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The level mixing spectroscopy method has been applied to measure the static quadrupole mo-
ments of six isomeric states in "Fr, "Fr, and "Fr (Z =87). For isomers with the proton
configuration mh 9/2l13/2 a large increase of the quadrupole moment was observed with the removal
of neutrons from the closed %=126 core: Q( —+, ' Fr)= —70(7) e fm, Q(15, ' Fr)= —80(12)
e fm', and Q ( —',9,2 "Fr)= —107(18) e fm'. Quadrupole moments for very high spin states were also

measured: Q( —,', '"Fr)= —219(53) e fm', Q(27, '"Fr)= —152(31) e fm, and Q( —,', "'Fr)
= —198(56) e fm . The observed values are in good agreement with shell-model calculations, but
are lower than that predicted using the deformed-independent particle model. The implantation be-
havior of Fr in a Tl host is also discussed.

I. INTRODUCTION

Isotopes close to doubly magic nuclei like Pb are
characterized by the occurrence of many isomeric levels:
This permits the direct measurement of quadrupole mo-
ments using hyperfine methods like time-differential per-
turbed angular distribution' (TDPAD) or level mixing
spectroscopy (LEMS). One interest in such experiments
is to see whether the spherical shape of the doubly magic
nuclei is maintained when valence particles or holes are
added. In the lead region systematic studies have been
performed for the isotopes of Pb (Z=82) (e.g. , 12+ iso-
mers), Bi (Z =83), Po (Z =84), ' At (Z =85), '

and Rn (Z =86). ' '" However, the behavior at high spin
is not yet firmly established. In particular, the quadru-

pole moment for the —", state in "Rn is much lower
than that predicted by the deformed-independent particle
model (DEPM). "

The spectroscopic information of the Fr isomers' was
recently extended to higher energies and spins with an
isomer of spin —", and lifetime 4 ps identified for the

' Fr (Z=87, %=126) isotope. ' The long mean life and
high spin of this isomer precludes a quadrupole moment
measurement using the TDPAD technique. However, as
the LEMS method is virtually independent of the spin
(for I ) 10k') and is an integral technique, the static quad-
rupole moment is measurable for this isomer.

In addition to the —", isomer, several other isomers
suitable for quadrupole moment determination' ' have
been observed in the isotopes ' ' ' ' "Fr. The properties

TABLE I. Experimental properties of states.

Isotope

213F

212F

211F

21—
2

29 +
2
65—
2

11

15

27
29 +
2

45—
2

720 ns

350 ns

4.5 ps
39 ps

870 ns

450 ns

210 ns

178 ns

Main

configuration

WA 9/2
5

4 ~

mh 9/2113/2
3 2 —2~+ 9/2~ 13/2 +P 1/2g9/2 11/2
5 —1ah 9/2 VP 1/2

4 —
1~h 9/2l 13/2 VP 1/2

3 '2 —2
9/2L 13/2 VP 1/2g9/2
4 ~ —2~~ 9/2~ 13/2+P 1/2

3 ~ 2 —2
9/2 13/2+P 1/2

0.888(3)

1.055(5)

0.695(7)

0.9899(4)

1.043(8)
0.81(1)
1.06(1)

1.08(1)

Transition

energy" (keV)

1189(E2)
681(E3)

1259{E3)
542(E2)
847{E2)
612(E3)
588(E3)
800(E2)

653(E2)
728(E3)

'From Refs. 12 and 13.
Gamma-ray transition energy for which LEMS curve was obtained. The multipolarity is shown in

brackets.
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FIG. 1. Partial-level schemes of the isomer "Fr, ' Fr, and
"Fr. The relationships between levels is indicated, with the

principal proton configuration shown as the dashed lines and
the neutron configuration at each level.

of these levels are given in Table I, and the relationship
between groups of isomers is indicated in Fig. 1. While
the quadrupole moments of the very high spin isomers
are of particular interest, quadrupole moments for the
other states are also of value. The lowest isomers in the

' Fr and ' Fr isotopes (the —", and 11+ states) occur
because of the half-filling of the ~h9/2 shell. For the pure
~h 9/2 configuration, the shell model predicts a zero quad-
rupole moment, so that any measured moment for these
states rejects the degree of admixture in these
configurations. The isomers with the common proton
configuration ~h 9/pl ]3/p are closely related to similar iso-
mers in the At isotopes, with the common ~h9/2l]3/2
configuration, for which a large increase in quadrupole
moment has been observed with the removal of neutrons
from the %=126 core. It is of interest to determine
whether the Fr isotopes show similar behavior.

