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Sources 0of??°Ac in secular equilibrium with??Pa were produced using the reactithiBi(*80,3n) 2?%Pa.
The alpha decay of??Ac and coincident gamma and electron spectra were used to study the level structure of
218, The levels in?*%r can be interpreted in terms of the(hgy) 5,,7(de2) 52, 7T(Nai2) 6(F772) 7120(Ter) 51
and w(hg,z)g,zv(gg,z)é(i11,2)11,2 shell model configurations. The alpha decay hindrance factors of the ground
state to ground state transitions in the sequeft®a—22°Ac—21%Fr—212At suggest the collapse of
qguadrupole-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 2?%Pa and®?°Th, respectively[S0556-28187)06003-1

PACS numbsgs): 21.60.Cs, 23.66-e, 27.80+w

I. INTRODUCTION in view of the short half-life 0?2’°Ac (26.1 m3, an ideal way
Recently, evidence for the onset of reflection asymmetr fo study**Ac is in secular equilibrium with*®Pa.
Y, y Y it should however be noted that the alpha decay of

in “%r was obtained using the reaction 220pc can be expected to populate only a limited range of
“%Pb("'B, 3n)*"Fr [1]. A band structure with interleaved o citation and s;F))in in216Fr.pG?ven this f);Ct the combir?ed
positive and negative parity states connected by enhancegynole shell model structure of the alpha decaying ground
B(E1) transitions was observed. _ _ state of 22’Ac would emphasize the shell model states in
Since this evidence of reflection asymmetry just eight par216r jn contrast to the collective states previously studied
ticles beyond the double closed shell #Pb is quite in- 1],
triguing, the level structure of'®Fr deserves further study.
We note that the heavy ion spectroscopy populates only high
spin states ir?*%r [1] with the lowest state populated pos-
tulated to be the 9 state with presumably considerable  Sources of??Pa with 22°Ac in secular equilibrium were
m(hey) 32¥(9ein) 5, Character. Furthermore, it has been as-produced using the reactiof?*Bi(*%0,3n). Self-supporting
sumed[2] that the alpha decay of th&Fr ground state 1.5 mg/cn? 2°Bi targets were bombarded with a 96 MeV
which populates the 1 ground state of*?At with hindrance %0 beam and a current 0f0.6 uA using the Grenoble
factor (HF) 2.5 must also have spin-parity 1 Thus the pos- SARA accelerator. A He-jet system transported the activity
tulated 9 state, which is not observed to alpha decay,© @ tape transport which _in turn positioned the activity in
should ultimately be connected with tH&%r ground state front of two different experimental set ups. o
through a series of low-energy highly converted transitions. N ©né arrangement the tape moved the activity between

It therefore would be of considerable interest to see if wetPh@ and gamma planar Ge detectors in 180° close geom-

can find the connection between the high spin states and theéry. The alpha detector had a full width at half maximum

known low spin states. Even more important is to determineresc,lmIon of 17 keV, while the re_solutlon of the gamma
whether the band structure with evidence of reflection asym(—jeteCtor was-600 eV at 100 keV. Smgle_s alpha and singles

. ) . . gamma spectra and alpha-gamma coincidence measurements
metry is also observed in the low lying low spin states.

were simultaneously recorded.
0 .
Fortunately, the nucleu§’Ac alpha decays with-100% In the other arrangement th&“Pa activity was moved

probability to energetically low lying states with presumably ji4 the uniform field of a magnetic selector which deflected
relatively low spins including the ground state #Fr [3].  the electrons onto a cooled 6 mm thick1S) detector, 700
Since gamma transitions between the states have not beg#in? in area with a resolution of 2 keV. Two additional coax
observed, only the 1 ground state spin has previously beenGe gamma and alpha detectors were available for coinci-

Il. EXPERIMENTAL METHODS AND RESULTS

proposed. . . o . dence measurements. Singles alpha and electron spectra and
?2%pa, a 0.76 alpha emitte(redetermined in this studlys  alpha-electron, alpha-gamma, and electron-gamma coinci-
a convenient parent of?°Ac (t;,=26.1 m3. dence measurements were recorded simultaneously. Appro-

