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Levels in 221Fr fed by the a decay of 225Ac
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The a decay of225Ac to 221Fr was reinvestigated byg-ray spectroscopic studies with HPGe detectors and
225Ac sources purified using continuous elution processes. Energies and intensities of about 120g-ray transi-
tions were measured. Among these, 40 are reported for the first time. A221Fr level scheme with 46 excited
states and 124 transitions is proposed. The level structure is described in terms of a reflection asymmetric
structure with parity doublet bandsKp51/26, 3/26, 5/26, and 3/26 in order of increasing energy. Both strong
and intermediate coupling models have been shown to be in good agreement with the experimental data.

PACS number~s!: 21.10.2k, 21.60.Ev, 23.60.1e, 82.55.1e
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I. INTRODUCTION

In nuclei beyond208Pb with A;219–227, calculations
@1# of the potential energy versus octupole deformation s
gest the existence of stable quadrupole-octupole defor
tions. The barrier height between the mirror minima in t
quadrupole-octupole potential energy surfaces determ
the stability of the quadrupole-octupole deformed nucl
system. If we consider the odd-A Fr isotopes, this barrie
height reaches a maximum of;1.2 MeV in 221Fr @1#.

The a decay of 225Ac leading to 221Fr was studied by
Leang @2# and Dzhelepovet al. @3,4# using Ge~Li ! g spec-
trometry and225Ac sources. Dickens and McConnel@5# used
a 229Th source in an equilibrium mixture with daughters. T
most recent work was that of Kouassiet al. @6–8#, who stud-
ied theg-ray spectrum of225Ac in an equilibrium mixture
with daughters and developed a221Fr level scheme. Thes
data were included by Akovali@9# in her latest Nuclear Data
Sheets publication onA5225.

As previously suggested@10,11#, we have tried here to
interpret the 221Fr level scheme as a quadrupole-octup
deformed system, showing parity doublet bands~bands close
in energy with the same spins but opposite parities!, K
51/26 bands with decoupling parameters approaching
same absolute value but opposite sign, and enhancedE1
transition rates between members of parity doublet band

It has recently become possible to carry somewhat fur
the analysis of the experimental data on221Fr following a
decay of 225Ac. The source selectivity and theg-ray sensi-
tivity have been improved by performing a continuous e
tion @12# of 225Ac daughters, such as221Fr, 217At, 213Bi, and
209Tl. The remaining contribution ofg rays from the decay
of daugther nuclides is known and could be subtracted fr
the g-ray spectrum of225Ac. Also the Compton backgroun
resulting from the high-energyg rays generated towards th
end of thea-decay series was reduced.

The objective of this paper is to describe the experime
method used here, present the results, and attempt a fu
interpretation of the221Fr level scheme.
0556-2813/2000/62~6!/064306~11!/$15.00 62 0643
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II. EXPERIMENTAL METHODS

An initial 2.2 MBq of 225Ac radioactive source was pro
vided to us by SUBATEC Laboratories~Nantes!, where this
nuclide is used fora-therapy studies. We tested the sour
for purity before starting the experiment and found no co
taminants from the228Th decay series.

The source was dissolved in 2 M HCl and set on the top
of a cationic exchanger Dowex 50 WX-8 column of 7 cm

FIG. 1. A 225Ac g-ray spectrum~measured during a continuou
elution of daughter nuclei! compared with a spectrum of a pur
221Fr source showing its daughter components. The transitions
belong to the221Fr level scheme are labeled at the top spectru
Those that belong to the daughter nuclei are labeled on the bo
spectrum.
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TABLE I. Energies and intensities ofg-ray transitions following thea decay of225Ac. Uncertainties in
the least significant digits are given in parentheses. Unassigned transitions have blank placements; u
placements are in parentheses.

This work Previous worka Placement
Eg ~keV! I g ~%! Eg ~keV! I g ~%! Ei-Ef~level! Multipolarityb ac

7.5d '1.0e 108.37-100.88 @M1#

10.6d 7.8e ~15! 36.64-26.02 @M1# 542
19.0d '0.04e 253.50-234.46 @M1# 41.7
26.0 ~1! 0.00161 ~22! 26.05 ~10! 26.02-0 (E2) 6060
36.70 ~3! 0.0183 ~23! 36.65 ~3! 0.015 ~2! 36.65-0 E2 1110
38.60 ~4! 0.0102 ~16! 38.53 ~3! 0.011 ~1! 38.54-0 E2 870
46.24 ~5! 0.0057 ~12! 46.24 ~5! 0.004 ~2! 145.84-99.61 @E1# 0.86
49.13 ~4! 0.0090 ~14! 49.09 ~5! 0.006 ~2! 150.04-100.88 (E1) 0.727
50.2d '0.15e 150.04-99.84 @E2# 241
53.01 ~5! ,0.004 ~570.69-517.51! @M1#

