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Coulomb excitation of a 242Am isomeric target: E2 and E3 strengths, rotational alignment,
and collective enhancement
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A 98% pure 242mAm (K = 5−, t1/2 = 141 years) isomeric target was Coulomb excited with a 170.5-MeV 40Ar
beam. The selectivity of Coulomb excitation, coupled with the sensitivity of Gammasphere plus CHICO, was
sufficient to identify 46 new states up to spin 18h̄ in at least four rotational bands; 11 of these new states lie
in the isomer band, 13 in a previously unknown yrast Kπ = 6− rotational band, and 13 in a band tentatively
identified as the predicted yrast Kπ = 5+ band. The rotational bands based on the Kπ = 5− isomer and the 6−

bandhead were populated by Coulomb excitation with unexpectedly equal cross sections. The γ -ray yields are
reproduced by Coulomb excitation calculations using a two-particle plus rotor model (PRM), implying nearly
complete �K = 1 mixing of the two almost-degenerate rotational bands, but recovering the Alaga rule for the
unperturbed states. The degeneracy of the 5− and 6− bands allows for precise determination of the mixing
interaction strength V , which approaches the strong-mixing limit; this agrees with the 50% attenuation of the
Coriolis matrix element assumed in the model calculations. The fractional admixture of the Iπ

K = 6−
6 state in the

nominal 6−
5 isomer band state is measured within the PRM as 45.6+0.3

−1.1%. The E2 and M1 strengths coupling
the 5− and 6− bands are enhanced significantly by the mixing, while E1 and E2 couplings to other low-K
bands are not measurably enhanced. The yields of the 5+ band are reproduced by an E3 strength of ≈15 W.u.,
competitive with the interband E2 strength. Alignments of the identified two-particle Nilsson states in 242Am are
compared with the single-particle alignments in 241Am.
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I. INTRODUCTION

Conservation of the angular momentum projection on a
symmetry axis of a rotating body is a fundamental property
of both classical and quantum mechanical systems. In the
nucleus, where this projection is called K , the K-selection rule
forbids electromagnetic (EM) transitions of multipole order λ

for which |�K| > λ, giving rise to K isomerism in deformed
nuclei. K mixing is a phenomenon often revealed by the fact
that K isomers have finite lifetimes, but it has proven difficult
to assess the wave functions of mixed-K states quantitatively.
There has been some success with various degrees of model
dependence [1–8]. The interaction matrix elements giving rise
to K mixing are difficult, if not impossible, to deduce from the
observed level energy splittings alone.

The initial goal of the present work was to search for
low-lying states that could be populated electromagnetically
from the Kπ = 5−, t1/2 = 141 years, 242mAm isomeric state by
exploiting K mixing and that would subsequently decay to the
Iπ = 1− ground state (Fig. 1). There has been much conjecture
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in recent years regarding whether various EM processes might
be used to depopulate isomeric states [9–11]. Recently, Pálffy
et al. calculated the probability of EM transitions from nuclear
isomeric states following free-electron recombination with an
atomic vacancy in 242mAm, among others [12].

Heavy-ion-induced Coulomb excitation is a powerful in-
vestigative technique. It favors collective electric quadrupole
and octupole excitations in the mass regions of quadrupole-
deformed nuclei, so the states coupled to the isomer by
strong E2 and E3 matrix elements are selectively populated.
Photoexcitation studies, which have been used to attempt to
depopulate isomeric states, are limited by their much lower
excitation probabilities and by the requirement that the photon
energy be matched to the transition energy. The ability to
Coulomb excite numerous states using heavy ions provides an
opportunity to study the structure of states strongly coupled to
the isomer. In the present work, Gammasphere and the CHICO
particle detector [16] provided the necessary resolving power
to identify many new γ -ray transitions in the odd-odd 242Am
nucleus, despite the low EM transition energies, high internal
conversion rates, and high background from the millicurie
radioactive target, which presented a challenging experimental
problem.
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FIG. 1. Previously known low-lying states and transitions in the
0− band and the 5− isomer band of 242Am [13–15] and their energies
(keV).

II. EXPERIMENT

An ≈98% enriched 242mAm isomer sample was separated
from contaminants and decay products and electrodeposited
onto a 5 mg/cm2 natural nickel foil at Lawrence Livermore
National Laboratory. The isotope was originally prepared at
great expense in the 1960s by irradiation of tens of grams
of 241Am with epithermal neutrons, followed by chemical
processing and two successive isotope separations, resulting
in 2 mg of the high-purity product. After measurement of the
neutron-induced fission properties, the material was stored
in the early 1970s. When the sample was recovered from
storage for this experiment, it was found to be distributed
over several kilograms of glass, steel, and tantalum. After
extensive chemical recovery operations, more than 90% of
the original sample was recovered and purified. Particular
attention was paid to the removal of other actinide isotopes,
which was confirmed by assay. During the present Coulomb
excitation experiment, the target contained approximately
2 atom% 241Am and less than 0.1% 243Am (from incomplete
isotope separation), less than 0.04% each of 238Pu and 242Pu,
and less than 0.14% 242Cm (from radioactive ingrowth). The
equilibrium isomer-to-ground-state ratio in the 242Am sample
is 7.7 × 104. The target was produced by electrodeposition of
the nitrate salt from an isopropanol solution directly onto the
target backing, with a yield of >90%. A total of 160 µg of
material was deposited onto an area 0.65 cm in diameter, for
a thickness of 480 µg/cm2. Following the plating process, the
foil was heated to 300◦C for an hour to fix the 242Am to the
nickel backing and then mounted on a target frame with epoxy.

This target was Coulomb excited with a 170.5-MeV 40Ar9+
beam provided by the ATLAS accelerator at Argonne Na-
tional Laboratory. The de-excitation γ rays were detected by
Gammasphere, a 4π , 110-element, Compton-suppressed,
high-purity-germanium (HPGe) array, of which 101 detec-
tors were installed [17]. Doppler-shift correction of the de-
excitation γ rays was not necessary, as the recoiling 242Am
ions were stopped in the target’s Ni backing prior to γ decay.
In addition, five low-energy photon spectrometers (LEPSs)
were installed in Gammasphere to provide a higher efficiency
for transitions with E � 300 keV and sufficient resolution to
identify K x-ray transitions at 106.5 and 123.7 keV from Am
atoms excited by the beam.

The 160-µg target had a calculated activity of ≈1.6 mCi.
To reduce the high rate of random γ -ray coincidences, events
were triggered by a coincidence among a backscattered
Ar ion detected by CHICO [16], Rochester’s parallel-plate
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FIG. 2. A partial γ -ray energy spectrum from particle-γ co-
incidences. Initial and final states are labeled Iπ

K . Strong in-band
I → I − 2 transitions are labeled with the initial spin only. Solid
(dashed) arrows mark the positions of transitions in 242Am (241Am).
Unlabeled strong low-energy peaks are dominated by x rays from the
target activity.

avalanche counter (PPAC), and at least one clean photon
(not scattered into the BGO Compton suppressors) recorded by
a Gammasphere detector or a LEPS. The combined selectivity
of CHICO plus Gammasphere produced clean spectra despite
count rates of ∼500 kHz from x rays in Gammasphere and
∼1 MHz in CHICO, owing to the natural α activity of the
target. An ≈30-ns time gate was placed on the germanium
time signal relative to the particle time signal, improving the
peak-to-background ratio by a factor of 5 (Fig. 2). During 106 h
of beam at ∼0.3 particle nA, approximately 3 × 107 particle-γ
(p-γ ) events satisfying the time requirement were recorded.

The high-resolution γ -ray energy spectrum measured by
the LEPS detectors was used to ensure that measured γ -ray
yields were not contaminated by doublets in the Ge spectrum
for this high-level-density, odd-odd nucleus. The Coulomb
excitation yields of the low-lying states in 241Am [18] were
used to measure the ≈2% 241Am contaminant in the target,
confirming the target assay. No other γ rays from contaminants
were observed in the data.