This paper reports on the results of a series of measure-
ments of quadrupole moments obtained using the LEMS
technique. Parallel measurements were also performed
using the TDPAD technique, and these results have been
published elsewhere. '

FIG. 2. Experimental setup for the LEMS experiments.
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Calculated curves as a function of magnetic field and
misalignment angle P, for a state with I=10, are shown
in Fig. 3(a). Three different regimes occur: (i) At zero
magnetic field and for P&0, the initial anisotropy is re-
duced due to the quadrupole interaction. (ii) At high
fields the quadrupole interaction is decoupled from the

II. EXPERIMENTS 1.4—

A. Level mixing spectroscopy method

The LEMS method for the determination of quadru-
pole moments is a relatively new technique. However, it
has been applied successfully to the measurement of the
Bi (Ref. 5) and At (Ref. 9) isotopes. As the technique is
described extensively in Refs. 2 and 14, we restrict the
discussion here to a summary of the basic technique and
aspects particular to the Fr experiments.

The experimental arrangement is indicated in Fig. 2.
The beam is incident on a single noncubic crystal which
has been mounted so that the electric-field-gradient
(EFG) axis is misaligned with the beam axis by a large
angle /3. An external magnetic field is applied along the
beam axis, and the combined magnetic and quadrupole
interactions perturb the initial nuclear orientation, which
is then observed via the detection of the time-integrated
angular distribution as a function of the magnetic field.

1.2—

polycrystallin(

host

O. Q 0.5 1.0 2. 0 2.5 3.0
U3E)

[h)~

FIG. 3. Numerical calculations of LEMS curves for spin
I=10 plotted as a function of the ratio of the magnetic and
quadrupole interaction frequencies. co~ =gp&B /A and
ei& =eQV„/ 4I(ir2iI —1). (a) shows the curves for a single crys-
tal as a function of P (see Fig. 2). (b) shows the equivalent curve
for a polycrystalline host. The curves for higher spins are al-
most identical to those shown.
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magnetic one, which induces a Larmor precession round
the field (beam) axis. As the field axis is a symmetry axis
of the initial orientation, the observed anisotropy rejects
the orientation induced by the nuclear reaction, and a
saturationlike behavior of the anisotropy as a function of
the magnetic field B is found. (iii) In the intermediate-
field range, a mixing of many hyperfine levels takes place.
The shape of the resultant curve depends on the ratio of
the product of the quadrupole moment and field gradient
strength to the g factor, and may be calculated numerical-
ly. '" Like the TDPAD method, the technique is not
sensitive to the sign of the quadrupole moment, and only
magnitudes may be determined.

The method is not restricted to single-crystal hosts,
and polycrystalline materials may also be used. In these
cases an integration must be performed over all angles P,
and the equivalent curve for a polycrystalline host is
shown in Fig. 3(b).

B. Experimental details

In all experiments states in francium nuclei were popu-
lated using a carbon-induced xn reaction on thick thalli-
um metal targets. Both single and polycrystalline targets
were used, with the Tl providing both target and host
material (Tl is hexagonal at temperatures below 503 K).
While in the majority of the experiments we used natural
Tl material (65% Tl, 35% Tl), additional selectivity
was also obtained with experiments on samples enriched
to over 90% in Tl (for "Fr) or Tl (for ' Fr and

' Fr). Experiments were performed both at elevated
temperature 400 K and near liquid-He temperature 6 K.
Beams of ' C and ' C with energies of 85 and 90 MeV
were obtained from the cyclotron "Cyclone" of the
Universite Catholique de Louvain at Louvain-la-Neuve
(Belgium). Although not required for the LEMS tech-
nique, pulsed beams were used to improve the quality of
the collected data by allowing selection of events follow-
ing isomeric decays.