The alpha and coincident gamma decaySdAc would  priate to the 0.8 half-life of 2?%Pa, collection measurement
thus appear to be an excellent way to stfd§Fr. However, cycles of Z were used.
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FIG. 1. The alpha spectra in coincidence with all gamma rays 1043 N (©
from a ??*Pa source. Alphas fronf?®Pa and from?2°Ac (with &
212at and 2'%Ra impuritie are bracketed. Energies of tif8°%Ac 103 @ 5
alphas leading to states #Fr are labeled with their energies in ] o9 2
keV. Figure 1a) utilizes Q /47 = 3% while Fig. 1b) hasQ/4m = 1 e < ) p
: 1022 <« 8Y o s
25%. See text for more detail. ] YTpls 259 o @
R ] &gi Bl g
The alpha spectra in coincidence with all gamma rays are 1073 &
shown in Figs. (a) and Xb). ?**Pa alphas are bracketed. The ]
alphas of??%Ac leading to states irf*%Fr, together with im- 100 o 20 3000
purities of 2*?At and ?'°Ra, are also bracketed, with indi- , , = :
vidual alphas of??°Ac labeled with their energies in keV. 10°
Figure Xa) shows the alpha spectrum with smaller solid C
angle (/47)=3% and therefore fewer counts but better 104 @
resolution. Figure (b) shows the same alpha spectrum with ;
Q/47w = 25% and poorer resolution. The larger solid angle 103
leads to a larger alpha-electron sum continuum as indicated E
in Fig. 1(b) which is largely responsible for the poorer reso- 102
lution. o
The gamma ray spectrum in coincidence with the alpha 1] o § - I
spectrum region labele@Ac + (?*?At, ?*°Ra) in Figs. 1a) 1073 g g E
and 1b) is presented in Fig. 2 in four sectiofa, b, c, d. T T
Individual f1%r are labeled in keV and 10 2800 4000
ndividual gamma rays of °Fr are labeled in keV and sum 3200 3400 3600 3800 4000
lines resulting from the accidental coincidences of the 133 Channel Number

keV gamma and FK x rays are labeled with an asterisk.

Francium x rays?°®Bi, and ?'®Rn gamma ray impurities are o _
also labeled. 22OFIG. 2. The gamma spectrum ﬁfﬁFr in coincidence with all
The conversion electron spectrum in coincidence with the . A alphas in Fig. i) in four sections. Gamma ray energies are

alpha spectrum IabeleazoAch(ZlZAt, 219Ra) in Fig. 1(a) given in keV and x rays indicated.

and Xb) is shown in Fig. 3. Individual electron peaks are

labeled by the energies in keV together with theirsents a sequence of gamma speffigs. 4a)—4(c)] in co-

K, L, M, andN assignments. incidence with groups of?°Ac alpha lines in which the al-
One of the most powerful methods of developing the levelpha energies are systematically lowered. This implies that we

scheme of?*%Fr is shown in Figs. 4 and 5. Figure 4 repre- are moving in the sequence to increasing excitation energies
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FIG. 3. Conversion electron spectrum &fFr in coincidence
with the 22°Ac alphas of Fig. 1. Electron peaks are labeled by their
energies in keV and K, L, M, and N assignments indicated.

in the 1% level scheme. The gamma spectrum labéid

in Fig. 4 corresponds to gammas in coincidence with 8063
and 8055 keV alphas which populate the 133.3 and 141.6
keV levels; that labeledb), the 7850 and 7855 keV alphas
which populate the 344.2 and 349.2 keV levels; and that
labeled(c), the 7792 keV alpha which populates the 409.3
keV level. In a similar way Fig. 5 shows the gamma spec-
trum in coincidence with alphas from 7622 to 7709 keV
which populate the 6 levels, 493.4, 532.0, 539.3, 550.7,
568.7, and 581.4 keV. The energies in keV of the gamma
transitions, x-ray transitions, and in some cadég. 5 im-
purities are indicated in Figs. 4 and 5. In this way we move
consistently up the level scheme, watching gammas grow in
and then decay out with decreasing alpha energy. One auto-
matically places the levels, the transitions which depopulate
them, and, by using the conversion electron spectra of Fig. 3,
often determines the multipolarities of the transitions.
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FIG. 4. Gamma ray spectra 8tr in coincidence with various

Table | lists all gamma rays directly observed, together220AC alpha groups;(@) with 8055-8063 keV alphas(b) with
with their energies, intensities, and multipolarities if deter-7850—7855 keV alphasg) with 7792 keV alpha. Gamma ray en-

mined in these experiments. In addition, Table | indicates th&"91€s are labeled in kev.

assignment of the observed transitions in the level scheme.

