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Evidence for continuum EO transitions following the decay of high spin states in**®Ce
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The decay of high-spin states in the continuumt®Ee is studied viay-ray and internal conversion electron
spectroscopy. An electron surplus above predicted yields baseddaa is seen in coincidence with transi-
tions in the yrast band oF¥%Ce. We attribute this to an admixture of electric monopd@@) transitions with
unstretchede2 andM 1 transitions between strongly interacting bands of different deformations in the con-
tinuum. TheEO matrix elements needed to explain this surplus are comparable in magnitude to rébrted
matrix elements between discrete states in neighboring nuclei.

PACS numbsgs): 23.20.Js, 23.20.Nx, 25.70.Jj, 2760

I. INTRODUCTION of shape coexistence has recently been summarized by Wood
et al.[9].
The decay of high-spin states from the entry state to the
yrast line continues to be a topic of considerable interest. Th§ =xpERIMENTAL PROCEDURES AND DATA ANALYSIS
decay paths in the continuum above the yrast line have been
studied in the past using continuugaray spectroscopji], The experiment utilized the Oak Ridge Spin Spectrometer
but there remain many open questions. Very little is knowr[10] with 52 Nal elements for fold selection, 18 Compton-
about the multipolarities of interband transitions. Thesuppressed high purity Ge detectors fospectroscopy, and
strengths of the various multipole components are very serthe Pitt ICEBall, an array of five mini-orange spectrometers
sitive to the deformations of the bands involved and to thdor electron spectroscopjll]. High-spin states in*3Ce
softness of the total Routhian surfad@RS’s) with respect were populated via the reactiof™o(3/S,4)*Ce at a
to deformations. The present experiment was motivated by keam energy of 140 MeV using a 1.2 mg C#h self-
study of Lee[2] on continuumy rays associated with the supporting 1Mo target. Energy and timing data were re-
decay of high-spin states if?°Ce. In that experiment, Lee corded for all detector types. For an event to be recorded it
discovered a broad peak in theray continuum extending was required that more than five Nal detectors fii@d
from about 100 keV to 600 keV. Anisotropy data indicatedk>5) and at least two Ge detectors or at least one Ge detec-
that this peak was consistent with a significant contributiortor and one mini-orange spectrometer register a signal. About
from stretched dipole transitions. The present experimen®8 x 16 Ge-Ge coincidence events and 30 ¥ 1Be mini-
was designed to study the multipolarities of these continuunorange events were written to tape.
transitions in more detail via internal conversion electron To evaluate the electron spectra, it was important to care-
spectroscopy. The most significant result of this experimentully characterize the performance of the ICEBall, including
is that the interpretation of the data requires a signifigght  contributions to the background. A detailed study of these
component in the continuum part of the spectrum. properties is given in Refl11]. That work demonstrated that
It should be noted theEQ transitions occur as a result of the §-ray background decreased by over three orders of mag-
static or dynamic shape mixing and are an unambiguous exiitude fory-fold requirement&> 3. Since all data were ana-
perimental signature for shape mixing and shape coexistyzed with a fold requiremenk>9, contributions fromé
ence. This has been demonstrated by recent experiments cays could be neglected. The background caused logys
EO transitions in theA~100 region and thé&~190 region, was determined on line during a run in which thelL$i
which have been interpreted in terms of shape mixigge  detectors were covered with 3 mm thick Teflon sheets, which
Refs.[3—8]). The importance of and ubiquitous occurrencestopped the electrons. Off-line studies with sources estab-
lished that this is a valid method for the determination of the
v-ray background11]. This background accounted for about
“Present address: Physics Department, Florida State Universit0% of the total number of counts in the energy range be-
Tallahassee, FL 32306. tween 200 and 400 keV.
TPresent address: Department of Radiology, University of Wash- -y and y-electron coincidence matrices were formed
ington Medical Center, Seattle, WA 98195. from the raw data. Figure(4) shows the total projection of
*present address: Nuclear Science Division, Lawrence Berkelethe raw y-y matrix. The top curve in Fig. (b) is the total
Laboratory, Berkeley, CA 94720. projection of they-electron matrix onto the electron energy
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<107 T func_tion was parametrized. The parametrization is iIIustra_ted
20 E . (a)_] in Fig. 2, which shows the response to the 1836 keV line

