8(2) 3 | 4023.7(71Y 5(1) 10(2) 1.01) 0.9(2) 2
3096.4(3) 11(1) 13(2) 1.1(3) 2.8(4) 6 | 4031.4(7) 7.5(8) 15(2) 0.5(1) 1.2(3) 2
3101.7(4)  3.8(7) 3.7(7) 0.65(6) 0.6(2) 0 | 4046.7(3)  5.0(8) 11(2) 1.3(4) 1.0(4) 3
3117.7(4) 8(2) 9R) 1.01) 1.7(4) 2 | 4065.3(3)  3.8(7) 9(2) 1.7(4) 1.1(3) 2
3207.8(4) 2.8(5) 2.8(6) 0.42(6) 0.5(1) 0 | 4072.1(6) 8(1) 14(2) 0.6(1) 1.02) 5
3239.6(3)  3.6(8) 4.009) 2.6(7) 1.2(4) 1| 40889(7)  3.3(5) 7(1) 1.0(3) 0.6(2) 3
3274.4(3) 7(1) 9(2) 0.9(1) 1.5(3) 3 | 4093.4(3y  8.4(7) 15(2) 0.40(4) 0.9(1) 8
3297.2(4% 6(1) 7(1) 0.0(1) 0.53(9) 3 4100.2(3y  4.1(4) 10(1) 1.8(2) 1.2(2) 6
3303.6(3) 2.5(4) 3.5(5) 1.1(2) 0.6(1) 3 | 4105239  3.9(5) 6.5(8) 0.0(1) 0.27(3) 5
3329.1(6) 7(1) 9(1) 0.89(9) 1.4(2) 5 | 41229(55)  3.7(9) 7(2) 0.84(9) 0.6(2) 1
3384.3(3) 10(2) 13(2) 0.43(5) 1.4(3) 4 | 4138.9(7y  5.2(6) 10(1) 0.41(7) 0.5(1) 4
3397.9(8Y  10(1) 12(2) 0.38(4) 1.3(2) 5 4145.8(3) 2.7(5) 6(1) 0.6(6) 0.7(1) 0
3416.0(4) 2.7(6) 12(2) 4.0(4) 2.0(5) 2 | 4151.3(6)  3.3(9) 7(2) 1.0(3) 0.5(2) 1
3421.5(53¢  3.0(6) 3.5(6) 0.0(1) 0.25(5) 3 | 4155.4(33  12(2) 20(4) 0.0(1) 0.8(2) 1
3441.0(9) 6(1) 6(1) 0.5(2) 0.7(2) 1 | 417584y  11(2) 21(3) 0.28(3) 1.1(2) 3
3454.1(4) 3(1) 7(2) 2.6(3) 1.8(6) 0 | 4181.5(7) 7(1) 16(3) 1.0(1) 1.2(3) 2
3467.8(6Y 9(1) 10(1) 0.6(1) 1.2(3) 5 | 4217.3(8) 5(1) 12(2) 1.1(1) 0.9(2) 1

4239.1(33  14(2) 26(3) 0.0(1) 1.0(1) 6

2 No observed transition to the first excited state.

b New parity assignment for previously-observed state.

¢ M1 transition at 2287 keV [32] is reassigned by the presenkwsra transition to the first excited state.
d Both a transition to the ground state and to the first excitaté sire observed at this energy.

¢ Previously measured &, = 3809 keV withl'y = 1.6 meV [33]. New width idy = 41(7) meV.

f Previously measured &, = 4217 keV withl'p = 1.6 meV [35]. New width id = 25(6) meV.

Zilges et al. [36] compiled theRe,, values of about 170 from averaged mixing matrix elements for rare-earth and ac-

levels in rare-earth nuclei and plotted the frequencyithistr  tinide nuclei and compared them with widths extracted from
tion of these ratios. Two maxima, oneRt= %2 and one at isobaric analog resonances [40]. In Ref. [39], the spreadin
R = 2, are observed, thus showing that a large fraction of thevidth for 222U, ~8 keV, grossly underestimated the one from
rare-earth nuclei follow the Alaga rules. For comparisbe, t the isobaric analog state, 142(37) keV. However, substgut
nonzerdRep values of about 160 levels froM?Th [21],2%°U  for the present work'€E1 strength, the spreading width in-
[20], 236U [37], 238U [5], and the present work were collected creases from-8 keV to 133(30) keV, which agrees with the
and are shown in Figure 7. The most prominent distinctiorisobaric analog resonance width within the range of their un
between the rare-earth and actinide nuclei is the maximum afertainties.
K = 0 states which is not observed for the actinides. In both Weak, unresolved transitions can be observed at all ersergie
rare-earth and actinide nuclei, there is a large numb&,gf  within the continuum and their background-subtracted-rel
values betweef2 and 2. This is evidence of th€-mixing tive intensities can be extracted. Using narmi = 50 keV
which is known to increase in regions of large level densityenergy bins around the beam energy centijgdy, within a
[38]. Epeam + 2AE window, thels-weighted asymmetnpyy and