PR

Using the results of Figs. 1-5 and Table I, the level
scheme of?'%r is proposed in Fig. 6. All levels except the
247.8 keV level, shown dashed in Fig. 6, have been estab-
lished. 87% of the observed gamma ray intensity and
>99.7% of the??’Ac alpha decay has been assigned in the
level structure. Vertical arrows show the assigned gamma
rays together with their energies and multipolarities when
they are available. To the extreme right the energies, inten-
sities, and corresponding hindrance factgi§’s) of the al-
pha particles are given.

The spin-parity assignments of the two lowest levels
(ground state and 133.3 ke\previously assigned4] are
confirmed in the present experiment. TlB¢~ assignment of
the 191.2 keV state is based on the 57.9 IE/transition to
the 3~ state at 133.3 keV. This transition implies a ®r

Ill. THE LEVEL SCHEME OF
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FIG. 5. Gamma ray spectrum &% in coincidence with 7622

1~ assignment. However, since it does not decay to the 1 to 7709 keV alphas of?°Ac in two sections with gammas labeled

ground state with much greater transition energy, (&€

in keV.
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TABLE |. Gamma ray transitions iR*Fr following alpha decay of*°Ac.

E,(AE,) UCRL 2042671) I, /1000, Multi- Transition Multipolarities

polarities deduction
Present E, 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.) 60 6.6-2.0 E2 191.2— 133.3 a =50x20