57.69 ~4! 0.0061 ~13! 57.75 ~5! 0.004 ~2! 253.50-195.75 @E1# 0.472
62.6 ~3! 0.0053f ~12! 100.88-38.54 @E2# 82.7
62.96 ~3! 0.48 ~6! 62.95 ~5! 0.40 ~2! 99.61-36.65 M1 11.5
63.5 ~3! 0.021 ~3! 99.84-36.65 @E1# 0.346
64.28 ~3! 0.047 ~5! 64.28 ~5! 0.028 ~3! 100.88-36.65 M1121% E2 24
69.87 ~5! 0.0047 ~12! 69.8 ~2! 0.005 ~2! 108.37-38.54 E2 48.7
71.72 ~4! 0.0129 ~14! 71.74 ~3! 0.012 ~1! 108.37-36.65 E2 43.0
73.36 ~20! 0.015 ~5! 73.5 ~1! 0.008 ~2! 99.61-26.02 E2 38.6
73.85 ~4! 0.32 ~4! 73.86 ~2! 0.268 ~12! 99.84-26.02 E1 0.244
74.82 ~5! 0.013 ~3! 74.9 ~2! 0.015 ~2! 100.88-26.02 (E2) 35.2
87.42 ~3! 0.31 ~4! 87.41 ~3! 0.216 ~10! 195.75-108.37 M1 4.40
94.90 ~3! 0.130g ~19! 94.90 ~5! 0.081 ~7! 195.75-100.88 M1 3.47
96.15 ~5! ,0.03 96.15~5! 0.026 ~3! 195.75-99.61 (E2) 10.8
99.71 ~6! 1.36 ~19! 99.63 ~5! 0.53 ~3! 99.61-0 M113% E2 3.22

100.07 ~10! 0.26g ~10! 99.91 ~5! 0.86 ~5! 99.84-0 E1 0.108
100.87 ~4! 0.121 ~13! 100.96 ~5! 0.059 ~9! 100.88-0 M1130% E2 4.8
103.44 ~12! 0.0065 ~19! 103.46 ~10! 0.004 ~2! 253.55-150.04 @M1,E2# 11
108.38 ~3! 0.27 ~3! 108.41 ~3! 0.21 ~1! 108.37-0 M1122% E2 10.8
111.52 ~3! 0.34 ~4! 111.54 ~3! 0.269 ~12! 150.04-38.54 (E1) 0.369
112.8 ~2! ,0.003 112.8~2! 0.002 ~1! 400.92-288.14 @E1# 0.35
119.09 ~6! 0.018 ~3!

119.84 ~3! 0.097 ~10! 119.87 ~5! 0.063 ~6! 145.84-26.02 @E1# 0.310
121.06 ~7! 0.017 ~5! 271.10-150.04 (E1)h 0.302
123.73 ~4! 0.098 ~10! 123.75 ~5! 0.061 ~6! 224.60-100.88 @E1# 0.286
124.81 ~3! 0.032 ~3! 124.82 ~5! 0.022 ~2! 224.60-99.84 M1139% E2 6.3
126.09 ~5! 0.0073 ~14! 126.15 ~10! 0.006 ~2! 234.46-108.37 (E1) 0.273
129.22 ~7! 0.0033 ~11! 129.2 ~2! 0.003 ~1! 279.19-150.04 @M1,E2# 5.2
133.60 ~4! 0.096 ~19! 133.64 ~5! 0.012 ~2! 234.46-100.88 (E1) 0.237
134.85 ~3! 0.033 ~5! 134.86 ~5! 0.026 ~3! 234.46-99.61 (E1) 0.232
137.40 ~10! 0.0030 ~13!

144.7i ~2! '0.0005 294.68-150.04 (M1140% E2) '4
145.15 ~3! 0.148 ~15! 145.17 ~5! 0.124 ~6! 253.50-108.38 (E1) 0.194
150.02 ~4! 0.691j ~16! 150.04 ~2! 0.68 ~3! 150.04-0 E1 0.179
152.64 ~3! 0.0165 ~19! 152.63 ~5! 0.015 ~2! 253.50-100.88 @E1# 0.172
153.91 ~3! 0.195 ~20! 153.92 ~5! 0.159 ~7! 253.50-99.61 @E1# 0.168
157.24 ~3! 0.35 ~4! 157.26 ~2! 0.31 ~2! 195.75-38.54 M114% E2 4.0
161.35 ~7! 0.0036 ~9! 311.39-150.04 @M1,E2# 2.6
169.18 ~4! 0.0158 ~19! 169.1 ~2! 0.016 ~2! ~517.51-348.33!
170.83 ~6! 0.0073 ~13! 170.7 ~2! 0.006 ~3! 279.19-108.37 (E1) 0.130
064306-2
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TABLE I. ~Continued!.