: K ] from Y, obtained by gating on the 898 keV line. The

1"&’ — /‘f — Compton continuumB) and the multiple Compton events
3 0 E e E (D) were described by an expansion of eighth-degree or-
© ® 43 thogonal polynomials. This curve is shown in the figure by a

solid line. The other features of the spectrum, i.e., the pho-
topeak @), the Compton edgeq), the singles and double
escape peaksE) and (F), the 511 keV annihilation peak
(G), and the backscatter peal) were fitted by Gaussians.
The shape of the Compton spectrum jorays of any energy
was generated by using coefficients of expansion, which
were obtained by interpolating between the measured coeffi-
cients of expansion. The peaksto H were generated by
interpolating their Gaussian parameters. The ayw matrix
is then unfolded using the generated response function. The
o} 400 800 120 energy and efficiency calibrations were complemented by
Energy (keV) singles measurements witfi%Eu and*®?Ta sources. The un-
folding procedure is illustrated in Fig. 3, which shows as an
FIG. 1. (a) Total projection of the they-y correlation matrix ~ €xample a'>Eu singles spectrum before and after unfolding.
from the present work(b) Upper curve: total projection of the raw The response functions of the mini-orange spectrometers
y-electron correlation matrix onto the electron energy axis. Lowetwere obtained fromy-electron coincidence measurements
curve: y-ray background in the 8ii) detector. with *3a and 2°/Bi sources, and singles measurements
with 13Sn, which has only one transition. The response
function for the electron detectors is simpler than that for
v-ray detectors and consists, after the subtraction of the
eyray background, of a flat continuum resulting from elec-
trons that backscatter out of the detector and electrons that
are scattered from various components into the detector. This
continuum is again parametrized at each energy by a set of
eighth order orthogonal polynomials, and thelectron ma-
trix is unfolded in a way similar to that of the-y matrix.
i_;?ure 4 shows’*"Bi spectra before and after the unfolding.

axis, while the bottom curve shows theray background in
the S{Li) detector.

The response functions of the Ge detectors were obtain
from coincidence measurements with sources sucff@s,
in which the emission of ay ray of energyE; is always
followed by the emission of ay ray of energyE,. The
sources used wer€Se, 88y, %9Co,2"Na, and?°’Bi, and their
coincidenty rays covered the energy range from 136 to 275
keV. From these coincidence data one can determine the r
sponse function of the Compton-suppressed Ge detectors
monoenergeticy rays and their absolute efficiencies as a
function of y-ray energy. At eacly-ray energy, the response

e overall peak efficiency of the ICEBall is shown in Fig.

, which is taken fronj11]. It reaches a maximum of 15% of
44 at an electron energy of 360 keV and drops to about 10%
at an electron energy of 240 keV. There were no calibration
sources available for electron energies below 240 keV; hence
only data above 240 keV were unfolded and analyzed. The

105 T ' : ' projected electron spectrum of Fig. 1 shows, however, that
4: o the efficiency of ICEBall drops off very rapidly below 240
10 -
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FIG. 2. Response function of a Ge detector to the 1836 keV line  1¢° } .
of 8Y. Note the photo peak4), the Compton continuumg), the , | n [Ty
Compton edge @), the multiple Compton eventd(), the single %9 200 400 600 800
and double escape peakg,F), the 511 keV annihilation peak GChannel

(G), and the backscatter peal). The solid line represents a poly-
nomial fit to the Compton continuum and the multiple Compton  FIG. 3. The top and bottom panels show*Eu singles spec-
events. trum before and after unfolding and peak efficiency correction.
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FIG. 4. The top and bottom panels show?¥Bi conversion 23y B @59__ 14+_6i“°‘ I e
electron singles spectrum before and after unfolding. . 12y e .y _« 803
0
kev. TheK-conversion peak of the 2to 0" transition cor-
responding to an electron energy of 214 keV is truncated o8
the low-energy side. This sharp cutoff is intentional in order ,
to limit the singles rate in the @&ii) detectors from low- -
energyé rays. 4t
To comparey and electron spectra gated on particujar o+ 488\ ‘“\4+ 614
lines, it was necessary to generate hypothetical electron spec= X\ Sogo LA
tra from the y-ray spectra. For eacly spectrum, electron %\ 2t 1%
spectra were calculated assuming that the multipolarity of all N Q" y2o4
transitions is either puréd1l or pure E2. For conversion
from each electron sheli.e., K, L,, L, etc) an electron FIG. 6. Level scheme of*®Ce, per Ref[12].
spectrum was generated from the unfoldgday spectrum
by shifting the spectrum down by the electron binding en-
Ill. RESULTS