64.3(0.1) 64 18+3 290.4— 226.1

78.6(0.2 75 5+2 211.4— 133.3

92.8(0.1) 37£5 M1 226.1— 133.3 o =2.3x0.5

94.8(0.1) 25+4 344.2— 249.3

112.7(0.3 113 5720

118.2(0.2 119 13.5£35 M1) 344.2— 226.1 ax>3

121.0(0.2 8.0+1.4 254.4— 133.3

123.3(0.3 124 5.5t1.4 532.0— 409.3

127.1(0.4) ~3

130.4(0.4) ~4 539.3— 409.3

133.3(0.1) 134 82t7 E2 133.3— 0 (K/L) <0.2,L,/L3=2.0+0.5

137.3(0.2 15.0+3.0 349.2— 211.9

141.6(0.2) 142 13.2:3.0 M1 141.6— 0 (Xl y)=4+1

149.0(0.3 149 9.5-2.8 493.4— 344.2

151.5(0.4) 7.0+2.5

153.1(0.2) 154 18.2:3.5 344.2— 191.2

160.0(0.1) 161 32.7#45.0 M1 409.3— 249.3 K/L)=5=1

169.2(0.3 4.3+1.1

172.2(0.3 171 5.0:1.3 581.4— 409.3

179.3(0.4) 3.8£1.3

182.8(0.3 5.4+1.6 532.0— 349.2

187.8(0.2 188 14.4-3.0 532.0— 344.2

197.3(0.5 199 ~3

203.6(0.5 ~3 493.4— 290.4

206.7(0.2 208 12.6:3.0 550.7— 344.2

214.8(0.3 216 5.1x1.6

221.3(0.3 6.2+1.8

238.8(0.3 240 10.5:2.8

243.7(0.2 245 18.0:4.0 M1 493.4— 249.3 ak=1.1+0.5

247.8(0.4) 4.7+1.4

254.4(0.5 256 5417 254.4— 0

260.8(0.5 5.0+1.7

263.6(0.4) 6.2+2.0

265.4(0.4) 9.0+3.0

267.8(0.3 268 18.0:t4.0 M1 493.4— 226.1 ax=1.2+0.5

296.4(0.3 298 20.3:5.0 M1 550.7— 254.4 ax=0.8x0.4

301.4(0.3 303 13.0t4.2 550.7— 249.3

305.6(0.4) 307 10.2£3.8 532.0— 226.1

312.9(0.9) 314 14.2:4.0 M1) 539.3— 226.1 ax~0.7

327.0(0.6) ~4 581.4— 254.4

342.7(0.3 344 34.5-5.0 M1 568.7— 226.1 ax=0.5+0.2

378.0(1.0 ~2 568.7— 191.2

390.2(0.5 392 6.6:2.5 581.4— 191.2

448.4(1.0 ~2 581.4— 133.3
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FIG. 6. Energy level scheme 8t%Fr resulting from the present study of th&Ac alpha decay. Alpha energies, intensities, and hindrance
factors(HF’s) populating levels irf'%r are shown to the right. Gamma rays are shown as vertical lines together with their energies in keV
and multipolarities when known. The resulting level energies, spins, parities, and configurations are given to the left.

spin parity is assigned. Th@l) ~ assignment of the 226.1 closely related to the predominant configurations. This point
keV state is based on the 92.8 kaW1 transition to the will be further discussed below.

3~ state at 133.3 keV and the 34.9 keV transition to the The rationale for the level scheme is presented in Fig. 6. It
(5) ~ state at 191.2 keV. Thé=(2) assignment of the 254.4 must be noted, however, that although no other spin-parity
keV state is based on the transition to the B33.3 keV state ~ S€quence is as satisfactory, either experimentally or theoreti-
and the T ground state. The only other state populated incally as that of F|g. 6, the_ spins, but not the parities listed in

alpha decay with intermediate HF's is the state at 141.6 ke\Parentheses or with multiple entries are uncertain. However,

It is tentatively assigne) ~ on the basis of the depopulat- it should be clearly understood that the level structure includ-

ing 141.6M 1 transition and the fact that there is no evidenceNd the transitions between states has been established with

for a transition to thd0) ~ state from higher lying states. In the possible exception of the tentative level at 247.8 keV.

ha o ssuming the correctness of Fig. 6, a number of interesting
a 3|m!lar way 13. add|t|qnal states from 211.9 to 581.4 ke features of this level scheme are presented in the discussion
are given tentative assignments. In a number of cases the,.-h follows.

parities of these states can be definitely assigned as negative

because of the observed multipolarities of transitions de- IV. DISCUSSION
populating them. However, the spins are very tentative in all _ ons in 21
cases. All tentative assignments are internally consistent. A. Shell-model configurations in =“Fr

However, the state at 581.4 keV requires a quadrupole tran- We expect to see evidence of thggq,, f72992, and

sition for the 390.2 keV transition populating t® ~ state  hgi 11, shell-model states in that order ift%Fr. This as-

at 191.2 keV. sumption is based on the level ordering #®Bi and the
One facet of the spin-parity assignments which provedheoretical shell model as well as the levels 4tAt and

helpful was the consideration of HF’s. It should be noted that"*’At [5,6] for the protons, and®®Pb and the shell model

for 2% they divide into three groupings which are quite for the neutrons. These are the groups of states beginning

separated from each other. The first is from 22 to 170, thé@t the ground state, the 211.9 keV state and the 344.2

second from 530 to 2300, and the thizd 3000. A similar keV state in Fig. 6. The complete configurations

grouping of the HF’s proved useful in our understanding ofare m(hey) 3,7(9or) 520 7(he2) o(F7/2) 712¢(9ei) 5 @nd

both 21°At and YAt [5,6]. In all three cases it appears to be m(hg) 5,(der2) 3(i11/2) 1172-
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FIG. 7. A diagram comparing the alpha decay chaing’¥a—2At, 22°Th — 2P0, and??*4Pa— 2'%At. The numbers associated with
arrows are hindrance factofslF's). Only part of the alpha decays are shown. Shell model parentages are also given. The pattern of
229pa decays mirrors that of tH&%Pa decays as expected. See text.

