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Shell model level structure of 216Fr
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Sources of220Ac in secular equilibrium with221Pa were produced using the reaction209Bi( 18O,3n) 224Pa.
The alpha decay of220Ac and coincident gamma and electron spectra were used to study the level structure of
216Fr. The levels in216Fr can be interpreted in terms of thep(h9/2) 9/2

5 n(g9/2) 9/2
3 , p(h9/2) 0

4( f 7/2)7/2n(g9/2) 9/2
3 ,

andp(h9/2)9/2
5 n(g9/2)0

2( i 11/2)11/2 shell model configurations. The alpha decay hindrance factors of the ground
state to ground state transitions in the sequence224Pa→220Ac→216Fr→212At suggest the collapse of
quadrupole-octupole Nilsson orbitals into the more degenerate shell model orbitals. The sequence of hindrance
factors in this odd chain are mirrored in the corresponding odd proton and odd neutron sequences beginning
with 223Pa and223Th, respectively.@S0556-2813~97!06003-2#

PACS number~s!: 21.60.Cs, 23.60.1e, 27.80.1w
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I. INTRODUCTION

Recently, evidence for the onset of reflection asymme
in 216Fr was obtained using the reactio
208Pb(11B, 3n)216Fr @1#. A band structure with interleave
positive and negative parity states connected by enhan
B(E1) transitions was observed.

Since this evidence of reflection asymmetry just eight p
ticles beyond the double closed shell in208Pb is quite in-
triguing, the level structure of216Fr deserves further study
We note that the heavy ion spectroscopy populates only h
spin states in216Fr @1# with the lowest state populated po
tulated to be the 92 state with presumably considerab
p(h9/2) 9/2

5 n(g9/2)9/2
3 character. Furthermore, it has been a

sumed@2# that the alpha decay of the216Fr ground state
which populates the 12 ground state of212At with hindrance
factor ~HF! 2.5 must also have spin-parity 12. Thus the pos-
tulated 92 state, which is not observed to alpha dec
should ultimately be connected with the216Fr ground state
through a series of low-energy highly converted transitio

It therefore would be of considerable interest to see if
can find the connection between the high spin states and
known low spin states. Even more important is to determ
whether the band structure with evidence of reflection as
metry is also observed in the low lying low spin states.

Fortunately, the nucleus220Ac alpha decays with;100%
probability to energetically low lying states with presumab
relatively low spins including the ground state in216Fr @3#.
Since gamma transitions between the states have not
observed, only the 12 ground state spin has previously be
proposed.

224Pa, a 0.76s alpha emitter~redetermined in this study! is
a convenient parent of220Ac (t1/2526.1 ms!.

The alpha and coincident gamma decays of220Ac would
thus appear to be an excellent way to study216Fr. However,
550556-2813/97/55~3!/1162~7!/$10.00
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in view of the short half-life of220Ac ~26.1 ms!, an ideal way
to study 220Ac is in secular equilibrium with224Pa.

It should however be noted that the alpha decay
220Ac can be expected to populate only a limited range
excitation and spin in216Fr. Given this fact the combined
octupole shell model structure of the alpha decaying gro
state of 220Ac would emphasize the shell model states
216Fr in contrast to the collective states previously stud
@1#.

II. EXPERIMENTAL METHODS AND RESULTS

Sources of224Pa with 220Ac in secular equilibrium were
produced using the reaction209Bi( 18O,3n). Self-supporting
1.5 mg/cm2 209Bi targets were bombarded with a 96 Me
18O beam and a current of;0.6 mA using the Grenoble
SARA accelerator. A He-jet system transported the activ
to a tape transport which in turn positioned the activity
front of two different experimental set ups.

In one arrangement the tape moved the activity betw
alpha and gamma planar Ge detectors in 180° close ge
etry. The alpha detector had a full width at half maximu
resolution of 17 keV, while the resolution of the gamm
detector was;600 eV at 100 keV. Singles alpha and singl
gamma spectra and alpha-gamma coincidence measurem
were simultaneously recorded.