This work Previous worka Placement
Eg ~keV! I g ~%! Eg ~keV! I g ~%! Ei-Ef~level! Multipolarityb ac

178.29 ~3! 0.0160 ~18! 178.4 ~1! 0.012 ~1! 279.19-100.88 E1 0.117
179.78 ~4! 0.0106 ~13! 179.8 ~2! 0.006 ~2! 288.14-108.37 (M1,E2)h 1.8
186.31 ~3! 0.0189 ~21! 186.2 ~1! 0.017 ~4! 294.68-108.37 E1 0.105
187.95 ~3! 0.54 ~6! 188.00 ~5! 0.458 ~23! 224.60-36.65 E1 0.103
195.74 ~3! 0.162 ~16! 195.78 ~5! 0.14 ~1! 195.75-0 M1139% E2 1.7
197.50 ~3! 0.054 ~7! 197.7 ~1! 0.051 ~5! 393.17-195.75 (E1) 0.092
198.23k ~8! 198.7 ~1! 0.020 ~5! 224.60-26.02

0.0176 ~18! 234.46-36.65 @E1# 0.091
205.12 ~11! 0.0019 ~7! 458.73-253.50
216.89 ~3! 0.33 ~3! 216.90 ~5! 0.27 ~6! 253.50-36.65 (E1) 0.0735
220.43 ~8! 0.0060 ~18! 320.04-99.61 (E1)h 0.0705
224.58 ~3! 0.108 ~12! 224.64 ~5! 0.081 ~7! 224.60-0 @E1# 0.0674
231.14 ~7! 0.0021 ~5! 231.3 ~2! 0.002 ~1! 748.85-517.51 (M1)h 1.41
238.64 ~8! 0.0010 ~3! 338.25-99.61 (M1)h 1.29
240.68 ~3! 0.0118 ~13! 240.8 ~1! 0.006 ~2! 279.19-38.54 @E1# 0.0572
243.11 ~5! 0.0027 ~5! 243.2 ~1! 0.0011 ~5! 393.17-150.04 @M1# 1.22
249.60 ~3! 0.0131 ~14! 249.5 ~2! 0.010 ~5! 288.14-38.54 (E2)h 0.263
253.45 ~3! 0.128 ~13! 253.54 ~5! 0.105 ~5! 253.50-0 @E1# 0.0507
256.0 ~2! 0.00032g ~10! 294.65-38.54 @E1# 0.0496
279.18 ~3! 0.032 ~3! 279.25 ~10! 0.016 ~2! 279.18-0 E1 0.0406
284.75 ~3! 0.0075 ~9! 284.8 ~1! 0.004 ~2! 393.17-108.37 @E1# 0.0388
298.32k ~5! 0.0020 ~3! 406.69-108.37 (M1,E2)h 0.4

551.80-253.50
317.23k ~18! 551.80-234.46

0.00042 ~21! 570.70-253.50 @M1# 0.588
321.77k ~4! 0.0032 ~5! 422.63-100.88 @E1# 0.0294

517.51-195.75
348.33 ~4! 0.0032 ~5! 348.5 ~1! 0.003 ~1! 348.33-0
354.54 ~6! 0.00128 ~23! 354.8 ~2! 0.0014 ~4! 393.17-38.54 @E1# 0.0237
362.38 ~3! 0.0062 ~7! 362.5 ~1! 0.006 ~2! 400.92-38.54 (E1)h

367.72 ~12! 0.00037f ~19! 367.72-0
374.98 ~5! 0.00019 ~3! 375.2 ~1! 0.003 ~1! 570.70-195.75 @E1#

388.07 ~7! 0.00121 ~23! 496.44-108.37
403.1 ~1! ,0.002 403.1~1! 0.0012 ~4! 637.57-234.46
405.95 ~3! 0.0079 ~9! 406.1 ~1! 0.007 ~2! 551.80-145.84 @E1#

417.90 ~3! 0.0057 ~7! 418.1 ~1! 0.005 ~1! 517.51-99.61
429.80 ~18! 0.00038 ~19! 852.06-393.17
434.81 ~5! 0.0032 ~5! 630.49-195.75
442.16 ~8! 0.0045 ~7! ~713.31-271.10!
443.43k ~10! '0.0001 481.97-38.54

0.0014 ~5! 551.80-108.37 @E2# 0.0500
446.31 ~10! 0.0006g ~3! 446.31-0
451.04 ~5! 0.0028 ~5! 551.80-100.88 @M1# 0.227
452.21 ~3! 0.118 ~13! 452.4 ~1! 0.100 ~8! 551.80-99.84 @M1# 0.225
458.79 ~8! 0.00045 ~11! 458.8 ~2! 0.005 ~2! 458.73-0
462.43 ~13! 0.00038 ~11! 462.4 ~4! 0.015 ~7! 570.70-108.37 @E1#

469.48 ~5! 0.0018g ~7! 469.5 ~3! 0.004 ~1! ~570.70-100.88!
480.84 ~3! 0.034 ~4! 481.05 ~5! 0.028 ~3! 517.51-36.65
491.42 ~10! 0.00039 ~12!

