
P H Y S I C A L R E V I E W L E T T E R S week ending
13 FEBRUARY 2004VOLUME 92, NUMBER 6
Evidence for the Existence of the �2 0 2�3=2 Deformed Band in Mirror Nuclei 25Mg and 25Al
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After 50 years of its prediction, the highest-lying �2 0 2�3=2 orbit among the six Nilsson single-
particle orbits originating from the sd shells in prolately deformed nuclei and the rotational band on this
orbit were identified. The band members were observed in 25Al at excitation energies of 6–7.5 MeV in a
high-resolution 25Mg�3He; t� charge-exchange reaction at 0� having a strong selectivity for Gamow-
Teller transitions. In the comparison with the analogous M1 transitions in 25Mg, the J� � 3=2�

bandhead state and the excited 5=2� and 7=2� members were clearly assigned.

DOI: 10.1103/PhysRevLett.92.062502 PACS numbers: 21.10.Re, 21.10.Pc, 25.55.Kr, 27.30.+t
suggests that the nucleus 32Mg with N � 20 is deformed energies Ex > 6 MeV (see Fig. 5-1 of Ref. [2]). Therefore,
In axially symmetric deformed nuclei the Nilsson or-
bits [1] are labeled by using asymptotic quantum numbers
�Nnz
��, where N is the total oscillator quantum number
and nz the number of quanta along the z axis. The pro-
jections of the orbital and total angular momenta of the
single particle along the z axis are denoted by 
 and �,
respectively. In the presence of axial symmetry about the
z axis, the z component K of the total spin J is a good
quantum number, and K � � holds for the rotational
band based on the Nilsson orbit.

In the middle of the sd shell, odd-mass nuclei with
mass number 19 � A � 25 have a strong prolate defor-
mation [2], and their low-lying states form rotational
bands based on intrinsic configurations of single neutron
or proton Nilsson orbits. Of the six Nilsson orbits origi-
nating from sd shells, five orbits have been known for a
long time [2]. The lowest �2 2 0�1=2 orbit and the next
�2 1 1�3=2 orbit form the ground-state bands in the A �
19 mirror nuclei (19F and 19Ne) and both A � 21 (21Ne
and 21Na) and A � 23 nuclei (23Na and 23Mg), respec-
tively. The �2 0 2�5=2 orbit, the only K� � 5=2� Nilsson
orbit in the sd-shell region, forms the ground-state band
in the A � 25 mirror nuclei 25Mg and 25Al studied here,
and the �2 1 1�1=2 and �2 0 0�1=2 bands form the excited
bands [2].

The highest-lying �2 0 2�3=2 orbit, on the other hand,
has never been properly identified, although it was al-
ready predicted in the middle of the 1950s [1,3]. This orbit
would lie at the Fermi level for nuclei with neutron or
proton numbers N or Z 	 19. Therefore, the expectation
was that this orbit would not be observed, because nuclei
with these N or Z are not deformed near the stability line
due to the shell closure at Z and/or N � 20. This scenario
has changed with the development of intense beams of
nuclei far from the �-stability line, making nuclear spec-
troscopy of these nuclei possible. Experimental evidence
0031-9007=04=92(6)=062502(4)$22.50 
[4]. Then the ground state (g.s.) of neighboring odd-N
nuclei may exhibit the configuration of the �2 0 2�3=2
orbit (see, for example, Ref. [5]).

The quadrupole moment of the first 2� state of the
even-even N � Z nucleus 24Mg is Q2� 	 
18 fm2 [6].
This suggests that 24Mg has a prolate deformation with a
deformation parameter � 	 0:4–0:5, one of the largest
values of all deformed sd-shell nuclei. Low-lying states
of A � 25 mirror nuclei 25Mg and 25Al are well described
by the particle-rotor model [2,7,8]. The study of intraband
and interband Gamow-Teller (GT) and M1 transitions
shows that the K-selection rules work very well [9],
suggesting a good axially symmetric shape of these nu-
clei. Since higher mass sd-shell nuclei are less deformed
or spherical [2], the last opportunity to find the �2 0 2�3=2
rotational band without waiting for the study of exotic
nuclei is to survey the higher excitation region of the A �
25 nuclei.