Also, Zilgeset al. [39] calculated the spreading widths transition strengths are determined for each of the fourggne
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O K=1 |
40 i A. M1 Excitations
230 ¢
< & K=0 In the present measuremeiM,1 excitations are observed
% g . ] at approximately 2.0 Me\k E, < 3.5 MeV with a strong
g0 © N 1 concentration ofM1 states around 2.5 MeV. AE, in-
= . o creases, theM1 strength decreases until no more discrete
10 - o 8o 1 states (above the lowest detection limit of about 3 eVb) are
* st o o] observed (_':\bove 3.5 MeV._ The upper limit of the integrated
NI, 2 cross section of M1 transition to the ground-state between
00 04 08 12 16 20 24 28 3.5 MeV < E, < 4.2 MeV is estimated to be 1 eVb. For
Rexp incident-beam energy in the range of 2.0 - 4.2 MEB(M1)

is found to be 8(1)un? with wyy of 2.6(6) MeV for the ob-
servedM1 transitions.

The observed1 strength may include states from both the
scissors mode and the spin-flip mode, which are indistifguis
able from each other based exclusively on the use of the NRF
technique. A combination of theoretical models and experi-
mental data from reactions other thany’) are needed for
bins at all thirty beam energies between 2.0 - 6.2 MeV. Anfirm identification. The authors of Ref. [4] used a reformula-
averageRexp for each of the bins is assumed to be the same ation of the two-rotor model [41, 42] and the interacting boso
observed for discrete transitions. model (IBA-2) [43] to determine the parameters for the scis-

. . sors mode if®®U. About two-thirds of thevi1 strength found
The results are given as averages over 0.2-MeV W'd?n the present measurement is observed in this range dgublin
energy bins in Fig. 8, where transition intensities contain P ge dg

. ; X >
both discrete and unresolved transitions. As the beam er%he previous experiments value of 3:¢* [4]. The observed

ergy increased above 2.7 MeWy decreased, denoting strength is also about twice of the value measured for rare-

an increase irE1 strength. However, in the energy range ea':'trr]]enrue%eai\i[r‘lf?]ri amount of the totisl1 strength, observed at
45> E, >6.2 MeV, Ayy values are only slightly negative, 9 gth,

S SR . energies above the scissors mode range, is about one-half of
indicating similar intensity of unresolvedll andE1 tran- R )
o . the value found in similarly deformed rare-earth nuclei][10
sitions. Alternatively, the averag®,, value may not well- ) o
I . and only one-fifth of the spin-flip strength f6°U measured
represent the one for unresolved transitions such thasitran

’ : 238J is simi
tions to the first excited state could prevail over those ® th by a (p,p’) experiment [9]. Thevy, for U is similar to the

ground state. Fortunately the observation of a zero asyrymetggrstir\r:lejilsi'Sohﬂli\ggﬁizhng%;]tﬁgﬂﬁg gﬁ:ﬁlgiﬁagfy Rr;ae[ 1
at higher energies would still be observed under these eond )

tions, regardless of the dominancekEt transitions from the for %% extends the SCISSOrs mode energy range to 4 MeV
low-energy tail of the GDR. and push(_es_ t_he spln—fllp mode to 5 - 6 MeV. D_ug to the lack
of any definitive theoretical models and the deficient compar
isons with €,€) reaction data over the same energy range, it
can not be established which prediction for the scissorsemod

FIG. 7: The frequency distribution dR., values for the discrete
transitions in rare-earth nuclep} from Ref. [36] and in actinide
nuclei (#) from the present work and Ref. [5, 20, 21, 37].