515.12 ~3! 0.0204 ~21! 515.40 ~5! 0.017 ~2! 551.80-36.54 @M1# 0.159
517.50 ~3! 0.0145 ~15! 517.78 ~5! 0.012 ~2! 517.51-0
522.14 ~4! 0.00205 ~24! 522.3 ~1! 0.014 ~4! 630.49-108.37
064306-3



el

ilar

d.

G. ARDISSON, J. GASPARRO, V. BARCI, AND R. K. SHELINE PHYSICAL REVIEW C62 064306
TABLE I. ~Continued!.

This work Previous worka Placement
Eg ~keV! I g ~%! Eg ~keV! I g ~%! Ei-Ef~level! Multipolarityb ac

525.77 ~3! 0.032 ~3! 526.09 ~5! 0.027 ~3! 551.80-26.02 @M1# 0.151
527.29 ~5! 0.0019 ~3!

529.59 ~3! 0.0070 ~8! 529.9 ~1! 0.006 ~3! 630.49-100.88
530.86 ~4! 0.0047 ~6! 531.3 ~1! 0.004 ~1! 630.49-99.61
532.11 ~9! 0.00073 ~19! 570.70-38.54 @E1#

551.78 ~3! 0.0039 ~5! 552.0 ~1! 0.004 ~1! 551.80-0 @M1# 0.133
564.31 ~11! '0.0001g 600.92-36.65
567.47 ~5! 0.00093 ~13! 713.31-145.84
570.68 ~3! 0.0041 ~5! 571.0 ~1! 0.004 ~1! 570.70-0 @E1#

590.41 ~5! 0.00084 ~14!

593.86 ~4! 0.0028 ~3! 594.2 ~1! 0.0015 ~7! 630.49-36.65
600.92k ~3! 0.0024 ~4! 601.1 ~1! 0.0031 ~9! 600.92-0

'0.006 637.57-36.65
603.09 ~4! 0.00170 ~21! 603.3 ~1! 0.002 ~1! 748.85-145.84
628.93 ~10! 0.00034 ~9! 779.19-150.04
645.87 ~13! 0.00022 ~7! 645.87-0
649.01 ~4! 0.00185 ~22! 649.2 ~1! 0.0012 ~4! 748.85-99.84
656.18 ~11! 0.00049 ~23! 852.03-195.75
657.88 ~5! 0.0014 ~3! 766.49-100.88
667.10 ~8! 0.0039 ~9! 766.49-99.84
675.51 ~18! 0.00013 ~6! 825.55-150.04
679.35k ~6! 0.00062 ~12! 679.7 ~1! 0.008 ~2! 679.35-0

779.19-99.61
697.54 ~13! 0.00024 ~9!

702.00 ~14! 0.00016 ~7! 852.06-145.84
747.0 ~1! ,0.002 747.0~1! 0.0011 ~4! 942.75-195.75
752.46 ~12! 0.00026 ~7! 852.06-99.61
754.04 ~13! 0.00023 ~7! 753.7 ~3! 0.0008 ~2! 779.19-26.02
767.6 ~4! 0.00034 ~9! 766.49-0
808.48 ~10! 0.0021 ~3! 808.48-0

aFrom Ref.@8#.
bMultipolarities and mixing ratios are from Refs.@3,4,23#. Multipolarities in square brackets are from lev
scheme.
cTheoretical values from Hager and Seltzer@24#, interpolated with the computer codeHSICC.
dNot seen in theg-ray spectrum, but required by coincidence mesurements or intensity balance.
eTotal (g1ce) intensity from theg-ray transition intensity balance at the relevant level.
fTransition observed withI g,0.03, but intensity calculated assuming identical strength for the two sim
(E2) interband transitions deexciting the 100.88-keV level@ I g1 /I g25(Eg1 /Eg2)5 or I (62.6)/I (74.82)
5(62.6/74.82)5].
gMultiple transition, spurious components were subtracted.
hFrom g-ray intensity balance, assuming the level scheme shown in Fig. 2.
iSeen in225Ac a decay, but intensity deduced from221Rn b decay.
jNormalizing transition. Intensity5 0.796~11!% is from Ref.@15#, but corrected for a 0.051~10!% component
from 221Fr→217At decay and a 0.054~6!% component from229Th→225Ra decay~see Sec. III!. These com-
ponents were subtracted.
kMultiply placed transition. Only the strongest transition is given, or the intensities are suitably divide
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length and 3 mm in diameter connected by means of a p
staltic pump to a 2 M HCl reservoir. The top of the column
was centered in front of a HPGe detector through a 5 mm
hole in a lead sheet 10 mm thick. To reduce background
source and the detector were set inside a 50-mm-thick
castle with a 5-mm-thick copper lining.
06430
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We used a 17% efficiency coaxial HPGe detector with
energy resolution@full width at half maximum ~FWHM!# of
1.9 keV at 1333 keV (60Co); low-energyg-ray spectra were
measured with a 2-cm2 HPGe planar detector with a resolu
tion ~FWHM! of 210 eV for the FeKa x line. These detec-
tors were calibrated for energy and intensity using multg
6-4
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FIG. 2. 225Ac a-decay
scheme. Energies values in ke
are rounded to two or fewer deci
mal digits; @ denotesg transi-
tions placed twice; dottedg rays
are uncertain. Multipolarities are
from Refs. @3,4,23#; those in pa-
rentheses are uncertain, and tho
in squared brackets have been d
duced from the level scheme
Transition intensities are total (g
1ce) per 100 decays of the par
ent nuclide. Alpha intensities are
from Refs. @21,14,22#; half-lives
are from Refs.@11,20#.
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standard sources such as152Eu, 207Bi, 133Ba, and137Cs; for
low-energy spectra241Am and 133Ba sources were used
Singleg-ray spectra were recorded on 8192-channel ana
ers.