Recently a (3He; t) reaction measurement at 0� and at
an intermediate incident energy of 140 MeV=nucleon
with a high energy resolution of 35 keV [10] made it
possible to study individual GT (�L � 0, �J� � 1�)
excitations. The approximate proportionality between
the 0� cross sections and the GT transition strengths
B�GT� was shown for values of B�GT� � 0:04 in the
studies of analogous GT transitions in A � 27 mirror
nuclei 27Al and 27Si [11], and A � 26 nuclei 26Mg, 26Al,
and 26Si [12]. Absolute B�GT� values can be obtained by
calibrating to �-decay data. In addition, �J� � 1� and
�K� � 1� selectivities were clearly observed in the ex-
citations of low-lying rotational bands of 25Al [9] and
23Mg [13]. Since the J� � 5=2� g.s. of 25Mg is the band-
head state of the K� � 5=2�, �2 0 2�5=2 band, J� �
3=2�; 5=2�, and 7=2� members of K� � 3=2� bands in
25Al are selectively excited in this reaction. The K� �
3=2�, �2 0 2�3=2 band is expected at higher excitation
2004 The American Physical Society 062502-1
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the ‘‘direct’’ nature of the reaction study has the advan-
tage of avoiding a complicated level reconstruction at
high excitation energies in a �-decay study usually used
for the search of rotational bands.

An experiment of the 25Mg�3He; t�25Al reaction was
performed at the high-resolution facility of RCNP, con-
sisting of the ‘‘WS course’’ [14] and the Grand Raiden
spectrometer [15] using a 3He beam from the K � 400
Ring Cyclotron. A thin self-supporting 25Mg target with
a thickness of 0:93 mg=cm2 and an isotopic enrichment
of 98.3% was used. The outgoing tritons were momentum
analyzed within the full acceptance of the spectrometer
and detected with a focal-plane detector system allowing
for particle identification and track reconstruction in
horizontal and vertical directions. Good angle resolution
of about 8 mrad (FWHM) was achieved by applying the
angular dispersion matching technique [16] and the
‘‘overfocus mode’’ of the spectrometer [17]. The accep-
tance of the spectrometer was subdivided into scattering-
angle regions in the analysis by using the track informa-
tion. An energy-resolution far better than the energy
spread of the beam was realized by applying dispersion
matching and focus matching techniques [16]. For fast
and efficient beam tuning, the ‘‘faint beam method’’ [10]
was applied. With the achieved 35 keV (FWHM) resolu-
tion, discrete states were observed up to Ex � 8:5 MeV in
the ‘‘0� spectrum’’ [Fig. 1(a)] showing events for scatter-
ing angles " � 0:8�. Above the proton separation energy
of 2.27 MeV particle decay can occur. The different
widths of states in the expanded spectrum [Fig. 1(b)]
suggest different configurations of these states.

The Ex values of the states in 25Al (see Table I) were
determined with 	 5 keV accuracy with the help of kine-
matic calculations using the known states in 13N, 16F, and
26Al as the calibration standard (for details, see
Refs. [9,13]). These values agree within errors with those
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FIG. 1 (color online). The 25Mg�3He; t�25Al reaction spectra
of (a) the range up to the excitation energy of 8.5 MeV and
(b) expanded 5:5–8:5 MeV region. The members of the new
rotational band are indicated by arrows.
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given in Ref. [18]. The widths $ and J� values are from
Refs. [9,18]. The counts of individual peaks were obtained
by peak fitting using the shape of the well separated J� �
7=2� GT state at 1.613 MeV as standard. Obvious broad-
ening is seen only for peaks at and above 6.117 MeV.
These states were fitted with the standard shape folded
with the Breit-Wigner function representing the decay
width.

The B�GT� value of 0:165 � 0:007 obtained in the �
decay from the 25Al g.s. to the 1.612 MeV state of 25Mg
was used for the B�GT� calibration. Assuming the sym-
metry of transitions in A � 25 mirror nuclei, this value
was assigned to the analogous transition to the 1.613 MeV
state in 25Al in the 25Mg�3He; t� reaction. The B�GT�
values for other excited GT states were determined by
using their proportionality to the counts of peaks at 0�.
The kinematical effect as a function of excitation energy
was corrected by using the result of a distorted-wave
Born approximation calculation (for details, see Ref. [9]).

It is known that the low-lying states in 25Mg and 25Al
form rotational bands based on Nilsson orbits. Band
structures shown by full lines in Fig. 2 were proposed
for 25Al [2,7,8], and similar ones for the mirror nucleus
25Mg. It was suggested that the ground states of these
nuclei have almost pure �2 0 2�5=2 nature [2].