In the other arrangement the224Pa activity was moved
into the uniform field of a magnetic selector which deflect
the electrons onto a cooled 6 mm thick Si~Li ! detector, 700
mm2 in area with a resolution of 2 keV. Two additional coa
Ge gamma and alpha detectors were available for coi
dence measurements. Singles alpha and electron spectr
alpha-electron, alpha-gamma, and electron-gamma co
dence measurements were recorded simultaneously. Ap
priate to the 0.8s half-life of 224Pa, collection measuremen
cycles of 2s were used.
1162 © 1997 The American Physical Society
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55 1163SHELL MODEL LEVEL STRUCTURE OF216Fr
The alpha spectra in coincidence with all gamma rays
shown in Figs. 1~a! and 1~b!. 224Pa alphas are bracketed. Th
alphas of220Ac leading to states in216Fr, together with im-
purities of 212At and 219Ra, are also bracketed, with ind
vidual alphas of220Ac labeled with their energies in keV
Figure 1~a! shows the alpha spectrum with smaller so
angle ~V/4p!53% and therefore fewer counts but bett
resolution. Figure 1~b! shows the same alpha spectrum w
V/4p 5 25% and poorer resolution. The larger solid ang
leads to a larger alpha-electron sum continuum as indic
in Fig. 1~b! which is largely responsible for the poorer res
lution.

The gamma ray spectrum in coincidence with the alp
spectrum region labeled220Ac 1(212At, 219Ra! in Figs. 1~a!
and 1~b! is presented in Fig. 2 in four sections~a, b, c, d!.
Individual gamma rays of216Fr are labeled in keV and sum
lines resulting from the accidental coincidences of the 1
keV gamma and Fr K x rays are labeled with an asteris
Francium x rays,208Bi, and 215Rn gamma ray impurities ar
also labeled.

The conversion electron spectrum in coincidence with
alpha spectrum labeled220Ac1(212At, 219Ra! in Fig. 1~a!
and 1~b! is shown in Fig. 3. Individual electron peaks a
labeled by the energies in keV together with th
K, L, M , andN assignments.

One of the most powerful methods of developing the le
scheme of216Fr is shown in Figs. 4 and 5. Figure 4 repr

FIG. 1. The alpha spectra in coincidence with all gamma r
from a 224Pa source. Alphas from224Pa and from220Ac ~with
212At and 219Ra impurities! are bracketed. Energies of the220Ac
alphas leading to states in216Fr are labeled with their energies i
keV. Figure 1~a! utilizesV/4p 5 3% while Fig. 1~b! hasV/4p 5
25%. See text for more detail.
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sents a sequence of gamma spectra@Figs. 4~a!–4~c!# in co-
incidence with groups of220Ac alpha lines in which the al-
pha energies are systematically lowered. This implies that
are moving in the sequence to increasing excitation ener

s

FIG. 2. The gamma spectrum of216Fr in coincidence with all
220Ac alphas in Fig. 1~b! in four sections. Gamma ray energies a
given in keV and x rays indicated.
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1164 55R. K. SHELINE, C. F. LIANG, P. PARIS, AND A. GIZON
in the 216Fr level scheme. The gamma spectrum labeled~a!
in Fig. 4 corresponds to gammas in coincidence with 80
and 8055 keV alphas which populate the 133.3 and 14
keV levels; that labeled~b!, the 7850 and 7855 keV alpha
which populate the 344.2 and 349.2 keV levels; and t
labeled~c!, the 7792 keV alpha which populates the 409
keV level. In a similar way Fig. 5 shows the gamma sp
trum in coincidence with alphas from 7622 to 7709 ke
which populate the 6 levels, 493.4, 532.0, 539.3, 550
568.7, and 581.4 keV. The energies in keV of the gam
transitions, x-ray transitions, and in some cases~Fig. 5! im-
purities are indicated in Figs. 4 and 5. In this way we mo
consistently up the level scheme, watching gammas grow
and then decay out with decreasing alpha energy. One a
matically places the levels, the transitions which depopu
them, and, by using the conversion electron spectra of Fig
often determines the multipolarities of the transitions.

Table I lists all gamma rays directly observed, togeth
with their energies, intensities, and multipolarities if det
mined in these experiments. In addition, Table I indicates
assignment of the observed transitions in the level schem

III. THE LEVEL SCHEME OF 216FR

Using the results of Figs. 1–5 and Table I, the lev
scheme of216Fr is proposed in Fig. 6. All levels except th
247.8 keV level, shown dashed in Fig. 6, have been es
lished. 87% of the observed gamma ray intensity a
.99.7% of the220Ac alpha decay has been assigned in
level structure. Vertical arrows show the assigned gam
rays together with their energies and multipolarities wh
they are available. To the extreme right the energies, in
sities, and corresponding hindrance factors~HF’s! of the al-
pha particles are given.