0.15 T T T T T T T . energy range is correct.
LX ]
0.00 1" .
% s s TrEoEoaoa g,
-0.15 | . ] B. E1 Excitations
030 ] T Most of theE1 transitions observed are above 3 MeV in

AHV

excitation energy. A&, increased, the number &1 states

o4 and theE1 strength increased due to the increasing proximity
-0.60 |- ' . to the GDR. Multiple concentrations of states centeredradou
the energies 3.1, 3.5, and 4.1 MeV are observed. For the en-
07 . ] ergy range of 2.0 - 4.2 MeV, the observEB(E1) is 110(30)
0.90 S S S %1072 e#fm? with wg; of 3.3(8) MeV. For comparison, tHel
20 25 30 35 40 45 50 55 60 strength found in similarly deformé@*sm is 53x10°2 e2fm?
Ey (eV) [45].

_ _ _ An enhancedLl strength above the extrapolated GDR talil
FIG. 8: Thels weighted asymmetrfy of the discrete and unre-  could arise from octupole deformations or frarclustering,
solved transitions for all 30 incident beam energies. Eaghtor-  +yo mechanisms discussed by lachello in Ref. [46]. The oc-
responds to an average asymmetry over a 0.2-MeV wide enérgy b 1,5l deformation is typically thought to be the originmafit-
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sitions existing in the energy range between 1 - 2 MeV. TheDelbriick scattering [53, 54], and coherent nuclear reso@a

octupoleE1 strength can be estimated for this mechanism byscattering [55]. The coherent contribution to the total pho

the following equation [47]: ton interaction cross section between 2.0 and 6.2 MeV ranged
from 1 - 23% with Delbriick scattering dominating the other
scattering processes.

9 .
B(E1)oct = ym < Doet® >, (12) To evaluate the energy dependence offffiecross section,
T both the modified double Lorentzian (MLO) and the stan-
whereD is the electric dipole moment given as dard double Lorentzian (SLO) functions were used to fit the

238 (y,tot) data of Ref. [50] which included both photoneu-
. tron and photofission reaction cross sections. The strength
Doct = 6.87x 10°AZB,p3 [efm] , (13) function, measured in MeV, with free parameters describ-
ing the energyE,, the amplituder,, and the widthr, is of

andpz (B3) is the quadrupole (octupole) deformation param-the following form [48]:

eter. Using the3 values from RIPL-2 [48],B(E1)o is de-
duced to be 1810-3¢*fm?. Therefore, octupole deformations

could possibly account for only a small fraction of all tG& R 87.10°8E & o T 2

strength seen in the present work. T strength due te- fuLo(E) = = . Z N , (16)
clustering is thoughtto be an origin of transitions in thergy l-e™ iz (E2 - Er,iz) +(E I“r,i)2

range of 2 - 3 MeV and is estimated by the following equation

[47]: whereT; is the final state temperature which can be approxi-

mated by the #ective temperaturé.s ¢ of the target [26] such

5 that it is~1.2 MeV for the MLO fit to the data of Ref. [50].
_ 29 <D, >

B(E1), =7 , (14)  The strength function for the SLO fitis similar to Eqn. 16, but
4r 6 does not include the exponential term. The total cross@ecti
wheren is the clustering amplitude aridl, is given as oot IS calculated from
D, = ZGN;ZRQ((A— 4)1/3 + 41/3) , (15) Ttot = 3(7rhC)2 EfKALo(E) . a7

in terms of the neutron numbeNy, the proton numberZ), .t_The ]Eesultfhare ShOV\{n in kFIgth 9: thﬂ"f forH%Egl traf"
and the mass numbeA). In order to reproduce the exper- siions from the present work, the experime (ry)

i i tion data from 4.9 - 6.2 MeV [49], the experimen-
imental E1 strength ofB(E1) ~ 31 x 1073?fm? in 238y  CroSS sec _

in the range between 2 and 3 MeV, the amplitude must b al 233 (y tot) cross section data [50], as well as the MLO and
n = 0.12 which would indicate that other states are mixing>-C fitS t0 the GDR data of Ref. [S0].

into the ground state. Additionally, most of tB4 transitions In the present work, a large amountlﬂ Cross section was
observed in this work are above 3 MeV. observed between 2.0 and 6.1 MeV with a total strength of