The relative γ -ray efficiency was measured using
152Eu,243Am,182Ta, and 56Co radioactive sources. The absolute
efficiency was determined using the online p-γ data, as dead
time and pileup events from the millicurie target activity
effectively reduced the absolute efficiency of Gammasphere.
Coulomb excitation calculations for the 40Ar beam, based
on known lifetimes and branching ratios of the low-lying
40Ar states, were compared to the measured yields to derive
the absolute efficiency εabs of the 1461-keV, 40Ar 2+

1 → 0+
1

transition using the relation

εabs
σ1461

σR

= Y1461;Am

YAm
. (1)

Here, σ1461 is the calculated Coulomb excitation cross section,
σR is the Rutherford cross section, and Y1461;Am and YAm

are the 1461-keV γ -ray yield in coincidence with a 242Am
transition and the ungated yield of the same 242Am transition,

044319-2



COULOMB EXCITATION OF A 242Am ISOMERIC . . . PHYSICAL REVIEW C 82, 044319 (2010)

549

7191

9373

11596

13858

151156

171483

6114

8276

10479

12722

141002

161316

181652

7172

9347

11561

13814

151103

171426

6100

8254

10449

12683

14954

161261

181599

(7 )

(9 )

(11 )

(13 )

(15 )

(8 )

(10 )

(12 )

(14 )

(17 )

(16 )

(18 )

(5 )

(154)

188

149

140

131

(82)
(90)

299

280

413

435

424

445

455
(321)

560

519

540

385

399

495

471369
356

422

581

445

326.7

298.1

261.8

222.9

182.7

142.0

335.2

314.2

280.5

242.5

202.9

162.3

338.1

306.8

271.4

233.8

194.6

154.2

323.1

289.4

252.8

214.4

174.4

261.2

222.0

182.0

142.0

241.1

202.2

162.1

144

136

126

97

112

(92)

147

133

132.8

A B (5+) 5- 6-

FIG. 3. A partial level scheme for 242Am with the γ rays observed in the present experiment. The previously identified 5−, 6−, and 7−

states of the “5−,” 141-year isomer band are adopted from [14,15]. Energies of new levels from the present work have errors of �2 keV.
Transitions that are observed tentatively are labeled in parentheses. Placements of transitions connected to the Kπ = (5+) band levels are
tentative. Positions of the dashed transitions feeding to the bottom of the (5+) band are inferred (text). The γ -decay intensities indicated by the
arrow thicknesses are approximate.

respectively. The absolute photopeak efficiency was found to
be εabs = 5.2(3)%, after making corrections to the calculated
yields for the 11 missing Ge crystals in Gammasphere and for
energy loss owing to mutual excitation of the beam and target
species (≈3%). The uncertainty in the known 40Ar lifetimes
and mixing ratios [19,20] used in the Coulomb excitation
calculations contribute an ≈5% systematic error to the ef-
ficiency calculation. The known efficiency of Gammasphere
is 8% at 1461 keV [21,22]. Attenuation caused by the solid
components of CHICO simulated using GEANT [23,24] plus
the 0.010-Cu and 0.002-in. Ta absorbers (placed in front of
every Ge detector) gives an expected loss of 13% at 1461
keV. Dead time and pileup estimated by the data acquisition
software amount to a 19% loss, giving an expected photopeak
efficiency of 8% × (1 − 0.13) × (1 − 0.19) = 5.6%, close to
the present measurement of 5.2(3)%.

III. LEVEL SCHEME, BRANCHING,
AND γ -RAY YIELD DATA

Prior to this work, the known spectroscopic information for
I > 5 in 242Am was sparse. The ground state of 242Am was
identified [25] to be an Iπ

K = 1−
0 state with a half-life of 16 h,

while an isomeric 5− level (Fig. 1), with a half-life of 141
years had been found at 48.6 keV [13,26]. The other available
knowledge of the 242Am level spectrum was derived from the
following two studies. Grotdal et al. [14] used the 243Am(d,t)
and 241Am(d,p) reactions to identify low-spin states for six
rotational bands formed by coupling of the 5

2

+
[622], 1

2
+

[631],

or 1
2

−
[501] neutron configurations to the 5

2

−
[523] proton state.

Salicio et al. [15] studied high-resolution γ -ray and electron

conversion spectroscopy following thermal neutron capture
on 241Am. The possible capture states had Iπ = 2− and 3−,
thus only low-spin states (1 � I � 4) were populated in the
subsequent primary dipole decay, and the work resulted in a
detailed level scheme with six new rotational bands.

The present study complements these earlier investigations
in that Coulomb excitation of the Kπ = 5− isomer populates
higher spin states and selectively populates collective levels
that are strongly coupled to the initial Kπ = 5− state by
E2 or E3 excitation. The Coulomb excitation γ -ray yields
provide a characteristic fingerprint of the spin and parity of
the populated states when the spin-parity of the initial state
is known, while the observed electron conversion branching
also sets limits on the possible multipolarity and parity of
the de-excitation transitions. Finally, the known excitation
energies of the Nilsson proton and neutron configurations,
observed in the adjacent odd-A nuclei, place stringent limits on
the possible proton-neutron configurations likely to be excited
in the low-energy level spectrum of 242Am. The earlier work,
plus the aforementioned constraints from the present work,
led to assignment of the level scheme proposed in Fig. 3.
This work has led to the discovery of a previously unknown
nominally Kπ = 6− band and a tentative Kπ = 5+ rotational
band that comprise both the negative- and the positive-parity
yrast sequences in 242Am.

A. Branching ratio data

The absolute γ -ray photopeak efficiency was used to
measure the branching ratios �i/�T of excited states in 242Am,
where �i and �T are the width of transition i and the total width
of the initial state, including electron conversion in both cases.
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FIG. 4. A hypothetical level scheme used to illustrate branching
ratio measurements for level A. Arrow 5 represents an unobserved
highly converted transition.

As illustrated schematically in Fig. 4, gating on coincident
γ -ray transitions branching ratios can be obtained using the
relations

�5

�T

= Y4;1Y3

Y1Y4;3
, (2)

where Yj is the γ -ray intensity of transition j in the p-γ spec-
trum, and Yj ;k is the γ -ray intensity of transition j with a gate
on transition k in the p-γ -γ matrix. The internal conversion
and efficiency corrections cancel identically. Similarly,

�2

�T

= Y2;1(1 + α2)

ε2Y1
, (3)

where α2 and ε2 are the internal conversion coefficient
and the absolute γ -ray detection efficiency of transition 2,
respectively.

In most cases there is at least one alternate decay path
between the initial state “A” and the final state of transition “5”
whose width is to be measured. If a sufficient number of gating
transitions above and below transition 5 are available, repeated
subtractions can be used to separate the other decay paths
between the initial and the final states from the desired branch
A. Nine states had sufficient data to untangle the fractional
widths and ensure that they sum to 1. With the exception of
the Iπ = 13− state in the 6− band, the sum was within 1σ of
unity in every case, thereby validating the absolute efficiency
determination. The measured total (γ + e−) branching ratios
are presented in Figs. 5 and 6.
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B. The γ -ray yields

Coulomb excitation γ -ray yields were measured wherever
possible using the p-γ coincidence spectrum, as branching
ratios necessary to correct gated p-γ 2, p-γ 3 data are not known
to a high precision. The measured and calculated yields quoted
here were normalized to the 203-keV, Iπ

K = 10−
5 → 8−

5 , E2
yield (Fig. 3).

C. The 5− and 6− bands

The 5− and 6− bands were constructed (Fig. 3) by gating in
the p-γ 2 matrix, starting from the known 7−

5 → 5−
5 transition

and deducing the spins of the newly established levels from
the E2 transitions. In total, 24 new states were added to the
known 5− and the newly identified 6− bands [13–15]. The
γ -ray energies of the �I = 2 in-band transitions have errors
of <0.5 keV, and the resulting level energies (calculated by
summing the transition energies) have errors of �2keV.