The g-ray spectrum of225Ac was measured with the co
axial HPGe detector while continually eluting the daugh
products, mainly221Fr, 213Bi, and 209Tl. The elution rate
0.15 mL/min was chosen as a compromise to discard221Fr
(T1/254.9 min! faster than225Ac. Spectra were recorded ev
ery hour to check the efficiency of the purification by det
mining the intensity ratio from the main photopeaks of221Fr
~218 keV!, 213Bi ~440 keV!, 209Tl ~465 keV!, and 225Ac ~188
keV!.

In some experiments the225Ac source was counted with
lead and copper sheets~1 and 5 mm thick, respectively! in-
serted between source and detector in order to absorb
energyg rays, thus enhancing the count rate of high-ene
g rays. The 225Ac was eluted of the column after;14 h.
Here 225Ac was then completely desorbed using 10 M H
06430
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l

solution, taken to dryness, dissolved in 2M HCl, and
cycled to the top of the column.

III. RESULTS

The g-ray data were analyzed with the computer co
GAMANAL @13#. Figure 1 shows part of theg-ray spectrum of
a pure 225Ac a source, counted for 26 h. As a result
a-particle recoil and the short half-lives of the daugh
products, these remained implanted in the resin grains
the decontamination factors reached a limit of;10, ;13,
and ;2 for 213Bi, 209Tl, and 221Fr, respectively. Conse
quently we had an incomplete separation of the daug
radionuclides and therefore we had to carry out an anal
with a pure 221Fr source, whoseg-ray spectrum is also
shown in Fig. 1. The contributions of the daugther radion
clides were clearly identified and could be subtracted fr
the 225Ac g-ray spectrum using the data of Refs.@12,14#.

The normalization to absolute intensities per 100 dec
6-5
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FIG. 2. ~Continued!.
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FIG. 2. ~Continued!.
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of the parent was carefully done. The intensity of the 150
keV g transition is usually taken as in Ref.@9#; it was best
measured in the 1980s by Helmeret al. @15#, I g
50.796(11) per 100 decays, using a229Th source in equi-
librium with its daughters. We know now that there are we
contributions of 0.051~10!% @14# @recently reported also by
Sheline et al. @16#, 150.1~1! keV, 0.060~10!%# from a
150.14~10!-keV transition from 221Fr a decay and a
0.054~6!% @17# @see also Ref.@18#, 150.04~2! keV, ,0.06%#
from a 149.89~10!-keV transition from229Th a decay. The
best intensity of the 150.02~4!-keV transition after subtract
ing these contributions is therefore 0.691~16!%. A recent pa-
per by Chuminet al. @19#, who measured thea-particle
spectrum in coincidence with a gate at;150 keV in the
g-ray spectrum of a225Ac source, also supports our analys
They found threea groups at 5682, 5980, and 6610 keV
the ratios 870~20!/61~2!/1.0~1!, which certainly must be as
signed to 225Ac, 221Fr, and 221Ra. This measurement a
lowed an independent determination of the intensity of
150-keV transition from225Ac decay, i.e., 0.693~12!%, in
good agreement with our value. A further remark must
given: the values of Ref.@8# were inaccurately normalized b
Akovali @9# in Nuclear Data Sheets~off by a factor of 1.09!
using a value of 0.796% for the 150-keVg ray now define-
tively known to be a multiplet. The best normalization is o
by a factor of 0.926, the ratio of Helmer’s reference va
~11.57%! for the 218-keV transition in217At in transient
equilibrium, to the previous value of 12.5%, used instead
Goffi-Kouassi@8#.

Table I summarizes the results of the present work co
pared to those of the previous study of Goffi-Kouassi@8#,
cited in Nuclear Data Sheets@9#. Our results are in good
agreement with theirs. 40 out of the 120g rays reported here
are newly found, and were detected by use of the continu
elution process. Someg-ray lines previously reported in@6#
have been now assigned to221Fr a decay using an improved
measurement of itsg-ray spectrum with separated sourc
06430
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@14#. Furthermore, the 758.9-keVg-ray transition has been
assigned to the217At a decay now.

IV. 221Fr LEVEL SCHEME

The 221Fr level scheme was built primarily using the da
presented here, on the basis of Ritz’s combination princi
since there are no data from nuclear reactions leading
221Fr nuclear states.