ergy and multiplying the intensity by the conversion coeffi-
cient. The total conversion electron spectrum was obtained Figure 6 shows, for later reference, the level scheme of

by Summing the individual spectra. This spectrum was thenl-30Ce as established in R¢ﬂ2] Figure 7 shows a Compari-
convolved with the measured resolution function of the ex-son petween the measured electron yield and calculations
perimental electron spectra. The electron spectra were NOgssuming either purdl1 or pureE2 multipolarities fory
malized such that the peak areas corresponding to ki€®vn gates on the #—2*, 8*—6", 12 —~10", and 16 —14"
transitions agreed with the corresponding areas derived frofjansitions in the yrast band. Figure 8 displays the same in-
the y-y matrices. The normalization factors for spectra re-formation for gates on the 757, 9°—77, and the
sulting from different gates varied by up to 15%. However,11-_.9- transitions in the most intense negative parity band,
the analysis was carried out using a single average normajy,q the 70" transition in 2%8a. The top panels in both
ization in order to avoid biasing the results. figures show the comparison between the gated electron
spectra and the electron spectra derived frommtidata. The
middle and bottom panels show the difference between the
measured intensities and the calculated intensities, for pure
E2 (middle panel or pure M1 (bottom panél transitions,
e respectively.
ook’ c . To help interpret these figures it is instructive to examine
d ] the energy dependence of tike and L conversion coeffi-
0.05} .. ] cients shown in Fig. 9. For the energy range of interest, the
L ] M1 K-conversion -coefficient is larger than th&2
L ] K-conversion coefficient, and the difference between the two
increases with energy. However, the toéll L-conversion
0.0t ! : : ' coefficient is considerably smaller than the totBR
200 600 1000 L-conversion coefficient at low energies, but this difference
Eelectron (keV) decreases with increasing energy and the two coefficients
cross at about 350 keV. Thus the calculak?l intensity of
FIG. 5. Peak efficiency of the ICEBall as determined from ra-the 2" — 0" L-conversion peak at 248 keV exceeds the cal-
dioactive sourcegsee text culatedM 1 intensity, whereas at higher energies, where the
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FIG. 7. The top panels show gated electron
spectrahistogramgin the energy range from 240
to 800 keV. The gates are indicated at the top of
each panel. The dashed and dotted lines represent
the electron spectra derived from they matrix
(2e) 4 | SO (a0) under the assumptions of puk1 and pureE2
1F 1 F . transitions, respectively. The middle panels show
g _ s w . the difference spectra obtained by subtracting the