The preceding gating procedure determined the ordering
of the states, but the absolute energies for the 6− band
members could be determined only within the limits set
by the bounds of the adjacent 5− states. Fortunately, the
highly converted branches between the 5− and the 6− bands
exhibited discontinuities in intensity as the transition energies
crossed the 125-keV Am K edge between the 10−

5 → 9−
6

(133-keV) and the 9−
5 → 8−

6 (119-keV) decays (Fig. 6). A
similar effect was observed between the 9−

5 → 9−
6 and the

8−
5 → 8−

6 transitions, owing to the 18.5- to 24-keV L edges.
The observation of the K and L edges narrowed the bounds in
which to search for the energy of the 6− bandhead.

Searching within these limits, three of the �I = −1
interband γ rays were resolved by gating in the p-γ 2 matrix,
while triple-γ coincidence data were used to tentatively
identify the 90-keV, �I = −1 transition. The energies of the
Iπ = 6− and 7− states (100 and 172 keV, respectively) in the
6− band were then found to agree with previously observed,
but unidentified, peaks (99 and 171 keV) in 243Am(d,t) 242Am
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spectrograph data [14]. The transfer peaks had strengths
consistent with the present identification. In all, 15 �I = −1
transitions were identified in the 5− and 6− bands (Fig. 3).
A number of γ rays with energies of less than 120 keV
lie under the strong x-ray background and could not be
resolved. The energy of the Iπ = 6− state in the 6− band
was thus found to be 100.1(7) keV. The 5− and 6− bands were
assigned the structures π 5

2

−
[523](h9/2) ⊗ ν 5

2

+
[622](i11/2) and

π 5
2

−
[523](h9/2) ⊗ ν 7

2
+

[624](g9/2), respectively, by Salicio
et al. [15].

D. The Kπ = (5+) A and B bands

The tentative Kπ = (5+) signatures have in-band E2 γ -ray
energies within about 1 keV of those in the 5− band. This (5+)
sequence was resolved using a number of gates in p-γ 2 and
p-γ 3 data sets that clearly distinguished the 182.0-, 202.2-,
222.0-, 241.1-, and 261.2-keV transitions from their doublets
in the 5− band (see, e.g., Figs. 7 and 8).

The ∼10−2 strength of the tentative (5+) band E2 yields
normalized to the 10−

5 → 8−
5 transition implies a close

connection with the 5− band. The strong 132.8-keV decay
(Figs. 2 and 3) does not come into coincidence with the E2
transitions in the 5− or 6− bands, so it most likely corresponds
to a decay back to the 5− isomer state. It cannot be strictly
ruled out that this is a feeding transition to the ground-state
band (GSB), which would indicate Coulomb de-excitation of
the isomer to the ground state. This is, however, less likely
if the Kπ = 5+ assignment is correct, as the decay to the
Kπ = 0− GSB would then be 4 times K forbidden.
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FIG. 7. (Color online) Resultant coincidence spectra after gates in
the γ -γ matrix. The gate at 162.3 keV (bottom) is coincident predom-
inantly with transitions in the 5− and 6− bands, with ∼1% doublets
from (5+) band transitions. The gate at 132.8 keV (top) resolves two
of the (5+) band transitions: 202.2 and 222.0 keV. The doublets
and 5−, 6− band transitions appear owing to the two ≈133-keV
transitions in the 5− and 6− bands. Red arrows mark the fitted peak
energies of two doublets that can be resolved using only these two
gates. A number of such gates in the p-γ 2, p-γ 3 data were used to
resolve the (5+) band transitions. See text for details.
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FIG. 8. (Color online) Two pairs of coincidence gates in the p-γ 3

data. The 162.3 ∩ 202.9–keV gate (bottom) selects predominantly
the transitions in the 5−, 6− bands and shows no indication of a
transition at 413 keV. The 132.8 ∩ 202.2–keV gate (top) indicates
that the 413-keV transition feeds the (5+) band above the 202.2-keV
intraband transition.

The level energies of the even-spin signatures were estab-
lished tentatively by using the proposed �I = 0, 1 decays
from bands A and B. This results in excitation energies for
the (5+) band’s even-I states within 3.5 keV of the values
that would be obtained assuming no signature splitting. No
linking transitions between the signatures were observed.
The total intensity of the 132.8-keV γ ray was measured as
53(10)% using the same normalization, indicating the decay
of a bandhead proceeding by an E1 transition, which would
have an internal conversion coefficient of 0.27, compared to
αE2

132.8 keV = 5.0, αM1
132.8 keV = 13.1, αM2

132.8 keV = 71.8, etc. [27].
Any multipolarity other than E1 would indicate stronger
Coulomb excitation of the 5+ band than of the 5− band, in
conflict with the ∼1% observed strength of the Kπ = (5+)
intraband transitions.

The tentative Kπ = (5+) assignment is reached through
the limits placed on the spin (4 � I � 6) and parity by the
E1 assignment and by the most likely final state being the
5− isomer. A previous calculation [15] predicted a Kπ =
5+ π 5

2

+
[642](i13/2) ⊗ ν 5

2

+
[622](i11/2) level at 193(60) keV,

compared to the present tentative placement at 180 keV.
If the spins of the (5+) signatures were assigned such that

the 142.0-keV transitions were from an I = 7+ state to the
tentative I = 5+ bandhead, the alignment would be nearly
identical to that of the 5− isomer band (Sec. V G), which is
≈1h̄ less than the alignment of the π 5

2

+
[642](i13/2) orbital

in 241Am [18,28]. The alignments of the π 5
2

+
[642](i13/2) and

ν 5
2

+
[622](i11/2) orbitals should be additive, which casts doubt

either on the π 5
2

+
[642](i13/2) ⊗ ν 5

2

+
[622](i11/2) identification

or on the 142.0-keV γ ray being assigned to an initial I = 7
state. The alignment of the observed band has the expected
additional ≈1h̄ alignment compared to the π 5

2

+
[642] states
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TABLE I. Observed multiplets and selected predicted multiplets in 242Am. Nilsson states 
[Nnz�] are given as they were assigned in
Refs. [14] and [15]. All assignments listed can be coupled to the 5−, 6− states by at most a one-body operator. Excitation energies from the
present work were measured assuming a 5− isomer energy of 48.6 keV from previous work [13].

Configuration Bandhead energy (keV) Rotational parameter (keV)

π ν Kπ Etheor
a Etheor

b Emeas
a Emeas

b Atheor
a Atheor

b,c Ameas
a Ameas

b

5
2

−
[523](h9/2) 5

2

+
[622](i11/2) 0− 0 0 0.0 5.1(4) 5.1 5.28(11)

5− 112(40) 26 48.6 5.1(4) 5.1 5.44(11)d 5.20(3)
5
2

−
[523](h9/2) 7

2

+
[624](g9/2) 6− 126(20) 84 100.4 5.3(3) 5.3 5.00(2)

1− 288(53) 62 275.3 5.3(3) 5.2 5.7(1)
5
2

−
[523](h9/2) 1

2

+
[631](d5/2) 3− 169(37) 203 244.4 5.6(2) 5.1 5.57(10)

2− 218(42) 202 292.8 5.6(2) 5.4 5.80(11)
3
2

−
[521](f7/2) 5

2

+
[622](i11/2) 4− 400(100) 168 5.4(3) 5.2

1− 563(110) 152 400.5 5.4(3) 5.2 5.4(3)
5
2

+
[642](i13/2) 5

2

+
[622](i11/2) 5+ 193(60) 445 (180.4) 3.5(3) 4.6 5.26(2)

0+ 211(63) 421 230.5 3.5(3) 4.6 4.1(1)
5
2

+
[642](i13/2) 7

2

+
[624](g9/2) 1+ 482 4.7

6+ 508 4.7
7
2

+
[633](i13/2) 5

2

+
[622](i11/2) 6+ 672 (514)e 5.5 (5.3)

1+ 636 5.3

aFrom Refs. [14] and [15].
bFrom the present work.
cValues after tuning of the PRM variable moment-of-inertia parameters so that the 5−, 6− bands’ calculated moments fit those of the observed
states.
dFor observed states 5 � I � 7.
eThe energy of the unobserved bandhead is extrapolated from the observed states.

in 241Am if the 142.0-keV transition is assigned to an initial
I = 9 state.