To complete the level scheme and deduce intensity
ances at each level we have taken into account theg-g co-
incidence results reported in our previous papers@6–8#, the
a-g coincidence data@20#, the experimental singles
a-particle data@21,22#, the conversion-electron data@3,4#,
and theb-decay data@23#.

Calculations were carried out with the program packa
of the ENSDF~Evaluated Nuclear Structure Data Files! pro-
gram library provided by the NNDC~National Nuclear Data
Center, Brookhaven!. We used the codeGTOL, to deduce
level energies from a least-squares fit tog-ray energies;
HSICC, to interpolate theoretical conversion coefficients@24#
for various g-ray energies, andALPHAD, to calculate
a-particle hindrance factors.

The 221Fr level scheme proposed here is shown in Fig.
The spins and parities of the levels were assigned assum
E1, M1, andE2 multipolarities for the observedg-ray tran-
sitions. Definite assignments could not be given for ma
levels, for which we are giving our ‘‘best’’ assignmen
based on theoretical arguments reported below~Sec. V!.
Theoretical calculations have allowed a consistent interp
tation of the level scheme, but some experimental data n
further discussion because of remaining discrepancies, e
cially with the b-decay data of Ref.@23#.

Vylov et al. @23# assigned anM11E2 multipolarity to
the 74.82-keV transition, between the 100.8- and the 26
keV levels, from a measuredL-conversion coefficient of
;10 @ I e2(SL)/I g5;1.5/;0.15, where the theoretical coe
6-7
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ficients @24# are aL(M1)55.2, aL(E2)525.7] instead of
E2, as we have assumed. From our measured value
I g(73.48)/I g(64.28)50.28(7) andI g(64.28)50.26(2) from
Ref. @23#, however, one obtainsa(L)5;1.5/0.072(18)
5;21. This result suggsets a pureE2 multipolarity for the
73.48-keVg ray, consistent withI p51/22 for the 26-keV
level. Moreover, this assignment is in better agreement w
the higha-hindrance factor of;1100 to the 26-keV level;
since the parent configuration hasK53/2, the favored
a-particle transitions should involve states with an app
ciable contribution of this configuration, and mixing is n
possible for spinI 51/2.

Values of logf t ’s, incompatible with our spin assign
ments, for theb transitions to the 99.61- and 99.84-ke
levels ~7.5 and 7.1, respectively! in the 221Rn decay were
proposed by Vylovet al. @23#. If the intensities of the tran-
sitions deexciting these two levels were calculated using
g-ray intensities and assuming a different decomposition
the multiplets at;63 keV and at;100 keV, theirb feed-
ings would be strongly reduced. The logf t value of the tran-
sition to the 99.61-keV level would increase up to 8.5,
better agreement with a possible first-forbidden uniqueb
transition (logf 1ut'9.0). For the 99.84-keV level a possib
explanation is a missing transition: a 50.2-keV transitio
150.0→99.8, probablyE2, highly converted@theoretical
a(E2)5241 @24##, was suggested by Pe´ghaire@20# from a-
g coincidence measurements, withI total5;0.1 @;0.15
from intensity imbalance at the level, to account for the e
perimentala and (g1ce) feedings#. Its conversion electrons
may be masked by strong lines from other transitionsL
lines byM lines from the 36.6-keV transition andM lines by
L lines from the 64.28-keV transition!. The resultingb feed-
ing may be negligible.

Finally, a weak 96.15-keV transition, 195.75→99.61, was
not observed in theg-ray spectrum, and is probably strong
masked byKb3 Fr x rays. We assumed anE2 character for
this g ray instead ofM11E2 as suggested by Dzhelepo
et al. @3,4# from the observation ofL-conversion lines. A
new conversion electron measurement would be helpfu
clarify the matter.

The a intensities were calculated from the total (g1ce)
intensity imbalances at each level~Table II!. They have been
found in reasonable agreement with measured va
@21,22#. Owing to the ambiguity of the multipolarity assign
ments, the deduceda feedings of low-energy levels hav
larger uncertainties. Hindrance factors were calculated u
Preston’s@25# spin-independent equations~codeALPHAD!.

We discuss here only properties of levels for which ma
changes have been made to the existing decay scheme
the levels previously known only froma-particle data have
been also identified here by theirg rays. Level assignment
have been based on the existence ofg-ray transitions fitting
the experimentala-particle energies and intensities. Ne
levels at 766.5 keV~deexcited by threeg-ray transitions! and
at 852.5 keV~deexcited by fourg-ray transitions! have been
proposed here; their correspondinga-particle branches are
very weak and may have not been detected.

The 271.1-keV level, populated by ana-particle group
06430
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TABLE II. Experimental a-particle abundances compared
values deduced fromg-ray transition intensity balances.