With less than half of the observegll strength possibly 394(78) mb. However, it is very similar to the the summed
contributed by these two mechanisms, the remaining sthengt
could be a product of the low-energy tail of the GDR. If the 80
observed strength of the present work exceeds that of the
strength from the low-energy tail of the GDR, then a PDR
may exist within?38U. To evaluate this GDR-tail influenced 60
strength, the NRF cross section is extracted from the contin
uum between 2.0 - 6.2 MeV. Assuming that only ground-state
transitions would appear on the right-hand side of the beam
profile, an integration window is created at each beam energy
This window started aEpeam and then extended one standard
deviation toward the high-energy side of the beam profiles th 20
excluding transitions to the first excited state. The fluspas 10
ciated with this window, is used to produce the total cross se 2
tion values. The averag'eexp is weighted by thde1 strength 01.5 20 25 30 35 40 45 50 55 60 65 7.0 7.5
and extracted from Table Il to be 1.0(2). Ey, (MeV)

The average totgl-ray interaction cross sectian, for E1

transitions is calculated using the methods from Ref. [88] & £ o: The totaly-ray interaction cross section f@1 transitions
from Ref. [51]. For a zero-spin ground state and a dipole-excifrom the discrete and unresolved transitions of the preserk (#)
tation, the ratio of the elastic scattering cross sectiangdois compared with experiment&fU(y,y) cross section data [491,
0.67(16) with no open nucleon channels. The quamtifyis  and with 28U(y,tot) cross section data [50p). MLO fit (solid
corrected for coherent scattering involving the followjrg-  curve) and SLO fit (dashed curve) to the GDR [48, 50] are also
cesses: Rayleigh scattering [52], nuclear Thomson siragter Shown.

50

40

o (mb)

30
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TABLE Ill: M1 strengths for the observed discrete transitions in thegmtavork compared with other experiments [4, 21, 37] andrétecal
predictions [6, 17, 18] for actinide nuclei.

Experiment Theory
32T 232T1p 236 ¢ 238Jb 238d 232The 236 e 238 e 23271 236 238 2389
w (MeV) 25 2.1 2.3 2.3 2.6(6) 2.5 2.6 2.6 2.6 2.6 3.2 -
> B (un?) 4.3(6) 2.6(3) 4.1(6) 3.2(2) 8(1) 2.7(5) 5.4(2) 5.0(8) 5.0 16 8.3 6.0
Y B/AE (un?/MeV) 2.2 5.2 29 53 3.5 2.7 5.4 5.0 25 3.1 2.3 1.5
Range (MeV) 2-4 19-24 1.8-3.2 2-26 2-43 2-3 2-3 2-3 2-4 42- 2-56 2.6-6.6

aRef. [21]. PRef. [4]. °Ref. [37]. YPresent workéRef. [6]. fRef. [17]. 9Ref. [18].

cross section produced from the MLO fit to the GDR, whichdo not predict the summegil strength well since there is sig-
has a cross section of about 400 mb in the same energy rangeficant strength above 4.3 MeV, which is not resolved in the
This observation is illustrated in Fig. 9 whewg, from the  experiment. Over 70% of thel strength predicted is located
present work follows along the MLO and SLO fits without in the range between 4.3 and 5.6 MeV, and not at lower ener-
significant deviation. Therefore, no evidence is seen in thgies where a large amount of strength was observed.

present data for the presence of a PDR®ftU and all of the Calculations by Solovieet al. [18] were carried out using
E1 strength observed is attributed to the low-energy taiheft g quasiparticle-phonon nuclear model #8tSm, 168Er, 178Hf,
GDR. and?38U. The238U calculations predict two concentrations of

dipole strength in the area of interest. One is a concentra-

tion of M1 strength between 2.6 - 3.0 MeV, and the second
C. Comparison to theoretical calculations is a concentration oE1 strength between 3.4 - 4.0 MeV. In

the present work, four concentrations are observed: one for

: : 1 transitions around 2.5 MeV and three 6t transitions
The strengths of the dipole states observed in the preselg/tiound 3.1, 3.5, and 4.0 MeV.