An interesting feature of the 25Al spectrum shown in
Fig. 1(a) is that only two strong states are seen up to Ex �
6 MeV. All other states are very weakly excited although
several GT states were reported [18]. It was found [9] that
most of these weak states are the members of K� � 1=2�

bands. Therefore, the transitions from the g.s. with K� �
5=2� are of �K � 2 nature and are strongly suppressed.
The two strong low-lying states are the members of the
�K � 0 g.s. band. This fact shows that A � 25 nuclei are
well deformed and have an axially symmetric shape with
K a good quantum number. The first pronounced peak
above Ex � 6 MeV is the 6.117 MeV, J� � 3=2� state,
which is the strongest even in the region up to Ex �
8:5 MeV [see Fig. 1(b)]. Exactly the same feature was
reported for the mirror nucleus 25Mg in the (e; e0) reaction
at 180� [19], which also have the �K � 1 selectivity.
Above the two low-lying states the first pronounced state,
corresponding to our 6.117 MeV state, was at 5.77 MeV
(5.747 MeV in the latest compilation [18]). They suggested
that this 5.77 MeV state and the twice stronger state at
7.03 MeV may be the J� � 3=2� and 5=2� members of
the �2 0 2�3=2 band, respectively. As will be discussed,
the 5=2� member should be weaker, and thus the 7.03 MeV
state cannot be the member. Here, the important fact is
that the clear observations of both the 6.117 MeV, J� �
3=2� state in the (3He; t) reaction and its isobaric analog
state in the (e; e0) reaction suggest that they are the band-
head state of an allowed K� � 3=2� band.

Assuming prolate deformation, a simple picture for the
g.s. of 25Mg is that the �2 2 0�1=2 and �2 1 1�3=2 configu-
rations are filled with two protons and two neutrons,
062502-2



TABLE I. Clearly observed J� � 3=2�, 5=2�, and 7=2� states in 25Al and 25Mg and the B�GT� and B�M1� strengths to these
states. The ratios RISO calculated from these B�M1� and B�GT� values are given, where RMEC � 1:25 is assumed. Excitation energies
are in units of MeV, and the B�M1� values are in units of �2

N.

States in 25Al States in 25Mg
(3He; t) � decay (e; e0)

Ex 2J� B�GT� $ (keV) Ex B�M1� " BR�M1� RISO B�M1� " BR�M1� RISO

0.0 5� 0.408(2)a 0.0
1.613 7� 0.165(7)a 1.612 0.83(12) 0.63(9) 3.1(8) 1.2(3) 0.87(22) 4.2(11)
6.117 3� 0.217(18) 51(2) 5.747 0.11(5) 0.08(4) 0.30(16) 0.27(13) 0.20(10) 0.7(4)
6.655 5� 0.083(12) 58(9)
7.125 3� 0.136(12) 117(4) 7.03 0.55(25) 0.41(19)
7.239 5� 0.056(5) 19(4)
7.422 �3–7�� 0.006(3)
aB�GT� value from �-decay measurement.
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while the last odd neutron occupies the �2 0 2�5=2 con-
figuration. There are three possible configurations with
K� � 3=2� that can be excited via simple single-step
processes in the intermediate-energy (3He; t) reaction.
These are the ��2 1 1�3=2 hole band made from the
��2 1 1�3=2 ! ��2 0 2�5=2 transition, the ��2 0 2�3=2
particle band from the ��2 0 2�5=2 ! ��2 0 2�3=2 tran-
sition, and the band caused by the ��2 1 1�3=2 !
��2 1 1�1=2 transition. In the third case, the two configu-
rations form K� � 1� at first and then K� � 3=2� by
coupling with the ��2 0 2�5=2 configuration. In order to
distinguish these three candidates, we use the fact that the
GT transitions are caused by the spin operator, while
analogous M1 transitions are caused by both the spin
and orbital operators that can interfere differently de-
pending on the configurations.