The spin-parity assignments of the two lowest lev
~ground state and 133.3 keV! previously assigned@4# are
confirmed in the present experiment. The~5! 2 assignment of
the 191.2 keV state is based on the 57.9 keVE2 transition to
the 32 state at 133.3 keV. This transition implies a 52 or
12 assignment. However, since it does not decay to the2

ground state with much greater transition energy, the~5! 2

FIG. 3. Conversion electron spectrum of216Fr in coincidence
with the 220Ac alphas of Fig. 1. Electron peaks are labeled by th
energies in keV and K, L, M, and N assignments indicated.
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FIG. 4. Gamma ray spectra of216Fr in coincidence with various
220Ac alpha groups;~a! with 8055–8063 keV alphas;~b! with
7850–7855 keV alphas;~c! with 7792 keV alpha. Gamma ray en
ergies are labeled in keV.

FIG. 5. Gamma ray spectrum of216Fr in coincidence with 7622
to 7709 keV alphas of220Ac in two sections with gammas labele
in keV.
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TABLE I. Gamma ray transitions in216Fr following alpha decay of220Ac.

Eg(DEg) UCRL 20426~71! I g / 1000a Multi- Transition Multipolarities
polarities deduction

Present Eg Experimental Values
work

34.9 ~0.3! ;2 226.1→ 191.2
37.4 ~0.3! ;2 249.3→ 211.9
42.5 ~0.2! ;3 ~254.4→ 211.9!
53.6 ~0.2! 54 ;3 344.2→ 290.4
57.9 ~0.1! 60 6.662.0 E2 191.2→ 133.3 aL550620
64.3 ~0.1! 64 1863 290.4→ 226.1
78.6 ~0.2! 75 562 211.4→ 133.3
92.8 ~0.1! 3765 M1 226.1→ 133.3 aL52.360.5
94.8 ~0.1! 2564 344.2→ 249.3
112.7~0.3! 113 5.762.0
118.2~0.2! 119 13.563.5 (M1) 344.2→ 226.1 aK.3
121.0~0.2! 8.061.4 254.4→ 133.3
123.3~0.3! 124 5.561.4 532.0→ 409.3
127.1~0.4! ;3
130.4~0.4! ;4 539.3→ 409.3
133.3~0.1! 134 8267 E2 133.3→ 0 ~K/L! ,0.2,L2/L352.060.5
137.3~0.2! 15.063.0 349.2→ 211.9
141.6~0.2! 142 13.263.0 M1 141.6→ 0 (Xk/g)5461
149.0~0.3! 149 9.562.8 493.4→ 344.2
151.5~0.4! 7.062.5
153.1~0.2! 154 18.263.5 344.2→ 191.2
160.0~0.1! 161 32.765.0 M1 409.3→ 249.3 (K/L)5561
169.2~0.3! 4.361.1
172.2~0.3! 171 5.061.3 581.4→ 409.3
179.3~0.4! 3.861.3
182.8~0.3! 5.461.6 532.0→ 349.2
187.8~0.2! 188 14.463.0 532.0→ 344.2
197.3~0.5! 199 ;3
203.6~0.5! ;3 493.4→ 290.4
206.7~0.2! 208 12.063.0 550.7→ 344.2
214.8~0.3! 216 5.161.6
221.3~0.3! 6.261.8
238.8~0.3! 240 10.562.8
243.7~0.2! 245 18.064.0 M1 493.4→ 249.3 aK51.160.5
247.8~0.4! 4.761.4
254.4~0.5! 256 5.461.7 254.4→ 0
260.8~0.5! 5.061.7
263.6~0.4! 6.262.0
265.4~0.4! 9.063.0
267.8~0.3! 268 18.064.0 M1 493.4→ 226.1 aK51.260.5
296.4~0.3! 298 20.365.0 M1 550.7→ 254.4 aK50.860.4
301.4~0.3! 303 13.064.2 550.7→ 249.3
305.6~0.4! 307 10.263.8 532.0→ 226.1
312.9~0.4! 314 14.264.0 (M1) 539.3→ 226.1 aK;0.7
327.0~0.6! ;4 581.4→ 254.4
342.7~0.3! 344 34.565.0 M1 568.7→ 226.1 aK50.560.2
378.0~1.0! ;2 568.7→ 191.2
390.2~0.5! 392 6.662.5 581.4→ 191.2
448.4~1.0! ;2 581.4→ 133.3
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FIG. 6. Energy level scheme of216Fr resulting from the present study of the220Ac alpha decay. Alpha energies, intensities, and hindra
factors~HF’s! populating levels in216Fr are shown to the right. Gamma rays are shown as vertical lines together with their energies
and multipolarities when known. The resulting level energies, spins, parities, and configurations are given to the left.
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spin parity is assigned. The~4! 2 assignment of the 226.1
keV state is based on the 92.8 keVM1 transition to the
32 state at 133.3 keV and the 34.9 keV transition to
~5! 2 state at 191.2 keV. TheJ5(2) assignment of the 254.
keV state is based on the transition to the 32 133.3 keV state
and the 12 ground state. The only other state populated
alpha decay with intermediate HF’s is the state at 141.6 k
It is tentatively assigned~0! 2 on the basis of the depopula
ing 141.6M1 transition and the fact that there is no eviden
for a transition to the~0! 2 state from higher lying states. I
a similar way 13 additional states from 211.9 to 581.4 k
are given tentative assignments. In a number of cases
parities of these states can be definitely assigned as neg
because of the observed multipolarities of transitions
populating them. However, the spins are very tentative in
cases. All tentative assignments are internally consist
However, the state at 581.4 keV requires a quadrupole t
sition for the 390.2 keV transition populating the~5! 2 state
at 191.2 keV.