Gamma rays were detected in three HP Ge detectors,
with two of them positioned at 90' to the beam axis and
the third at O'. Use of the ratio N(0')/N(90') avoids
problems of normalization for different magnetic-Geld
values. A list of gamma rays used in the analysis is given
in Table I. Where possible, E3 transitions were chosen in
order to maximize the observed anisotropy. Gamma-ray
intensities were extracted by fitting a Gaussian shape in-
cluding tails of the photopeak. Peak shape parameters
were obtained by fits to photopeaks from daughter activi-
ties and from calibration spectra taken before and after
each run.

The external magnetic field was produced by a super-
conducting magnet, and fields up to 5 T were used.
Corrections due to the modification of the external mag-
netic field by Knight shift and diamagnetic effects were
applied. '

III. RESULTS

A. Radiation damage effects

In previous LEMS experiments, ' ' '" the LEMS
curves N(0')/N(90 ) as a function of magnetic field 8

were analyzed by fitting a theoretical curve, dependent on
three free parameters: the relative detection efficiency,
the initial orientation (fitted by assuming a Gaussian dis-
tribution of the population of the

~
m ) states yielding

only one fit parameter), and the quadrupole interaction
strength. In the present series of measurements, the
curves (see Fig. 4) could not be fitted in the same manner.
The shape of the curves indicated the presence of an ad-
ditional electric-field gradient, and the subsequent
analysis required the inclusion of two more fit parame-
ters: the relative population of both sites and the magni-
tude of the second interaction frequency.

Further evidence for the occurrence of more than one
site was found in an experiment using a single crystal of
natural thallium. Initially, the c axis of this crystal was
put parallel to the beam (and magnetic-field) axis. For an
electric-field gradient originating from a substitutional
lattice site position, this corresponds to P=O [see Fig.
3(a)j and causes a constant contribution to the anisotropy
when measured as a function of the magnetic field. The
experimental curve for this measurement is shown in Fig.
5 and clearly shows that the larger electric-field gradient
observed in the present work has a symmetry different
from that of the lattice symmetry. When the crystal was
rotated so that 13=40', both field gradients were again
present, demonstrating that the occurrence of multiple
sites was not related to sample preparation or surface
effects, but to microscopic phenomena. Additional sup-
port for this interpretation was given by the results from
the TDPAD measurements, ' which also indicated the
presence of different electric-field gradients. The inter-
pretation of these results is discussed below.

B. Quadrupole moments of the Fr isomers

A selection of LEMS curves from the current set of ex-
periments is given in Fig. 4, and the interaction frequen-
cies obtained are given in Table II. In order to extract
absolute quadrupole moments, a calibration of the
electric-field gradient for FrTl is required. Following
Ref. 15, we have adopted the calculated value of Q ( —", +,

' Fr) = —70(7) e fm for a calibration, and absolute
quadrupole moments for states measured here are given
in Table II.

Data for the —", isomer in ' Fr and the 11+ state in
' Fr were also obtained in the present series of experi-

ments. As their main configuration is h 9/p presenting a
half-closed shell, very small quadrupole moments are to
be expected, with the departure from zero being induced
by configuration impurities. However, due to this fact as
well as to the presence of several sites and the feeding
from higher-lying isomers, it was difficult to extract accu-
rate results from the present data, and a quadrupole mo-
ment of = 10 e fm was obtained for these states. (Addi-
tional measurements at lower bombarding energies would
be required to reliably extract more accurate values. )

IV. DISCUSSION

A. Implantation behavior

The adoption of a calibration quadrupole moment for
one of the states measured allows the determination of
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FIG. 4. Selection of LEMS curves obtained in the present work. The curve for the "Fr 728-keV line
crystal oriented with ~&=0' and

urve or e r, - e line was obtained using a single
wi ~+= and, consequently, shows only a single interaction frequency (see text).

the electric-field gradients V„observed in the present
work, and these values are given in Table III. In the ex-
traction of the quadrupole moments, the larger interac-
tion frequency has been used, and the lower EFG is only
poorly determined in the present work. The parallel
TDPAD study also observed several interaction fre-15

quencies, with electric-field gradients of V„=0.5 X 10'
and 1.7 X 10 V cm measured. A third interaction fre-17 —2

quency was also observed in the TDPAD study with the
EFG V„—5 X 10 Vcm comparable to that observed17 —2

in the LEMS measurement. This field gradient has been
associated with nearest-neighbor vacancies. ' The variety
of interaction frequencies observed can be attributed to
the very large difterence in size between the Fr atom and
those of the host (the ratio of radii is 1.85). This
mismatch is likely to result in a perturbation of the lat-
tice, and a strong attraction to vacancies is probable.
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FIG. 5. LEMS curves for the ' Fr, 612-keV transition ob-
tained with a single crystal oriented with P=O'. A single (de-
fect) interaction frequency is observed.
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TABLE II. Quadrupole moments in the Fr isotopes.