The particle-rotor model (PRM) calculations discussed
hereafter predict only one 5+ state (π 5

2

+
[642] ⊗ ν 5

2

+
[622]

at 445 keV; Table I) within 1.3 MeV of the ground state.
This predicted level can couple electromagnetically to the 5−

isomer initial state (π 5
2

−
[623] ⊗ ν 5

2

+
[622]) by a one-particle

operator. Coulomb excitation calculations reproduce the
observed 10−2 level (5+) band γ -decay yields using B(E3)
values of �15 W.u. coupling the 5− and 6− bands to the (5+)
band, consistent with a one-particle operator, as discussed
here.

Choosing to keep the π 5
2

+
[642](i13/2) ⊗ ν 5

2

+
[622](i11/2)

Kπ = 5+ assignment, the spins of the floating (5+) signa-
tures were assigned to give an alignment consistent with
the proposed Nilsson states (Sec. V G). In that case, the
unobserved 8+ → 6+ (≈122-keV) and 7+ → 5+ (≈102-keV)
transitions would be completely obscured by the x-ray
background, consistent with their nonobservation in the p-γ
spectra. Considering the predicted energy of the Iπ

K = (5+
5 )

state [15], and the lack of other predicted states nearby that
would couple to the isomer band by a one-particle operator
consistent with the observed Coulomb excitation strength,
these tentative orbital and spin assignments appear to be the
best choice available, but the Kπ = 5+ assignment remains
tentative.

A number of the γ transitions feeding into the 5+ band were
tentatively identified as originating from two signatures, A and
B, in Fig. 3 with a normalized intensity of <1%. Assuming

that the pairs of transitions from each state in the A and B
bands are of the �I = 0,−1 type, the approximately equal
intensities of the two branches from each level suggest a small
E2 component and a predominant E1 or M1 multipolarity. The
final states of these decays were established as the states of
the tentative 5+ band, based on the observed coincidences
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FIG. 9. Two coincidence spectra from the p-γ data gated on the
132.8-keV transition, tentatively assigned as 5+

K=5 → 5−
isomer, and the

162.8-keV line in the (5+) band suggesting that the 400- to 600-keV
γ rays feed into the tentative Kπ = (5+) band, which decays via the
132.8-keV transition.
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with transitions in the 5+ band and the 132.8-keV γ ray
(Fig. 9). Those transitions that are in coincidence with the
132.8-keV transition, but not with the transitions assigned to
the (5+) band, were tentatively placed as feeding the bottom
of the (5+) band, where the implied initial state resulted in a
smooth moment of inertia. While the assignment of transitions
to signatures A and B in the level scheme in Fig. 3 is tentative,
this scenario seems more likely than assuming that many
more bands (including those of the unidentified transitions
in Table II) feed into the 132.8-keV transition and lie within
the few units of K reachable from the (5+) band by the
present Coulomb excitation. No intraband transitions could
be found in signatures A and B. This is consistent with the
expected ∼10−4 strengths for the intraband E2 transitions
relative to the interband ones assuming a single-particle
strength for the ≈400- to 600-keV interband transitions. The
greater or equal strength of the lower-energy decay in each
de-excitation pair suggests a significant E1 or M1 branch and
�K = ±1, while the higher intensities of the interband than
of the intraband indicate that a one-particle transition is most
likely. The PRM calculations (Sec. IV A) predict only two
positive-parity bands with �K = ±1 and with a one-particle
EM operator coupling to the proposed π 5

2

+
[642] ⊗ ν 5

2

+
[622]

configuration of the 5+ band. These are two Kπ = 6+ bands
at ≈500 and ≈670 keV with predominant Nilsson config-
urations π 5

2

+
[642] ⊗ ν 7

2
+

[624] and π 7
2

+
[633] ⊗ ν 5

2

+
[622],

respectively. The lower-energy state seems less likely, as it has
(i) a predicted strong mixing with lower K values, with the
loss of predominant Kπ = 6+ character, by I = 12 and (ii) a
rapidly changing moment of inertia from the mixing, unlike
the observed feeding band. The moment of inertia predicted by
the PRM for the state of this Nilsson parentage is within 8% of
the observed value. The presumed Iπ

K = 6+
6 bandhead was not

observed, possibly owing to the dominant interband cascade
and weak intraband decay (below the observational limit). The
approximate energy of the 6+ state, assuming that the band is
K = 6, is extrapolated using the rotor model and reported in
Table I.

E. Search for 0 � K � 3 bands

The p-γ spectrum and the p-γ 2 matrix were searched for
transitions in the known GSB (Fig. 1), as well as possible
extensions of the GSB above Iπ

K = 6−
0 (based on extrapolations

from the known I � 6h̄ states [14,15]). No candidates were
found. The known in-band GSB transitions would be highly
converted and buried under the strong x-ray peaks (Fig. 2),
making their observation challenging, if not impossible. The
estimated upper bounds of observation in the p-γ 2 matrix place
a limit on the γ -decay yield of unobserved GSB states above
I = 6h̄ at ∼1% relative to the 5− band yields. No indication
could be found that higher order �K � 3 mixing results in an
enhanced E2 excitation of the unobserved Iπ = 3− GSB state
that lies only 4 keV above the Kπ = 5− isomer.

There was no sign of the other known or predicted 0 � K �
3 bands (Table I and Fig. 12). Preliminary work on this data
set tentatively identified the γ rays feeding into the 5+ band as
transitions from the extension of a known 3− band into the 5−

TABLE II. Unidentified γ rays. All transitions
listed here are tentatively determined to be direct or
indirect γ decays feeding the tentative Kπ = (5+)
band by coincidence with the 132.8-keV, Kπ =
(5+) → 5− transition. Approximate intensities are
given relative to the 10−

5 → 8−
5 transition assuming

that the entire cascades below them feed into the
Kπ = (5+) → 5− transition.

Eγ (keV) Iγ 10−3

209.9 3.7(5)
417.1 3.8(6)
442.0 10.3(11)
449.3 3.4(5)
459.0 8.5(9)
477.1 5.7(8)
505.8 6.3(8)
533.7 5.3(7)
653.5 2.8(7)
662.9 3.5(6)

isomer band [29], because the energies of the in-band Kπ = 5+
E2 lines are nearly identical to those of the 5− band. Correct
identification of the doublets and the present placement of
the 132.8-keV 5+

K=5 → 5−
isom transition are not consistent with

the previous tentative 3− band assignment. Transitions shown
in Fig. 3 feeding into the 5+ band have been separated into
tentative bands, where their energies are consistent with an
assignment to individual rotational sequences. While the lack
of observed in-band transitions prevents a definite assignment,
none appear to be consistent in spin and energy with the Kπ =
3− band. The known 132.565-keV 3+

2 → 3−
3 transition [15]

was ruled out as corresponding to the present 132.8-keV γ

ray by the upper limits on the intensities of the unobserved
lines that would accompany the 132.565-keV transition. These
upper limits were found to be 5—30 times smaller than would
be the case if the present 132.8-keV γ ray were the known
3+

2 → 3−
3 transition.

Similarities between the energies of the observed transitions
into the Kπ = 5+ band and those from known Kπ = 3

2
−

band
states in 241Am were found to be accidental. In all but one
case, the energies differ by �2 keV from those of 241Am
[18]. Furthermore, the strongest transitions in the ≈2% 241Am
target contaminant were observed at the ≈3% level. Previous
“unsafe” Coulomb excitation of 241Am [18,28] showed that the
Kπ = 3

2
−

band should be populated at the 10−3 level relative to
the GSB, so the presently observed �1% Coulomb excitation
yield of these transitions is more than 3 orders of magnitude
too high to be attributed to the 241Am target contaminant.