One facet of the spin-parity assignments which prov
helpful was the consideration of HF’s. It should be noted t
for 216Fr they divide into three groupings which are qu
separated from each other. The first is from 22 to 170,
second from 530 to 2300, and the third> 3000. A similar
grouping of the HF’s proved useful in our understanding
both 215At and 217At @5,6#. In all three cases it appears to b
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closely related to the predominant configurations. This po
will be further discussed below.

The rationale for the level scheme is presented in Fig. 6
must be noted, however, that although no other spin-pa
sequence is as satisfactory, either experimentally or theo
cally as that of Fig. 6, the spins, but not the parities listed
parentheses or with multiple entries are uncertain. Howe
it should be clearly understood that the level structure incl
ing the transitions between states has been established
the possible exception of the tentative level at 247.8 ke
Assuming the correctness of Fig. 6, a number of interes
features of this level scheme are presented in the discus
which follows.

IV. DISCUSSION

A. Shell-model configurations in 216Fr

We expect to see evidence of theh9/2g9/2, f 7/2g9/2, and
h9/2i 11/2 shell-model states in that order in216Fr. This as-
sumption is based on the level ordering in209Bi and the
theoretical shell model as well as the levels in215At and
217At @5,6# for the protons, and209Pb and the shell mode
for the neutrons. These are the groups of states begin
at the ground state, the 211.9 keV state and the 34
keV state in Fig. 6. The complete configuratio
are p(h9/2) 9/2