Elevel
a Alpha-particle abundances Hindrance

~keV! This workb Previous worksc factors

0.0 50 ~4! 50.7 ~15! 9.0
26.016 ~23! 0.3 ~21! 0.3 '1100
36.647 ~14! 19 ~4! 18.1 ~20! 16
38.534 ~17! 6.0 ~15! 8.6 ~9! 49
99.609 ~16! 11.5 ~12! 8.0 ~1! 13
99.84 ~3! 0.33 ~13! 1.32 ~10! 440

100.878 ~14! 1.0 ~4! 0.87 ~23! 140
108.371 ~15! 3.1 ~5! 3.1 ~5! 43
145.836 ~24! 0.127 ~14! 670
150.038 ~21! 1.30 ~11! 1.3 ~2! 63
195.751 ~15! 4.7 ~4! 4.4 ~3! 10
224.602 ~19! 1.07 ~8! 1.1 ~1! 32
234.464 ~24! 0.052 ~8! 0.04 580
253.502 ~15! 1.04 ~6! 1.2 ~1! 23
271.10 ~8! 0.022 ~7! 0.034 890
279.192 ~19! 0.092 ~11! 0.1 190
288.14 ~3! 0.044 ~12! 0.03 ~1! 360
294.68 ~4! 0.0237 ~24! 0.015 620
311.39 ~8! 0.013 ~6! 0.007 ~3! 920
320.04 ~9! 0.0064 ~20! '0.005 1700
338.25 ~9! 0.0023 ~7! <0.003 3800
348.33 ~4! 0.0032 ~5! 0.020 ~7! 2400
367.72 ~12! 0.00037 ~19! <0.001 16000
393.170 ~22! 0.074 ~8! 0.14 ~1! 59
400.92 ~4! 0.0081 ~13! 0.07 ~2! 490
406.69 ~6! 0.0028 ~8! <0.003 1300
422.63 ~5! 0.0032 ~6! 0.0020 ~5! 950
446.31 ~10! 0.0006 ~3! 0.0010 ~5! 3800
458.73 ~7! 0.0023 ~7! <0.001 840
481.97 ~11! <0.001 <0.001 .1400
496.44 ~8! 0.00121 ~23! <0.001 990
517.513 ~18! 0.049 ~5! 0.07 ~1! 19
551.798 ~17! 0.222 ~17! 0.23 ~1! 2.6
570.695 ~25! 0.0078 ~8! 0.014 ~5! 59
600.92 ~3! 0.0025 ~4! 0.0030 ~8! 120
630.495 ~20! 0.0198 ~12! 0.030 ~3! 11
637.57 ~4! 0.0020 ~4! 0.0020 ~5! 95
645.87 ~13! 0.00022 ~7! <0.002 770
679.35 ~6! 0.00062 ~12! 0.0020 ~8! 170
713.31 ~6! 0.00093 ~13! 0.0020 ~8! 73
748.85 ~4! 0.0086 ~13! 0.006 ~1! 4.8
766.49 ~13! 0.0056 ~10! 5.8
779.19 ~6! 0.00034 ~9! 0.003 ~1! 81
808.48 ~10! 0.0021 ~3! <0.001 8.7
825.55 ~19! 0.00013 ~7! <0.001 110
852.06 ~7! 0.0013 ~4! 7.8
942.75 ~11! 0.0013 ~5! 0.0020 ~5! 2.0

aFitted tog-ray transition energies with the computer codeGTOL.
bFrom g-ray transition intensity balance.
cFrom Ref. @9#: weighted average of measureda-particle abun-
dances from Refs.@21,22#.
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FIG. 3. 221Fr energy levels from Fig. 2, dis
played as parity doublet bands. The quadrupo
octupole configurations given here betwe
brackets above and below the appropriate sets
parity doublet bands are from Fig. 4.
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with Ea55563 keV, I a50.034%, and deexcited by
121.06-keVg-ray transition (I g50.017), has been propose
here. This level replaces the 273.5-keV level that was ba
on a 273.5-keV transition, not observed in our spectrum.

Other possible levels at 311.4, 320.0, and 338.3 keV h
been proposed here with deexciting transitions of 161
keV (I g50.0036), 220.43 keV (I g50.0060), and 238.64
keV (I g50.0010), respectively, and populated bya-particle
groups of 5525 keV (I a50.007%), 5517 keV (I a
'0.005%), and 5497 keV (I a,0.003%).

The 348.8-keV level has been confirmed, with a deex
ing g-ray transition@ I g50.0032(5)# to the ground state an
populated by an a-particle group of 5489 keV@ I a
50.0020(7)%#.

The deexcitation of the 393.2-keV level partially di
agrees with previous measurements. The energy of
169.18-keVg-ray transition was measured with greater a
curacy and consequently could not be placed from this le
Low-intensity transitions~98.8, 105.0, 114.0, and 139.6 keV!
suggested by Pe´ghaire@20# from a-g coincidences were no
observed here, possibly because they were under our d
tion limit. Someg-ray intensity may be missing because t
experimental intensity imbalance is 0.074~8!%, whereas the
measureda-particle feeding is 0.14~1!%.