IV. COULOMB EXCITATION ANALYSIS AND
MODEL CALCULATIONS

A. Particle-rotor model

A PRM appropriate for the description of odd-odd collec-
tive nuclei [30], based on an earlier one-particle plus rotor
model [31], was used to predict the structures and transition
strengths of low-lying states in 242Am. The model parameters
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were tuned such that semiclassical coupled-channels Coulomb
excitation calculations with GOSIA 2008 [32,33] using the
PRM’s E2 and M1 matrix elements reproduce the observed
γ -ray yields. These calculations assumed a modified oscillator
potential to calculate Nilsson states. The latter were obtained
separately for the unpaired proton and neutron, and a set of
basis states near the Fermi level was selected. The oscillator pa-
rameters for the protons and neutrons were taken from Rozmej
et al. [34], as cited in Ref. [35]: κπ = 0.058, µπ = 0.63, κν =
0.0526, µν = 0.457. The initial values of the deformation
parameters were taken from the calculations of Möller and Nix
[36], which give ε2 = 0.21 and ε4 = −0.05. The quadrupole
deformation was subsequently adjusted to ε2 = +0.2344, so
that the microscopic calculation of the intrinsic quadrupole
moment reproduced the value Q0 = 11.73 b interpolated from
neighboring nuclei [37]. No triaxiality was assumed, and the
value of ε6 was set to 0.

Following the calculation of these states, the pairing terms
were computed using the BCS approximation, except in the
case of the neutron Fermi level, which was tuned to adjust
the mixing in the nearly degenerate 5− and 6− bands until
agreement with the Coulomb excitation yields was achieved.
The proton Fermi level was calculated using pairing strength
parameters adjusted to 95% of the values fit to even-even
nuclei [38], giving GN0 = 18.2 and GN1 = 7.0 so that GA =
GN0 + GN1

N−Z
A

= 20.1. The pairing factors were taken to the
first power (η = 1) in all cases, while the Coriolis attenuation
factor was assumed to be ξ = 0.5, a typical value for the
actinide region [1,39–41].

The variable moment-of-inertia parameters were adjusted
to reproduce the moments of inertia of the observed states
of the 5− and 6− bands only, which were the only states
identified confidently. These parameters are the first-order
inertia term A0 and the second-order (stiffness) term A1.
From the moment-of-inertia parameters and the basis states,
single-particle energies and E2 and M1 matrix elements were
calculated using the PRM Hamiltonian and even multipole
deformations. The value of geff

s was set to 0.7gfree
s , a typical

estimate [39], which reproduced the known magnetic moments
well (Sec. IV B). The residual Vpn proton-neutron interaction
was not included in the calculations. Further descriptions of
the relevant parameters are given in Refs. [30] and [31] and
references therein.

B. The 5−, 6− bands

The nearly equal population of the 5− and 6− bands implies
the presence of strong mixing between these two structures.
This is confirmed by a Coulomb excitation calculation using
GOSIA assuming 1-W.u. E2 and M1 matrix elements coupling
the 5− and 6− bands (assuming that Kπ = 5−, 6− mixing
is negligible). The intrinsic quadrupole moment

√
5

16π
eQ0

was fixed at 3.7 eb, consistent with values from neighboring
nuclei [37], and the gK − gR values were taken from the
PRM calculations (see the following). The Coulomb excitation
yields of the 6− band are not reproduced assuming unmixed
bands using the Alaga rule (Fig. 10). In fact, E2 reduced
transition probabilities as high as 340 W.u. coupling the 5−
and 6− bands (at least 1 order of magnitude too large for
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FIG. 10. (Color online) Measured (symbols) and calculated
(lines) γ -ray yields Y in the 5− and 6− bands normalized to the
Iπ = 10− → 8− transition in the 5− band. Solid (green) lines are
from the PRM fit; dashed (red) lines were calculated using the Alaga
rule with 〈K = 6|E2|K = 5〉 = 1 W.u., neglecting K = 5, 6 mixing.
Yields for the interband transitions are from a gated γ -γ matrix. The
6− band transitions whose yields are represented by open symbols
are believed to be members of doublets and were not included in the
fit (see text).

a single-particle transition) are necessary to obtain rough
agreement with the data. These observations indicate that
mixing between the two nearly degenerate bands is strong and
that an accurate analysis requires consideration of the mixing.
The Coulomb excitation calculations show that the populations
of high-spin states are improved only slightly, suggesting that
mixing is most important at low spin. PRM calculations were
then performed to reproduce the experimental γ -ray yields of
the 5− and 6− bands and to deduce the mixing fraction β2(I )
between the bands using the present data.

The Coulomb excitation γ -ray yields were reproduced
using GOSIA by adjusting the neutron Fermi level from the
PRM calculated value of 53.321 to 53.374 MeV. This resulted
in mixing between the 5− and the 6− bands that was sufficient
to reproduce the observed populations of both bands. Because
the 5− and 6− bands share a common proton orbital (Table I),
the yields were not sensitive to the proton Fermi level λπ , and
no adjustment was made to the value of λπ given by the BCS
calculations.

In the limit of strong mixing indicated by the comparably
strong 5− and 6− band yields and predicted by the fit of the
neutron Fermi level, the interaction between these two bands
can be treated as in a simple two-state mixing formalism,
neglecting small admixtures of other K values in the wave
function. In the PRM calculations, all admixtures other than
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K = 5, 6 in the wave function sum to ≈0.5% at I = 6 and 5%
at I = 18. The interband matrix elements for two-state mixing
take the form〈

If
VI

∥∥E2
∥∥Ii

V 〉
=

√
2Ii

V + 1

[√
5

16π
eQ0

(
αf βi

〈
Ii

V 6 2 0
∣∣If

VI6
〉

−αiβf

〈
Ii

V 5 2 0
∣∣If

VI5
〉) + 〈6|E2|5〉

×(
βiβf

〈
Ii

V 6 2 −1
∣∣If

VI5
〉 + αiαf

〈
Ii

V 5 2 1
∣∣If

VI6
〉)]

,

(4)

〈
If

VIM1
∥∥Ii

V
〉 =

√
2Ii

V + 1

[√
3

4π
µN

(
6αf βi(gK − gR)6

× 〈
Ii

V6 1 0
∣∣If

VI6
〉 − 5αiβf (gK − gR)5

× 〈
Ii

V5 1 0
∣∣If

VI5
〉) + 〈6|M1|5〉

× (
αiαf

〈
Ii

V5 1 1
∣∣If

VI6
〉

+βiβf

〈
Ii

V6 1 −1
∣∣If

VI5
〉)]

, (5)

with the wave functions defined by

‖IV〉 = α‖I,K = 5〉 + β‖I,K = 6〉,
(6)

‖IVI〉 = −β‖I,K = 5〉 + α‖I,K = 6〉,
where the labels V and VI indicate the observed mixed
Kπ = 5− and 6− states, respectively, and α and β are the
mixing amplitudes in the wave functions of Eqs. (6). (Mixing
fractions quoted here refer to the quantity β2.) The intrinsic
matrix elements 〈6|E2|5〉 and 〈6|M1|5〉 and the gK − gR

values refer to the pure K = 5 and 6 components in the wave
functions. Collective enhancement can be seen mathematically
as arising from the interference between the terms related to
single-particle transitions (〈6|E2|5〉 and 〈6|M1|5〉) and the
usual moments for in-band transitions (Q0 and gK − gR). The
forms of the intraband matrix elements are similar. The reduced
matrix elements from the model do not follow the Alaga rule,
but the Alaga rule is recovered in terms of the hypothetical
unperturbed states.

The Coulomb excitation γ -ray yields were reproduced
using the matrix elements predicted by the tuned PRM
calculations in GOSIA, giving χred

2 = 0.88 for 25 data points
and three adjustable parameters, A0, A1, and λν (Fig. 10).
The Coulomb excitation data are consistent with the value
assumed for the quadrupole moment. [The γ -ray yields
for I > 14 in the 6− band (Fig. 10) are 8σ too high to
be explained by Coulomb excitation, which is expected to
decrease approximately exponentially with spin [42]. These
large yields are believed to be the result of the presence of
unidentified doublets and were left out of the fit.]