iyl o calculations based upon the assumption of pure
) \ ; \ L y . \ E2 transitions from the measured electron spec-
tra. The bottom panels show the analogous differ-
ence for calculations based on the assumption of
pureM1 transitions. The scaling factor 1@ndi-
cated in the top left corner applies to all panels.
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dominant contributions come froi conversion, the calcu- gates on the 7—5~ transition in 13%Ce but no statistically
lated M1 intensities exceed the calculate@ intensities. significant surplus for gates on the 97~ and 11" —9~
Figure 7 shows that the electron spectra gated on yrastansitions and no surplus for a gate on the-20" transi-
transitions exhibit a large electron surplus above the pretion in 12Ba, which was also populated in this experiment.
dicted amount for pur&?2 transitions or puréM1 transi- The negative excursions in the bottom panels of Figs. 7 and
tions. Fory gates on the lowest four yrast transitions and8 at energies above 400 keV correlate, as expected, with
electron energies below 300 keV the experimental electroknown E2 transitions(see top pangl while the middle pan-
intensities exceed the calculatél(E2) intensities by fac- els show vanishing intensity at the corresponding positions.
tors =2 (=3). These surplus intensities can therefore not beExamination of the middle and bottom panels indicates that
explained in terms of pure or mixdf2 andM 1 transitions.  all transitions above 400 keV can be explained in terms of
The surplus spectra form continua in the energy range bggureE2 or mixedE2+ M1 transitions.
tween 240 and 400 keV. A few of the panels show, superim- The results from all gated spectf@mcluding spectra not
posed on the continuum, small peaks which are correlatedhown are summarized in Table I. Column 5 lists the differ-
with discrete peaks in the electron spectra. These peaks aedice (exp— | m1) between the experimental number of
caused by the slight gate dependence of the normalizatiopuntsl ¢, and the number of counts predicted for piuté
which was not taken into account in the analy(sise above  transitions,ly,;, in the electron energy range from 265 to
It is important to note that the continuum surplus is presenB95 keV; column 6 gives the analogous gquantity E& pre-
in all gates on the yrast transitions #%e. Concentrating dictions. The quoted uncertainties contain contributions from
on M1 expectations, one sees in Fiya small surplus for statistics, the normalization between the electron asgec-
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FIG. 9. K- andL- conversion coefficients fav 1 andE2 tran-

sitions in Ce.

tra, and uncertainties associated with the unfolding process.
These contributions were added in quadrature. In addition to
the large surpluses in the yrast-gated spectra, there are indi-
cations of small surpluses in coincidence with two transitions
in the negative parity band and in the 19/2:15/2" transi-

tion in ?’Ba. However, no statistically significant surplus is
observed in coincidence with any other gamma transition in
13%Ce or in gates on?®Ba, *%a, or ¥'Ce. These findings
provide convincing evidence that the surplus electrons result
from physical processes in the decay of high-spin states in
13%Ce rather than from instrumental effects or extranuclear
effects such as thé-ray background. Figure 10 shows the
surplus intensity for the spectra gated on yrast transitions in
13%Ce as a function of the gating transition. The abscissa
represents the initial spin of the gating transition. Starting
with spin 8 there is a drop in intensity with increasing spin.
This suggests that the states from which the surplus electrons
originate feed into the yrast band above spin 8. We propose
that these surplus electrons result frd®® transitions in

130ce.

IV. DISCUSSION

There is strong experimental and theoretical evidence that
nuclei in the A=130 mass region are soft with respect to
both 8 and y deformations and develop, with increasing an-

TABLE |. Column 2 gives initial and final spins and parities of gating transition. The subscripts refer to
band numbers as defined in Fig. 6. Column 3 gives the transition energy and column 4 the excitation energy
of the initial state. Columns 5 and 6 are defined in the text.

M1 E2
E,—E; E(l;) surplus surplus
7= (keV) (keV) (counts/1G) (counts/18)

130ce 2r—0" 254 254 41.958) 84.6(13
yrast 42" 457 711 49.579) 75.6(91)
band 6 —4" 614 1325 58.499) 82.2(86)
8t 6" 729 2054 33.156) 42.5(77)

10" —8* 757 2811 28.840) 32.2(52)

12 —10* 503 3314 24.143) 30.8(49)

14* —12* 549 3863 13.@1) 17.6(30)

16" —14* 693 4556 14.330) 17.0(34)

130ce 75" 359 2315 11.913) 27.7(42)
negative parity 97" 448 2763 —-2.2(7) 11.2(23)
band 3 1T -9~ 559 3322 2.1084) 7.8(14)
130ce 8, —6; 664 2563 0.6191) 6.4(22
other 10, -8, 428 3074 —3.7(52 0.24(7)
transitions 5;—6, 631 1956 -0.7(22 12.1(30)

8, —73 331 2646 —1.90(59) -7.7(71

139 a 128 —11* 314 688+ x —4.8(14) —3.0(20
12835 2" —0" 284 284 —-0.02(1) 6.2(22)
1Blce 15/2 —»11/2 510 810 -3.0(13 3.2(19
12783 19/2 —15/2" 645 1422 5.2189) 11.0(28)
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FIG. 10. Surplus intensity for gates on yrast transitions. The ) S 128 )
abscissa labels the initial spin of the gating transition. FIG. 11. Total Routhian surfaces f e and*"Ba. The dis-

tance between equipotential lines is 0.2 MeV.

gular velocity, coexisting states with different shap&&— . .