Isotope Isomer

vg
' (MHz)

(6 K)

' (MHz)

(400 K)
Q

b

Q( 29+
)

expt

(e fm')

d
Qexpt

(efm )

Q..i. '

(e fm')

213F

212F

211F

29+
2
65—
2

29+
2
45—
2

85(10)

275(60)

105{10)
18s(25)
125(15)

115(15)

325(150)

120(15)

190(30)

325(75)

1.0 —70(7)

3.13(69 ) —219(53 )

1.14(13)
2.18(39)
1.53(20)

—80(12)
—152(31)
—107(18)

2.83(75 )
—198(56)

—70(7)

—84( 13)
—174(33)

—239
—86

—208
—106
—190

'v& =eQV„/h second interaction frequency.

Ratios of the experimental interaction frequencies for particular states compared to the ' Fr, — in-

teraction frequency. A weighted mean of the 6 and 400 K has been taken.
'Quadrupole moments obtained in the present work assuming Q( ' Fr, —+)= —70(7) and assuming

negative values throughout.
Experimental value from TDPAD measurement (Ref. 15).

'Calculated values using effective charges and octupole coupled shell-model configurations (see text).

Similar incomplete substitutional fractions have been ob-
served for Fr in Fe systems in nuclear orientation experi-
ments in the mK region, ' and substitutional fractions of
40%%uo have been observed for Cs and Rb (belonging to the
Fr group) in Fe and V hosts. '

B. Calculation of quadrupole moments

One of the most successful approaches to the calcula-
tion of the properties of levels in the translead region has
been the use of the semiempirical shell model, in which
properties of complex states are expressed in terms of
simple components. This method is of limited applica-
tion in the calculation of quadrupole moments since very
few independent measurements of quadrupole moments
are available. Calculated values are available. ' ' How-
ever, these values fail to reproduce the quadrupole rno-
ments of many simple configurations, particularly those
involving the mi&3/2 orbital. The use of effective charges
has also been considered in the lead region. However,
this technique is only useful if one considers an expanded
configuration space which includes the octupole contri-
bution explicitly. ' Using the proton effective charge of
1.5e, derived from states in the Bi, Po, and At isotopes,
we have calculated the quadrupole moment of the —",

+

TABLE III. Results for the EFCx.of Fr in Tl obtained with
LEMS.

state in ' Fr as Q ( —", +, ' Fr) = —70(7) e fm . In this cal-
culation we adopted the wave function of Ref. 12, and we
used the empirical values for the Q(~h9&z,

' Rn) (Ref.
23) and Q(3, Pb) (Ref. 24) moments, and the mean-
square radii as tabulated by Sagawa and Arima. ' The
error of 7 e fm has been assigned to accommodate the
discrepancy between the measured value for Q(mh 9&2)
and that calculated using realistic shell-model wave func-
tions. '

C. Variation of quadrupole moments
with neutron number

Q(N)

Q(N-l2I))

15

1.3

C)

0 Po 2

A t U h g/p
3

2Aj + A9/P I ]3/P

O Rn U hg(p
4+ ~9/2 '

13/2

1.2

The proton effective charge used above is only ap-
propriate for the X= 126 core. In Fig. 6 the variation of

T
(K)

400
6

V„1'
(10" Vycm')

0.6(4)
1.0(2)

(%)

45(5)
46{3)

bV„2
(10' V/cm )

6.8(11)
5.0(8)

I'2
(%)

ss(s)
54(3)

1,0

124 125

'Deduced electric-field gradient for lowest interaction frequency
measured for the ' Fr, —+ state.
Deduced electric-field gradient for the larger interaction fre-

quency.
FICJ. 6. Systematics of the quadrupole moments as a function

of neutron number for simple configurations.
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the quadrupole moment as a function of the neutron
number is plotted, for both the ~h9/pl]3/2 states mea-
sured here and other related states in the lighter iso-
tones. 8' ' This figure shows that the same change in
quadrupole moment occurs for all these configurations,
clearly showing a softening of the core when p, /2 neu-
trons are removed. This can be explained from the
Nilsson diagrams for the vp, /2 orbital. The energy in-
creases drastically as a function of the deformation pa-
rameter, indicating the large contribution of the p&/z neu-
trons to the sphericity of the core. This removal implies
a softening of the core and an increase in the quadrupole
moment.