While it is usually not possible to determine the signs of
magnetic parameters in Coulomb excitation, reproduction of
the E2 and M1 γ -ray intensities in the present data is sensitive
to strong interference terms in the reduced matrix elements
[e.g., Eq. (5)]. With the choice to fix the gK − gR values
calculated by the PRM, the only other quantity in the two-state

TABLE III. Electromagnetic quantities from PRM cal-
culations tuned to reproduce the Coulomb excitation data,
compared to previous measurements. The gK − gR values
and the intrinsic matrix elements refer to the hypothetical
unperturbed states.

Tuned PRM Measureda

µ(5−
isom) (µN ) 1.01 0.97(5)

µ(1−
0 ) (µN ) 0.39 0.3879(15)

(gK − gR)K=5 −0.22
(gK − gR)K=6 −0.0007
〈6|E2|5〉 (eb) +0.016
〈6|M1|5〉 (µN ) +0.5

aFrom Ref. [43].

approximation that directly affects the M1 branch intensities
is the 〈K = 6|M1|K = 5〉 intrinsic matrix element. Coulomb
excitation calculations using two-state mixing give a positive
sign for this intrinsic matrix element, relative to the negative
gK − gR values for the pure (unperturbed) 5− and 6− states,
in agreement with the sign predicted by the PRM (Table III).

The matrix elements predicted by the PRM were used to
calculate the lifetimes of the states in the K = 5 and 6 bands
(Fig. 11). Stopping times for the 242Am ions recoiling in the
target and its Ni backing are expected to be <1 ps, so the
predicted �10-ps lifetimes of the I < 15 levels should result in
insignificant Doppler-shift broadening of the observed γ -ray
transitions. The excellent fit to the Coulomb excitation data
supports this conclusion.

C. Tentative Kπ = 5+, 6+ bands

The 30-ns upper limit on the lifetime of the 5+ state derived
from the γ -ray intensity as a function of time and the upper
bounds on the unobserved decays from I > 5 in the 5+ band
give upper and lower bounds on the 〈Kπ = 5+|E1|Kπ = 5−〉
matrix elements. The estimated E1 strength that satisfies these
bounds is of the order of 10−6 W.u. The ≈1% normalized yield
of the in-band E2 transitions and the strength of the Kπ =
5+ bandhead decay are reproduced by Coulomb excitation

5 10 15 20
I

1

10

10
2

10
3

10
4

10
5

τ  
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s)

FIG. 11. (Color online) Lifetimes of the 5− (blue), 6− (red), and
(5+) (green) states calculated from the final set of matrix elements.
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calculations assuming maximum B(E3; Kπ = 5−, 6− → 5+)
values of 15 W.u. (Sec. V C). The E3 matrix elements were
assumed to obey the Alaga rule in the Coulomb excitation
calculations.

Assuming that the A and B bands comprise the tentative
6+ sequence, its population is reproduced by a calculated
E3 excitation directly from the 5− band with a strength

of �4 W.u. A two-step Kπ = 5− E3→ 5+ E2→ 6+ contribution
to the slightly weaker Kπ = 6+ band population cannot be
ruled out. In Coulomb excitation calculations, an E2 matrix
element of maximum strength ≈1 W.u. coupling the 5+ and
6+ bands results in a maximum 10% change in the populations
of I > 6 observed states of the tentative 6+ band. Because
there is no reason to expect E2 enhancement in this case
(i.e., obviously strong mixing), the B(E3; Kπ = 5− → 6+)
strength estimated previously is not likely to be affected by a
two-step contribution.

D. The unobserved Kπ = 2−, 3− bands

Because E2 transitions between the Kπ = 5− and the
Kπ = 3− bands are K allowed and are represented by a one-
body EM operator for the previously assigned configurations
(Table I), the population of the 3− band might be expected to
be observable in the data. The PRM calculations predict B(E2)
values of less than 10−2 W.u. coupling the Kπ = 2−, 3− bands
to the 5− sequence. This would result in Coulomb excitation
yields below the observable limits in the present data. An upper
limit on the in-band E2 yields of the 2−, 3− multiplet can be
set at ∼1%.

The strong peaks from the 5− and 6− bands would obscure
most of the 3− bandhead decays, leaving the known 191.7-keV
3−

K=3 → 3−
K=0 transition to determine the upper bound on

the interband E2 strength. The upper limit on this transition
is 0.7%, normalized to the 10−

5 → 8−
5 transition, and the

191.7-keV γ -decay branch is 9% of the total width of the 3−
K=3

state [15]. Using these limits, Coulomb excitation calculations
give an upper limit on the 〈Kπ = 3−|E2|Kπ = 5−〉 strength
of ∼0.5 W.u. The PRM calculations predict a 60%/40%
mixing of the Kπ = 2−, 3− bands, which suggests a similar
upper bound on the 〈Kπ = 2−|E2|Kπ = 5−〉 matrix element.
The multipolarity of the known Iπ

K = 2−
2 → 3−

3 transition is
unknown, making it difficult to provide a meaningful upper
limit for the 2− band.

V. DISCUSSION

A. Predicted and observed multiplets

The present experiment provides evidence for Coulomb
excited rotational bands built on the two previously unob-
served yrast states: the Kπ = 6− yrast negative-parity band
and the tentatively identified 5+ yrast positive-parity band,
which is coupled to what may be a 6+ band. The previous
243Am(d,t)242Am and 241Am(d,p)242Am experiments [14] se-
lectively populated states in 242Am built on the π 5

2

−
[523](h9/2)

state (Table I and Fig. 12), the ground-state configuration
of both 241Am and 243Am, that is, states reached by the
addition or removal of a neutron with respect to the 241,243Am
ground states. The 242Am Kπ = 5− isomer, the initial state of
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x

n1/2+[631](d5/2)

FIG. 12. The lowest-lying known 0 � K � 6 multiplets, labeled according to their assigned Nilsson configurations. Levels shown by thick
and dashed horizontal lines are from the present experiment. Thin lines show levels from Refs. [14] and [15].
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the Coulomb excitation in the present experiment, has been
established as resulting from the coupling of a proton in the
5/2−[523] Nilsson orbital (of h9/2 parentage) to a neutron in
the 5/2+[622](i11/2) orbital [13,15,44]. The first five multiplets
containing the lowest-lying 10 observed bandhead states are
given in Table I and Fig. 12. All of these multiplets can
be coupled to the 5− band by a one-particle EM operator,
making them among the most likely to be strongly populated
by Coulomb excitation from the isomer. Seven of these 10
bandhead states have been identified previously [14,15].

The direct reaction data in Ref. [14] showed two uniden-
tified peaks at 99 and 171 keV, within 1 keV of the states
identified in the present work as the 6−

6 and 7−
6 levels. The

ratio of the 99- and 171-keV intensities to the 6−
5 and 7−

5
intensities in the direct reaction data is ≈13%. The ratios
of the spectroscopic factors are expected to be 13%—14%,
respectively, calculated from the amplitudes of the i11/2 and
g9/2 components in the 45% mixed wave functions of the
tuned PRM calculations, in approximate agreement with the
measured reaction intensities in Ref. [14].

In previous 241Am(n,γ ) work [15], no states above I ≈ 5
were observed, so it is likely that both the Kπ = 5+ and the
Kπ = 6+ levels would not have been found in the (n,γ ) data.
The (n,γ ) selectivity is also consistent with the lack of previous
observation of either the π 5

2

+
[642](i13/2) ⊗ ν 5

2

+
[622](i11/2)

Kπ = 5+ state or the π 7
2

+
[633](i13/2) ⊗ ν 5

2

+
[622](i11/2)

Kπ = 6+ level, as populating both states requires a one-proton
transition from the 241,243Am ground-state proton orbital in
addition to the absorption of a neutron.