14]. The theoretical evidence is based on cranked Woodsv—\/he"':‘R is the nuclear rqd|u_s. The rionozpolezoperaﬂ(ir

Saxon-Bogoliubov calculations and is illustrated in panels‘;CtS on PTOtO”S only and is given Ep_eEp:l.rP' _For the

(@) and (b) of Fig. 11, which shows total Routhian surfaces 2@nd mixing model the matrix elemep(EO) is given by

for ¥*%Ce at angular frequencigan of 0.37 and 0.55 MeV. [3.4]

At iw=0.37 MeV the lowest minimum is prolate collective 37

and corresponds to a nearly a_mally _symme_tnc def_ormatlon p(E0)= rab(ﬁi_ﬂg). (4

with 8=0.25 andy=+3°. This minimum is soft in the ™

g:r?ﬁganm ?Sf ;?gr:egszlzggh dﬁi icécgglor'&?lﬁioi%cg\éel\ﬂ%t\)/la;e An alternative possibility is the existence of bands built on
; L ) e . vibrational excitations (dynamic shape mixing in the

new prolate collective minimum develops wigh=0.33 with B-soft minimum which then decay into bands of stable de-

y=~0. At hw=0.6 MeV this minimum becomes yrast. This y

shape transition can be traced to the change in configuratiJerat'on' As an estimate for the magnitude 4{E0) one

: - . I may take the expression fdEO transitions between the
whereby the deformation-driving highly alignég,, neutron vibrational band and the ground bafib]
orbitals become occupied. The two prolate coexistingB 9 '
minima can lead to the formation of strongly interacting
bands, as indicated schematically in Fig. 12, which are built
on orthogonal combinations of wave functions
Strongly inferacting

V,=a|B1)+b|B2), (1) bands in continuum
>
W,=—b|B1)+a|B2), 2 uy
with different deformationgs, and 3,. In the following we
assume that the mixing amplitudasandb are normalized, .
i.e.,a?+b%=1. It is customary to express theoretical predic- Yrast line
tions for EO transitions between two states in terms of the
dimensionless matrix element I
1 _ . . . .
p(E0)= _RZ<|1'|E0||’f>’ 3) . FIQ. 12. Sghematlc illustration of !ntgractlng bands.tlhat may
e give rise to a significanEO component in interband transitions.
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3 TABLE Il. Results of the present®®Ce experimental estimates
p(EQ;I,ng=1—1,ng=0)= Eﬂo(ﬁ_ Bo), (5) for p(EO), compared with experimental data on known discEfle

transitions in nearby nuclei. Data on known transitions are from

in which By and (8— By) are the equilibrium deformation Refs.[9] and[12].

and the amplitude of the oscillation, respectively. This ex- nycleus Transition E (keV) p(EO)
pression is valid in the adiabatic approximation, where there " .
is no coupling between the rotational and vibrational motion. ~ *‘Ce continuum  ~ 275-440  ~0.06-0.15
It is possible to extract estimates for the magnitude of the ( £ work (Eogfzz homzlg
present wor ~ 0.12-0.

EO matrix elements from the experiments, and to compare

these estimates with measured matrix elements for discrete l4cq ot ot 651 (EO’;'\S %gm't)
transitions in neighboring nuclei. If we assume that the 4i:4g 449 \0657
| —1 transitions responsible for the productionEd transi- 4%_>49r 633 0'12
tions are of mixedEO+M1+E2 character, then the total L16g, 0ot 271 0.32-0.04
probability for the emission of electrons can be expressed as 11sg), OEHO} 299 0.1+ 037
[16] 1505m 252 712 0.22:0.07
) 2 2%H23 860 0.047
Fe=lepot Iy aML) 1 p +a(B2) 7], (6 " g%:gi o 0.022:0.04
4;—>4gr 1006 0.0%£0.04
where 6% is the E2/M1 mixing ratio. In the following we Sgﬂsg 541 0.205-0.06
consider two limiting cases: admixture BD andM1 only 105 —10; 495 0.28-0.1