measurement are similar in magnitude to the strength pre- .
dicted by the QRPA calculations in Refs. [17, 18]. Compar-_The total M1 strength predicted by Ref. [18] and by
isons of experimentally summed strengths to the calculatef€f- [17] are similarin magnitude. The calculatelistrength
values are given in Tables Ill and IV for even-even Th and forPy Ref. [18] is about three times larger than the strength pre
U isotopes. The summed1 strengths from the present work dicted by Ref. [17] as well as the value measured in the ptesen
and from the QRPA calculations [17, 18] have simiaB/AE work. Calculated=1l stgength for rare-earth nuclei, which av-
whereas the previous experiment [4] and the sum rule predic@rages~250x10-°¢*fm” [18], is also larger than the experi-
tions of Ref. [6] are larger by a factor of 1.5. The sumnidd ~ mental”>*U strength by a factor of two. Finally, it s found in
strengths from the present work and from one of the QRPAREF. [18] that theE1 strength is about 3-4 times larger than the
calculations [17] have similaF, B/AE, although the second M1 strength. In the present work, the obserizidstrength is
QRPA calculation from Ref. [18] is almost twice theB/AE ~ ©nly about 1.3 times larger than thél strength.
value from the present work. Lastly, Enderset al. [6] produced a calculation using a
The QRPA calculation by Kulieet al. is fully renormal- ~ parameter-free “sum rule” to predieis, and theM1 strength
ized and involves numerical calculations ®4Th, 236U, and  in the energy range of 2.0 - 3.0 MeV using the results of
238 in which the single-particle energies are obtained fromthe Lipparini and Stringari analysis [57]. This “sum rule”
Warsaw-deformed, Woods-Saxon potentials [17, 56]. The reprediction puts the range of the scissors mode between 2 and
sults, shown in Ref. [17], reproduce the gross structuraef t 3 MeV. This prediction agrees with the strength observed in
present work’s summeM1 andE1 strengths in this energy the presentwork between 2 - 3 MeV. Also, these authors sug-
region fairly well. In Fig. 10, the calculations of Ref. [17] gest that even though there is a possibility of scissors mode
and the present work on discrete and unresolved transitiorgfrength lying outside the region specified, it would onlyabe
are compared using a 0.2 MeV bin size. Over half of the presmall fraction and no larger than the inherent uncertaimty o
dictedM1 strength is present within 2.0 - 2.6 MeV and is as-the strength itself. Although a large portion of tif strength
sumed to be part of the scissors mode. Away from this narrow
energy region, the predictédd1 strength decreases. Both of
those features are observed in the present work. Howeer, th . L
M1 strength above 3.5 MeV is predicted with a similar am_TABLE IV: E1 strengths for the obsz_erved discrete transitions in the
. " - . present work compared with experiments [21, 37] and thealet
plitude as the transitions at lower energies. This featurmt predictions [17, 18] for even-even actinides.
observed in the present experiment.

Calculations of theV1 strength for the actinides by the au- e Eng?df‘em o T ZT;;E‘ZW _y
thors of Ref. [17] yield a similar magnitgde«@/,cNZ), only un-  (MeV) 37 25  33@) 27 46 ;
derestimating the strength measured in this work by 25%. In 3B xl(rz gfm;) 3.3(7)  6(1) 111(25) 35 120 308

i it Y.B/AE (x10°° ecfm*/MeV) 2 4 48 18 33 7
the present work, eigH1 transitions are observed below 2.5 Range (MeV) 94 18-32 2.43 2-4 2.56 26-66

MeV of a summed strength equal to 20¢4P3e?fm?, which : :
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FIG. 10: Experimental (aM1 and (b)E1l strengths ¢) from the
discrete transitions of the present work) from the continuum of
states of the present work, arm) (from Ref. [4] are compared with
a QRPA calculation|) from Ref. [17] with a 0.2 MeV bin size. The
strengths are shown with statistical error bars.
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beams with energies between 2.0 and 6.2 MeV. One-hundred
thirteen discrete deexcitations to the ground state atgéser
between 2.0 and 4.2 MeV are observed and their spin and par-
ity are determined using the unique polarimetry setup of the
detector array. Thirty percent of the observed statesdvite
transitions and the rest aEd transitions. Strengths as well as
other spectroscopic data are measured for these states.

Above 4.2 MeV, only the asymmetry of the continuum
of states could be investigated due to the detection limit
of the experiment and the increasing level density. The
average total-ray interaction cross section are determined
from 2.0 to 6.2 MeV in order to deduce the origins of
the low-lying strength. Comparison of the low-lyirgl
strength to the MLO and SLO fits to the tail of the GDR
provides evidence that this strength is not from a pygmy
resonance. Discrete states are compared with QRPA cal-
culations and “sum rule” predictions. These calculations
and predictions describe the overall structure of the state
but do not describe its finer details. More comparisons
between experiments and theoretical calculations are
needed for other rare-earth and actinide nuclei in order to
provide a better understanding of the low-energy struc-
ture of nuclei with deformations and large neutron excess.
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