Finally we have proposed some tentative deexcitingg-ray
transitions for the 367.7, 406.7, 422.6, 446.3, 458.7, 48
496.4, 645.9, 713.3, 808.5, and 825.1-keV levels, previou
known froma-particle singles spectra.

V. DISCUSSION AND COMPARISON WITH THEORY

In Fig. 3 the levels of221Fr from Fig. 2 are organized s
as to emphasize the existence of parity doublet bands
originally suggested in Refs.@10,11#. Here the band and par
ity doublet structures are carried somewhat further. This
proach in turn suggests that the nuclear structure we are d
ing with in 221Fr involves quadrupole-octupole deformatio
either static or dynamic.

For a static octupole deformation the coupling betwe
collective octupole modes and single quasiparticle degree
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freedom has been assumed to be strong. The resulting a
age nuclear field acquires a stable reflection asymmetric
formation, often referred to as strong coupling, by introdu
ing a priori a given deformed field with stable octupo
deformation. In the example presented here a folded Yuka
field @1# has been used. The resulting level diagram for sin
proton orbitals is shown in Fig. 4. It has been calculated
an axially symmetric reflection asymmetric folded Yukaw

FIG. 4. Energies of single proton orbitals in an axially symm
ric but reflection asymmetric folded Yukawa potential withe3 5
0.08 plotted against the quadrupole deformation (e2). The orbitals
are labeled byV and, in parentheses, by a set of single-parti
matrix elements~see text!. Proton numbers are shown in circles.
6-9
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potential with an octupole deformation ofe350.08, and plot-
ted against a quadrupole deformatione2. The orbitals in Fig.
4 are labeled byV and, in parentheses, by the single parti
matrix elements ^ŝz&, ^p̂&, and for K51/2 bands by

^p̂con ju2 ̂1uR̂con j&.
The levels in Fig. 3 have been interpreted in terms

Kp51/26, Kp53/26, Kp55/26, andKp53/26 parity dou-
blet bands with a known quadrupole deformatione250.12
@10#. This interpretation follows directly from the level struc
ture of Fig. 4. The ground state of221Fr ~with 87 protons! is
expected~Fig. 4! to be the observed parity doubletKp

51/26 arising from the configuration 1/2(20.1,20.5,2).
Figure 4 suggests that the hole configuration 3/2~0.1,0! gives
rise to Kp53/26 parity doublet bands almost degenera
with the ground state. Considerably above these config
tions, the mixed 5/2~0,20.2! configurations and the
3/2~0,20.3! configuration are both expected to give rise
Kp55/26 and 3/26 parity doublet bands. Thus, not only th
presence ofKp51/26, 3/26, 5/26, and 3/26 parity doublet
bands, but also their energy ordering is being predicted
our calculations~Fig. 4!. TheKp51/26 parity doublet bands
in 221Fr have large decoupling parameters of 4.3 and22.6,
similar in absolute magnitude but opposite in sign, as
pected for a reflection asymmetric nucleus. Thus the str
coupling model@1# gives a very satisfactory description o
the levels in221Fr.

In the alternative model, often described in the literatu
as intermediate coupling, or in the quasiparticle plus pho
model, it is possible to obtain a more quantitative compa
son between experiment and theory. In this model a stan
reflection asymmetric form is assumed for the avera
nuclear field and the coupling between the octupole and q
siparticle modes is treated as a residual interaction. T
there is no octupole deformation, but the effect of very-lo
lying octupole vibrations in the neighboring even-even n
clei induces large octupole phonon admixtures in the lo
lying states of odd-A nuclei.

In Fig. 5 the experimental level structure of Fig. 3 is co
pared with the theoretical levels of221Fr calculated in Ref.
@26#. Details of the calculation and a table of the calcula
structural configurations of the intrinsic states are given
Ref. @26#. In general, the agreement is satisfactory, parti
larly with the anomalous structures of theKp51/26 bands,
which are well reproduced. The experimental values of
and 22.6 for the decoupling parameters may be compa
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with theoretical estimates of 3.5 and22.3 for the Kp

51/22 andKp51/21 bands, respectively.

VI. CONCLUSIONS

The level structure of221Fr has been extended by a rei
vestigation of theg rays following thea decay of225Ac and
using a continuous chemical elution process which allowe
more completeg-ray spectrum to be observed. The resulti
221Fr level structure has been interpreted in terms of a se
of parity doublet bands which follow directly from a stron
coupling model that involves stable octupole deformatio
An intermediate coupling model~the quasiparticle plus pho
non model! also produced results which agreed remarka
well with experimental level energies.
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FIG. 5. Band structure in the reflection asymmetric nucle
221Fr. The experimental energies are shown on the left of each
connected by a dotted line to the theoretical levels on the right.
theoretical level energies were calculated using the intermed
coupling of the appropriate reflection symmetric quasiparticles
octupole degrees of freedom. Major configurations are given un
each band.
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