(62=0) and admixture ofE0 andE2 only (6°=x). We
may then extract the intensity ratiqd’go/I'e m1lexpr OF
[[e0/T'e e2]expt from the experimental data. These ratios cantrons were detectédiiffers drastically from that of-3°Ce. It
be related to the reduced transition matrix elements for thes rather structureless, with no well-defined minima.
two limiting cases, according to the equations It should be noted that evidence for continudE@ tran-

) sitions in **3Eu has recently been reported in Rdf9]. This
I'eo |:Ml(|0w0”|‘>|2 (7)  experiment was based on measurements of the multiplicity
Lem1 (KM 1] of K x rays originating from the conversion of quasicon-
tinuum transitions. The authors interpret the large observed
and multiplicity in terms of unexpectedly larghl1 strength in
the quasicontinuum or, alternatively, in terms of low-energy

expt

2
[ Ieo =Fey(K) [(I[EO15)] ®) EO transitions associated with shape changes in the quasi-
Pe k2] [K1E2[I15)]* continuum.
where K is the transition energy. The functiors,,; and
Fg, are given in the Appendix. They depend upon conver- V. SUMMARY AND CONCLUSIONS

sion coefficients and the factofg EO) which enter into the . ) ) . . )
calculations ofl's o [17]. Making reasonable assumptions I this experiment an excess in the intensity of internal
about the magnitude of the interbail[E2] matrix ele- conversion electrons was established in the decay of high-
ments, one can extract from E() [8] EO matrix elements. spin states int*Ce. This excess forms a continuum between
From the systematics of the regiofl8], we assume 240 keV and 390 keV and cannot be explained in terms of
(M1)?~0.02u7 and(E2)?~400e?fm*. Estimates based on mixed or pureM1 andE2 transitions. It is strongly corre-
our data and experimental results from discrete transitions itated with yrast transitions it*®Ce and feeds into the yrast
this region[15,16 are compared in Table Il . It should be band at spind=8. The excess is not correlated with all
noted that theE0 matrix elements required to explain our bands in 1*%Ce and no excess was found in the isotopes
data are comparable in magnitude to those between discreté®Ba and *%a, which were also populated in this experi-
states in neighboring nuclei and do not require unreasonabl@ent. We propose that the excess is causeB@yransitions
assumptions about the values gf, B8,, and (3,—8,) or in the quasicontinuum of3%Ce and suggest two schematic
Bo and (B—By). It is illustrative to estimate the mixing models. Future experiments are planned to search for the
amplitudes a and b required for a matrix element origin of these conversion electrons in tHe,(l) plane and
p(E0)=0.25 which is near the upper limit required to ex- to investigate the systematics BO transitions in theA~
plain the experimental data. Assuming;=0.25 and 130 region. The experiment also establishes that a high-
B,=0.35 as suggested by the TRS plots of Fig. 11 one obefficiency array of miniature orange spectrometers, such as
tains, from Eq.(4), a=0.95 andb=0.32, which represents a ICEBall, in combination with a large array of Ge detectors
rather small amount of mixing. Table Il illustrates that the permits on-line discrete and continuugtelectron coinci-
largest experimental estimates are close to the values oldence spectroscopy. Such combined arrays will be powerful
served for discretde(0) transitions betweeiB-vibrational  tools for the determination of the multipolarity of electro-
states and ground-band states. It is noteworthy that the TR@®agnetic transitions, and they provide the only means to
landscape of theé"?®Ba nucleus(in which no surplus elec- detectEQ transitions, which are signatures of shape mixing.
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The EO decay rates corresponding to the emission otgroe@sbig'r'ggffﬁjfZL)[Sg’nfjAFzé’z(a;)d (A3) [(A4)] leads to ex
K,L,,Ly, ... electrons can be written as the product of a '
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only and the square of the dimensionless matrix element Fm1(K)=(1.58% 107)K72m (A5)
p(EO) which depends on the nuclear wave function only
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. AE
— T A(E0)p(ED). (A1) Fea(K)=(2.28¢ 109K 1) (A6)
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