B. E2 strength and enhancement by mixing

The Kπ = 6− states are found to be strongly mixed with
the Kπ = 5− levels. As a result, their Coulomb excitation
probabilities are equal, which is a very unusual occurrence
owing to a chance degeneracy. The B(E2) values responsi-
ble for the observed populations have been reproduced by
the tuned PRM calculations. The calculations indicate physi-
cally reasonable B(E2) values of ∼0.02 W.u. coupling the pure
states, with an E2 enhancement by strong mixing to collective
strength, as large as 200 W.u., near the bandheads [Eqs. (4)
and (5)]. The matrix elements of the tuned PRM indicate that
the initial 5−

isomer → 6−
6 step of the Coulomb excitation is most

important in reproducing the observed equal populations. In
terms of a two-state mixing picture, this is equivalent to the
interference effect in cases where the intrinsic quadrupole
moments of the states involved are equal [45].

The upper limits on Coulomb excitation of the unobserved
Kπ = 2−, 3− bands and the γ -decay transitions of their band-
heads were used to set upper bounds on the reduced transition
probabilities B(E2; Kπ = 5− → K = 3−) and B(E2; Kπ =
6− → K = 3−) at �0.5 W.u. This clearly indicates that there
is no enhancement above the typical single-particle transition
strength.

C. E1 and E3 strength

The B(E1) ∼ 10−6 W.u. strength coupling the Kπ = 5+
band to the 5−, 6− sequences is below measured values in the
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FIG. 13. (Color online) The sum of amplitudes squared �α2
i of all

components i with the same K = Ki for the wave functions of the 0−

ground state (black), 2−
1 (orange), 3−

1 (green), 5− isomer (blue), and
6− (red) rotational bands as predicted by the tuned PRM calculations
for I = 6, 12, and 18.

region, for example, 7 × 10−6 W.u. in 237Np and 3 × 10−4

W.u. in 239Np [46]. The excitation of the 5+ band is consistent
with E3 matrix elements of a maximum strength estimated at
15 W.u. from the mixed 5− and 6− bands. This E3 strength
is consistent with a one-particle operator changing the h9/2

proton in the Kπ = 5− component of the mixed 5− and
6− wave functions to the i13/2 proton of the Kπ = 5+, 0+
multiplet. The observed E3 strengths in the A = 240 region are
typically 10–30 W.u. [47]. Recent work on 235U has also found
population by E3 Coulomb excitation to be competitive with,
and in some cases dominant over, population by E2 [48] in
single-particle transitions. The other member of this multiplet
has Kπ = 0+, and its population would require higher order
K mixing, consistent with nonobservation in the present data
(Fig. 13).

D. The K < 2 bands and higher order K mixing

Significant �K � 2 mixing would be required to populate
the states in the remaining 0−, 0+, and 1− low-lying bands
in 242Am. None of these states was seen in the present data.
Coulomb excitation of 178Hf demonstrated sufficient K mixing
at I ≈ 12 in low-K bands to populate high-K levels to at least
∼10−4 strength by up to 14 times K-forbidden transitions.
In 178Hf, the yrast band was populated at the 10% level at
I ≈ 12 [49]. In the present data, Coulomb excitation populated
the 17h̄ state (12 units of spin above the initial state) of the
initial (isomer) band at only the 1% level, making an effect at
the level observed in 178Hf impossible to detect. Upper limits
of the populations by K-forbidden transitions were set at an
∼1% normalized yield.

Figure 13 shows the predicted K mixing of the tuned PRM
calculations for the isomer, 6−, and low-K bands. Within this
two-particle model space, this mixing would not be expected
to have a significant effect on population of the low-K bands.
Even two-step excitations to the GSB through the 2−, 3− bands
would be enhanced by only ≈0.5% �K > 1 mixing at I = 12
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in the 5−, 6− bands, where there is insufficient excitation of
the initial-state 5− band to populate the GSB to observable
levels. Calculations using a four-particle basis might predict
more significant K mixing in some of the relevant states.

E. Magnetic quantities

The PRM calculation gives magnetic moments of the iso-
mer and the ground state that agree within 4% with previously
measured values (Table III). These values are not sensitive to
the tuning already described with the exception of the value
of geff

s /gfree
s . The accuracy in reproducing the known magnetic

moments promotes confidence in the gK − gR value for the
6− states as well, which is necessary to trust the parameter
〈K = 6|M1|K = 5〉 = +0.5 µN . The fitted interband M1
matrix element corresponds to maximum B(M1; Kπ = 5− →
Kπ = 6−) values of 10−1 W.u. between the pure K = 5 and
the pure K = 6 states. The band mixing enhances the interband
B(M1) strength to ≈20 W.u. near the 5−, 6− bandheads.

F. Rotational mixing

Predictions of the Coriolis interaction are known to exceed
measurements by as much as a factor of 2 to 3 in the A ≈ 240
region, and only ad hoc corrections have been proposed
[1,39,40]. Studies of rotational mixing in the 150 < A < 180
[3,50] and A ≈ 240 regions [1,40] have used fits to the
observed level energies and branching ratios which rely on
the unperturbed level energies calculated within the Nilsson
model. Other analyses have avoided model dependence and
used measured B(E2) values and level energies to solve the
two- or three-state mixing problem [5,8,51]. These approaches
either are restricted to a band crossing or make some
assumption regarding the spin dependence of the interaction
energy V (I ). For example, the B(E2) ratios for interband
and intraband �I = 2 transitions were used to measure the
interaction energy for 27/2 � I � 35/2 between Kπ = 7/2−
and Kπ = 23/2− bands in 179W and found to be consistent
with the relation V ∼ [I (I + 1) − K2] [6,7].

In the present case, the accidental degeneracy between the
5− and the 6− bands allowed for precise measurement of the
mixing strength β2 = 45.6+0.3

−1.1 for the I = 6 states, which
is uniquely determined for the values of the intrinsic frame
〈6|E2|5〉 matrix element and magnetic moments predicted
by the PRM (Table III). The mixing strength at low spin is
very sensitive to the Coulomb excitation yields. A broader
distribution of K values is predicted at high spin by the PRM
with ≈2% total admixtures of �K > 1 at I > 18. However,
the Coulomb excitation cross section was too weak above
I = 16 for measurement of �K > 1 components in the wave
function. To a good approximation, the mixing of the 5−
and 6− bands predicted by the PRM can be understood as
two-state mixing near the V = �E/2 limit, as the mixing
fraction β2 is nearly 50%. The effective interaction energy
V in the two-state approximation (Fig. 14) was determined
from the best-fit mixing strength using both the observed
splittings and the perturbed splittings predicted by the PRM.
The interaction energy is insensitive to changes in β2 near the
50% mixing limit, making measurement of V more accurate
than estimation of β2 for the high-spin states. The agreement

0 5 10 15 20
[(I-5)(I+6)]
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FIG. 14. The mixing matrix element V calculated in the two-state
mixing approximation from the mixing predicted by the PRM tuned
to reproduce the Coulomb excitation γ -ray yields. The solid line was
obtained using the perturbed splittings predicted by the PRM; the
dashed line represents the observed splittings.

between these two calculations of V (using the observed
splittings and the predicted perturbed splittings of the PRM)
confirms that the factor of 2 attenuation of the Coriolis mixing
assumed in the PRM calculations is reasonable. (Two-state
mixing calculations showed that, using the intrinsic frame
matrix elements 〈6|E2|5〉 and 〈6|M1|5〉 as free parameters, an
alternative mixing solution with small mixing at the bandheads
and larger mixing at higher spin, equally good agreement
with the observed γ -ray yields could be obtained, but the
resulting fitted value of 〈6|E2|5〉 was inconsistent with the
PRM predictions.)