In order to calculate the quadrupole moments for the
states measured in the Fr nuclei, we have extracted pro-
ton effective charges from the available data for the Bi,
Po, and At isotopes of e,~=1.85e and 2.28e for the
N= 125 and 124 cores, respectively.

D. Quadrupole moments of the 27 and z~ states

The 27 and —", states in ' Fr and ' Fr, respectively,
are of particular interest since the role of deformation, if
any, in the formation of these highly aligned, core-excited
states has not yet been established. Previous measure-
ments for a related state in "Rn, the —", state with the
dominant configuration ~(h 9/2i »/z )v(f 5/2g9/zi »/2), ob-
tained a quadrupole moment" of —160(22) e fm, consid-
erably lower than that predicted by the DIPM.

The most successful description of the high spin iso-
mers in this region is that they arise because of the cou-
pling between single-particle states and the octupole 3
vibrational state. The many-particle octupole coupling
model (MPOC) has been able to reproduce well both the
excitation energies and transition strengths from these
isomers (see Refs. 13 and 28, and references therein). De-
tailed wave functions from this model for the —", ,

' Fr
state are given in Ref. 13 and for the 27 state in Ref. 15.
Since there is only a relatively small variation in quadru-
pole moments for particular valence nucleons, the calcu-
lated quadrupole moments for these states are not very
sensitive to the details of the wave functions. This may
be seen by comparing the quadrupole moments calculat-
ed for the largest single component of the wave function
(typical amplitudes, 55%%uo), Q (rrh 9/2l f3/2vp, /2g9/3 )
= —216 e fm' and Q(~h9/z~i3/vapo g9/2iii/3) —242
e fm, with the values calculated for the full wave func-
tion Q(27, ' Fr) = —208 e fm and Q( —"," Fr) = —239 e fm, respectively.

The agreement between the measured and calculated
values is quite good, although both calculations appear to

slightly overestimate the observed values. It should be
pointed out that an N=124 core, hence a proton effective
charge of e,&=2.28e, has been used for both the 27 and

calculations since both involve the removal of two
neutrons from the N=126 core. However, it is not clear
whether the extra valence neutrons might modify the
effective charge. (A value of 0.9e has been used for the
neutron effective charge. ) The present data do appear to
be lower than the calculated values; however, the large
errors make such evaluations difficult to substantiate.

An alternative model, the DIPM, has been used to de-
scribe the formation of yrast isomers in the lead region.
While in broad terms the model does predict the oc-
currence of yrast traps, it fails to predict the correct
configurations; nor can it explain the enhanced E3 transi-
tions deexciting most of the isomeric states in the region.
One prediction of the DIPM is that the very high spin
isomers should have a significant deformation. While no
calculations have been performed for the Fr isotopes, it is
expected that the deformation calculated for the
state in ' Rn (P=0.1) (Ref. 11) should be very similar to
the deformation for the 27 and —", states. Such defor-
mations correspond to quadrupole moments in excess of—300 e fm, which are significantly above the measured
values, further questioning the applicability of this model
to the high spin isomers in this region.

V. CONCLUSIONS

The quadrupole moments of six isomers in the nuclei
"Fr, ' Fr, and ' Fr have been measured. The trend of

rising quadrupole moment with removal of neutrons from
the N= 126 core observed for previous translead nuclei is
supported by the Fr results.

The quadrupole moments measured for the very high
spin states in the Fr nuclei agree with those predicted by
the shell model, but do not support the assertion that
isomerism in this region is a result of a gain in deforma-
tion energy.

The present series of experiments also demonstrates
the successful application of the LEMS technique to the
measurement of isomeric states not easily accessible by
other methods.
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