5 n(g9/2) 9/2
3 , p(h9/2) 0

4( f 7/2) 7/2n(g9/2)9/2
3 , and

p(h9/2) 9/2
5 n(g9/2) 0

2( i 11/2) 11/2.
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FIG. 7. A diagram comparing the alpha decay chains of223Pa→211At, 223Th→211Po, and224Pa→212At. The numbers associated wit
arrows are hindrance factors~HF’s!. Only part of the alpha decays are shown. Shell model parentages are also given. The pa
224Pa decays mirrors that of the223Pa decays as expected. See text.
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The best evidence for these configurational assignm
comes from HF’s observed in the alpha decay of the 32 state
in 220Ac @7#. The states of the three configurations are po
lated in alpha decay with hindrance factors which can
collected into three quite separate groupings. More spe
cally, the six observed members of theh9/2g9/2 configuration
have HF’s from 800–2300, the four observed members
the f 7/2g9/2 configuration all have HF’s.3000, while the
nine observed members of theh9/2i 11/2 configuration have
HF’s from 22–170. While the 32 ground state of the alph
decaying220Ac parent has an octupole deformed configu
tion assignment, its shell model parentage ish9/2i 11/2. Thus
the alpha population of the six members of the ground s
configuration is hindered by an 11/21 → 9/21 transition. In
the same way the four members of thef 7/2g 9/2 configuration
are much more hindered since both the neutron and the
ton are simultaneously required to change configuration.
alpha decay is observed to any of these states and HF li
.3000 are assigned. The nine states comprising
h9/2i 11/2 configuration are allowed in alpha decay with by f
the lowest HF’s. Nonetheless it is important to note th
these nine states all have spins from two to five. We o
expect four such states from the lowest energy part of
h9/2i 11/2 configuration. Thus we must expect that other sta
share some of theh9/2i 11/2 configuration through mixing.

Finally, it is worthwhile mentioning again the coexisten
of shell model and collective phenomena which has b
pointed out in the extensive study of the isotone218Ac @8#.

B. Comparison of the alpha decays of the223Pa, 223Th,
and 224Pa families

The three alpha decay chains of223Pa, 223Th, and224Pa to
211At, 211Po, and212At, respectively, are shown in Fig. 7
Each of these chains spans the region from the quadrup
octupole reflection asymmetric region to the shell model
ts

-
e
fi-

f

-

te

o-
o
its
e

t
y
e
s

n

le-
-

flection symmetric region. The ground state to ground st
alpha decay HF’s decrease as we go to lower mass num
in each of the families~although in the case of224Pa we have
only a lower limit on the HF!. This systematics occurs be
cause of the collapse of the quadrupole-octupole Nilsson
bitals into the more degenerate shell model orbitals.

An even more interesting aspect of Fig. 7 results wh
one looks at shell model parentage of each of the familie
alpha decays. Thus for example, the shell model parentag
the ground states of the odd proton nuclei223Pa, 219Ac,
215Fr, and 211At are all h9/2. As a result the HF’s between
these ground states remain small. On the other hand,
shell model parentage of the ground states of the odd neu
nuclei, 223Th, 219Ra, 215Rn, and211Po switches fromg9/2 to
i 11/2 and back tog9/2 for the last 2 members of the family in
Fig. 7. As a result the HF’s between the ground states of
first two alpha decays of the223Th family are quite large
whereas small HF’s are observed to a group of excited st
which have the same shell model parentage as the pa
ground states. When the odd proton and odd neutron fam
are combined into the odd-odd family of224Pa as indicated
at the bottom of Fig. 7, the HF’s are what one would expe
The h9/2 partial configuration is present in all the configur
tions and therefore does not influence the systematics
HF’s. However, the odd neutron partial configurations swi
character fromg9/2 to i 11/2 and back tog9/2 just as in the case
of the 223Th and result in an approximately mirror systema
ics.

V. CONCLUSIONS

The level structure of216Fr has been studied following th
alpha decay of220Ac. Eighteen definite levels and one te
tative, level are assigned definite, tentative, or multip
spin values. In twelve cases definite negative parity val
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can also be assigned. Alpha decay HF’s can be grou
into three sets of values of 800–2300,.3000, and 22–170
which correspond to the population of the configuratio
p(h9/2) 9/2

5 n(g9/2) 9/2
3 p(h9/2) 0

4( f 7/2) 7/2n(g9/2) 9/2,
3 and

p(h9/2) 9/2
5 n(g9/2) 0

2( i 11/2) 11/2.
The alpha decay~ground state to ground state! HF sys-

tematics of the224Pa family to 212At can be explained as
suming the quadrupole-octupole Nilsson orbitals colla
into the more degenerate shell model orbitals.

Comparison of the alpha decay HF systematics of
223Pa, 223Th, and 224Pa families show an amazing paralle
.
E

ed

s

e

e

ism. This suggests that the odd-odd family of nuclei fro
224Pa to212At may be thought of as a combination of the od
proton family of nuclei from 223Pa to 211At and the odd
neutron family of nuclei from223Th to 211Po.

It should also be noted that there is no evidence in
level structure for reflection asymmetry in the low lying lo
spin states of216Fr.
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