The best evidence for these configurational assignmentfection symmetric region. The ground state to ground state
comes from HF’s observed in the alpha decay of thesBate  alpha decay HF's decrease as we go to lower mass numbers
in 22°Ac [7]. The states of the three configurations are popuin each of the familiegalthough in the case #*Pa we have
lated in alpha decay with hindrance factors which can benly a lower limit on the HF. This systematics occurs be-
collected into three quite separate groupings. More specificause of the collapse of the quadrupole-octupole Nilsson or-
cally, the six observed members of thg,gq/, configuration  pitals into the more degenerate shell model orbitals.
have HF's from 800-2300, the four observed members of An even more interesting aspect of Fig. 7 results when
the 784> configuration all have HF's>3000, while the  gne |ooks at shell model parentage of each of the families of
nine observed members of thg,y/, configuration have  gipha decays. Thus for example, the shell model parentage of
HF’s frorr122%2—170. While the 3 ground state of the al_pha the ground states of the odd proton nucféPa, 21%Ac,
decaying“-“Ac parent has an octupole deformed conflgura—zlsFr, and 2!1at are all hy,. As a result the HF's between

tion assignment, its shell model parentagéigsl 11/,. Thus these ground states remain small. On the other hand, the

the alpha population of the six members of the ground stat
configuration is hindered by an 1172— 9/2 transition. In §Ei:L:ngf;LpgggF?;a%%;Lth:n%rgﬁg :\t/attizgsf :c?gn%dd ?Oeutron
L 1 L L 9/2

the same way the four members of thgg o/, configuration r';uz and back tagg, for the last 2 members of the family in

are much more hindered since both the neutron and the p ;

ton are simultaneously required to change configuration. N ek 7. As aresult the HF's bgztgeen th? ground ;tates of the
alpha decay is observed to any of these states and HF limit4St tWo alpha decays of the™Th family are quite large
>3000 are assigned. The nine states comprising thwhereas small HF's are observed to a group of excited states

hoyi 1172 cONfiguration are allowed in alpha decay with by far Which have the same shell model parentage as the parent
the lowest HF’s. Nonetheless it is important to note thatground states. When the odd proton and odd neutron families
these nine states all have spins from two to five. We onlyare combined into the odd-odd family 8fPa as indicated
expect four such states from the lowest energy part of th@t the bottom of Fig. 7, the HF's are what one would expect.
hgysi 117> configuration. Thus we must expect that other stated he hgy; partial configuration is present in all the configura-
share some of thhgi 1/, configuration through mixing. tions and therefore does not influence the systematics of
Finally, it is worthwhile mentioning again the coexistence HF’s. However, the odd neutron partial configurations switch
of shell model and collective phenomena which has beegharacter fronyg, to i3, and back taye, just as in the case
pointed out in the extensive study of the isotoftéAc [8].  of the ?°Th and result in an approximately mirror systemat-

ics.
B. Comparison of the alpha decays of the>*Pa, ?%°Th,
and ?%%Pa families V. CONCLUSIONS
The three alpha decay chainsfPa, 2°Th, and??%Pa to The level structure of*Fr has been studied following the

2lIat, 2Ypo, and?*?At, respectively, are shown in Fig. 7. alpha decay of?’°Ac. Eighteen definite levels and one ten-
Each of these chains spans the region from the quadrupol¢ative, level are assigned definite, tentative, or multiple
octupole reflection asymmetric region to the shell model respin values. In twelve cases definite negative parity values
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can also be assigned. Alpha decay HF's can be groupedm. This suggests that the odd-odd family of nuclei from
into three sets of values of 800-23083000, and 22—-170 2?%Pa to?'%At may be thought of as a combination of the odd
which correspond to the population of the configurationsproton family of nuclei from223Pa to 2*At and the odd
m(her) §2(9e) 3z m(ha) §(f) 712v(Ger) 52, and  neutron family of nuclei from?®rh to #'po.
m(Ngj) S,zv(gg/z) é(in/z) 11/ It should also be notgd that there is no ewdenqe in the
The alpha decayground state to ground statelF sys- Ie\{el structurelfor reflection asymmetry in the low lying low
tematics of the??%Pa family to 212At can be explained as- SPIN states of 1.
suming the quadrupole-octupole Nilsson orbitals collapse One of(R.K.S) would like to thank the National Science
into the more degenerate shell model orbitals. Foundation for support under contract No. PHY92-07336
Comparison of the alpha decay HF systematics of thevith Florida State University and the CSNSM and the IPN at
22%pq, 223Th, and ?*%Pa families show an amazing parallel- Orsay for their hospitality and joint support.
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