Figure 15 (bottom) demonstrates that the mixing predicted
by the PRM can be viewed as two-state mixing: the effect
of including all orbitals expected to mix with the Kπ = 5−
and 6− configuration is a small shift in the absolute energies
(4 keV at I = 6, 38 keV at I = 12) compared to the predictions
where only the Nilsson configurations of the Kπ = 5− and
6− bands are included and the appearance of a crossing
of the two bands at I = 17, where the calculations predict
that predominantly 5− states become yrast. An up-bend
does appear in the alignment (Fig. 16) at I ≈ 17, but a
crossing between the bands cannot be resolved in the data.
The excitation energies relative to the mean (Fig. 15, top)
demonstrate the repulsive effect of the ≈45% mixing and the
degeneracy of the unperturbed Kπ = 5− and 6− states in the
two-state approximation. Further, these calculations show how
strong mixing at all spins would obscure a crossing between
the yrast and the nonyrast states by smoothing the excitation
energies above and below the crossing and making it difficult
to differentiate the two signatures at high spin.

G. Alignments

The alignments in 242Am are given along with those of
selected 241Am bands in Fig. 16. Comparing the alignments
of the mixed 5− isomer and 6− bands to those of the
πh9/2 sequence in 241Am indicates that an additional ≈1h̄
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FIG. 15. (Color online) (Top) Excitation energies of the observed
5− (blue) and 6− (red) bands relative to the mean energy at each spin
for the observed states (symbols) and the tuned PRM predictions
(solid lines), compared to the hypothetical unperturbed energies
calculated from the observed splittings and the mixing of the PRM
calculations (dashed lines). (Bottom) Absolute predicted excitation
energies from the PRM including the influence of other orbitals (solid
lines), compared to a calculation including only the orbitals that
comprise the 5− and 6− bands (dotted line). See text for details.

alignment in the former structures comes from the additional
neutron component(s). The unperturbed Kπ = 5− and 6−
sequences deduced from the tuned PRM using the two-state
approximation are nearly degenerate and, therefore, have

0 0.05 0.1 0.15 0.2 0.25
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13/2
) ⊗ ν5/2+[622](i

11/2
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Am π5/2-[523](h
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)
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Am π5/2-[523](h
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FIG. 16. (Color online) Alignment of the observed bands in
242Am, compared to the alignments of the proton components in
241Am [18]. The Harris parameters J0 = 65 MeV−1 h̄2 and J1 =
365 MeV−3 h̄4 were used in all cases. Dashed lines represent the
alignment of the hypothetical unmixed 5− and 6− bands obtained
from the tuned PRM calculations assuming two-state mixing. Filled
symbols indicate the signature whose transitions begin with I =
K + 2, while open symbols indicate transitions beginning with
I = K + 3.

virtually identical alignments. This suggests that the i11/2

and g9/2 neutrons contribute the same amount of alignment,
when the repulsive effect of the mixing is removed, at least
for I < 14, where the Coulomb excitation data provide the
sensitivity to tune the PRM.

The first point in the unperturbed 5− line shows a change
in slope, but there is no reason to believe that the unmixed 5−
states should not behave as a good rotor. Because reproduction
of the Coulomb excitation γ -ray yield data requires 45%
mixing of the Iπ = 6− states, this indicates the need for some
small residual interaction to maintain smooth rotors in the
unperturbed states by introducing a <4-keV stagger between
the even- and the odd-spin unperturbed states.

The tentative Kπ = 5+ band [π5/2+[642](i13/2) ⊗
ν5/2+[622](i11/2)] does not exhibit the splitting between the
alignments of the even and odd signatures that is discernible at
h̄ω ≈ 0.05 MeV in the πi13/2 bands of 241Am and 237Np [18].
It should be noted that the spins of these states were chosen
so that the alignment is greater than that of the 241Am i13/2

structure, as would be expected with the addition of a neutron
(Sec. III D).

VI. CONCLUSION

Resolving γ rays from closely spaced excited states in
an odd-odd nucleus, in a situation complicated further by
the background from a millicurie radioactive target, can
pose a seemingly insurmountable experimental challenge. The
present work used the selectivity of Coulomb excitation with
the sensitivity of the “Gammasphere plus CHICO” detector
system to identify 46 new states.

One goal of the experiment was to search for Coulomb
excitation of the ground state from the Kπ = 5− isomer via
K mixing. Neither the known Kπ = 0− GSB levels (Fig. 1)
nor any candidate states for the extension of the GSB were
observed in the γ -ray data. After tuning the PRM to reproduce
the observed γ -ray yields of the isomer and 6− bands,
the calculated K mixing predicts insufficient low-K ad-
mixtures, within the two-particle model basis, to expect
observation of the GSB in the present data.

The 6− yrast negative-parity bandhead and the tentative
Kπ = 5+ yrast bandhead were found to lie within 25 keV
of their predicted energies [15]. Including these states, 9 of
the 10 lowest predicted π ⊗ ν multiplets in 242Am have been
identified from this and previous work. States with spin greater
than about 5h̄ were not populated in previous (n,γ ) reactions,
while direct reaction studies favored levels built on the h9/2

proton orbital, preventing previous identification of the Kπ =
5+ band [14,15]. A band feeding the 5+ band was suggested
to be the predicted Kπ = 6+ sequence.

An unexpected outcome of the present study was the
identification of two strongly mixed Kπ = 5− and 6− bands.
The 5− band of the initial isomeric state and the 6− band
were populated equally by Coulomb excitation, a very unlikely
occurrence even for strongly coupled collective excitations.
The tuned PRM calculations support the conclusion that
there is strong mixing of good-K states by a first-order
(�K = 1) interaction (in the two-state mixing approximation).
Applicability of the two-state approximation is supported by

044319-13



A. B. HAYES et al. PHYSICAL REVIEW C 82, 044319 (2010)

the PRM calculations. This accidental degeneracy allowed
for precise measurement of the interaction energy between
the 5− and the 6− bands. A slightly broader distribution of
K values is predicted at high spin by the PRM with ≈2%
total admixtures of �K > 1 at I > 18, beyond the reach
of this measurement. The Coulomb excitation calculations
using the results of the PRM indicate that the assumption
of 50% attenuation of Coriolis mixing typical in the actinides
is reasonable in the present case. The tuned PRM calculations
suggest that the mixing between the 5− and the 6− bands
is ≈45% for 6 � I � 18, very near the strong-mixing limit.
This level of mixing reproduces the ratio of the cross sections
of the two states suspected to be Iπ

K = 6−
6 , 7−

6 , relative to
the cross sections of the Iπ

K = 6−
5 , 7−

5 states in the previous
243Am(d,t)242Am reaction data.

While upper limits on the γ -ray intensities of the unob-
served Kπ = 2−, 3− sequences provide upper bounds of �0.5
W.u. on the B(E2) values coupling the mixed 5−, 6− bands
to the Kπ = 2−, 3− bands and the E2 strength coupling the
pure Kπ = 5− components to the Kπ = 6− components was
≈0.02 W.u. (assuming two-state mixing), strong K = 5, 6
mixing resulted in enhancements to collective strength as
large as 200 W.u. Higher �K transitions were not observable,
making higher order K mixing unmeasurable. The B(M1)
strength coupling the 5−, 6− bands was also enhanced by the
K mixing from 10−1 W.u. for the pure K = 5, 6 unperturbed
levels to ≈20 W.u. for the observed states.

The deduced E1 and E3 strengths coupling the tentative
Kπ = 5+ band to the 5− and 6− bands were of the order
of 10−6 and 15 W.u., respectively. The E3 coupling of the
tentative Kπ = 6+ sequence to the negative-parity bands was
estimated to be ∼1 W.u. Both the B(E1) and the B(E3) values
are similar to previous measurements in the A ≈ 240 region,

where E3 Coulomb excitation was found to be competitive
with E2 excitation.

A large change in alignment of the πh9/2 orbital in 241Am
occurs at a frequency of h̄ω > 0.25 MeV. Coulomb excitation
with the low-Z 40Ar nucleus was unable to reach beyond
h̄ω = 0.15 MeV, but an apparent onset of alignment in the
predominantly πh9/2 ⊗ νi11/2 and πh9/2 ⊗ νg9/2 states of the
5− isomer band was observed at this frequency. Comparisons
were made between the proton orbitals in neighboring 241Am
and the presently observed states that have an additional
neutron.
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