The matrix elements for the orbital operators ‘� and
spin operators s� can be calculated by using the wave
functions given in Table 5-9 of Ref. [2], where a deforma-
tion � � 0:4 is assumed. For the single-particle transition
from the �2 0 2�5=2 to �2 0 2�3=2 configurations, we get

h2 0 2 3=2j‘
j2 0 2 5=2i � 
0:447; (1)
Ex (MeV)
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FIG. 2. The band structures of the low-lying positive-parity
states in 25Al shown by full lines [2], and the states of the newly
identified �2 0 2�3=2 band (dotted lines). Each state is denoted
by its excitation energy (in MeV) and J� value.

062502-3
h2 0 2 3=2js
j2 0 2 5=2i � 0:975: (2)

Having different signs of the orbital and spin terms
means that they interfere destructively in M1 transi-
tions, since the g factors for the orbital and spin operators
(g‘ 
 gR) and (gs 
 gR) have the same sign, positive for
protons and negative for neutrons (see, e.g., Ref. [13]). On
the other hand, in the transitions from the �2 1 1�3=2 to
the �2 0 2�5=2 and �2 1 1�1=2 configurations, we get,
respectively,

h2 0 2 5=2j‘�j2 1 1 3=2i � 1:950; (3)

h2 0 2 5=2js�j2 1 1 3=2i � 0:224; (4)

and
h2 1 1 1=2j‘
j2 1 1 3=2i � 0:282; (5)

h2 1 1 1=2js
j2 1 1 3=2i � 0:884: (6)

Having the same sign of the orbital and spin terms means
that they interfere constructively in M1 transitions. For
reference, the ‘z and sz matrix elements for the g.s. band
have the same sign and values of 2.0 and 0.5, respectively.

The experimental B�GT� and B�M1� " values are com-
pared in Table I, where the unit and the coupling constant
of the isovector spin term in B�M1� " are renormalized in
the BR�M1� values [13,20] so that it can be compared
directly with the B�GT� values. The value RISO is defined
by �1=RMEC��B

R�M1�=B�GT��, which is larger than unity
if the spin and orbital terms in the M1 transition are
constructive and vice versa [20]. The ratio RMEC shows
different contributions of the meson exchange currents in
the GT and M1 transitions and its value is about 1.25 for
sd shell nuclei [20,21]. Both the �-decay data [18] and the
�e; e0� data [19] show constructive interference (RISO > 1)
for the M1 transition to the member of the g.s. band at
1.612 MeV in 25Mg, as expected from the same sign of the
orbital and spin matrix elements. On the other hand, a
destructive interference (RISO < 1) is seen for the M1
transition to the J� � 3=2�, 5.747 MeV state. Therefore,
this state and its analog state at 6.117 MeV in 25Al are
062502-3
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most probably the bandhead state of the �2 0 2�3=2, K� �
3=2� rotational band.

In the GT transitions from the J1 � 5=2 state of the
K1 � 5=2 rotational band to the J2 members of the K2 �
3=2 rotational band, the B�GT� values are proportional to
the squared values of the Clebsch-Gordan (CG) coeffi-
cient �J1 K1 1 K2 
 K1jJ2 K2� [see Eq. (4-91) of Ref. [2] ],
where the squared values are 2=3, 2=7, and 1=21 for the
transitions to the J2 � 3=2, 5=2, and 7=2 states, respec-
tively. On this base, we assign the 6.655 MeV state as
the 5=2� member. The experimental ratio of 2:6 � 0:3 of
the B�GT� values for the 6.117 MeV, J � 3=2 state and the
6.655 MeV, J � 5=2 state is in agreement with the ex-
pected ratio of �2=3�=�2=7� � 2:33. In addition, they have
a similar width $ (see Table I).

A very small B�GT� value 	 0:016 is expected for the
J � 7=2 member from the ratio of the CG coefficients.
Therefore, we use the energy systematics of the rotational
spectrum E�K; J� for the assignment of the J � 7=2
member. A simplest form with a single-particle energy
EK and a moment of inertia I

E�K; J� � EK � AJ�J� 1� � EK �
)h2

2I
J�J� 1� (7)

gives A � )h2=2I � 0:108 MeV for the �2 0 2�3=2 band
from the observed energies of the J � 3=2 and 5=2 states.
By using Eq. (7), we expect the J � 7=2 member at Ex �
7:41 MeV. The only candidate in our spectrum is
the weakly but clearly excited 7.422 MeV state with
possible J� values of �3 
 7�� [18]. It has a B�GT� value
of 0.006 and a width similar to those of the other band
members at 6.117 and 6.655 MeV.

The wave functions given in Table 5-9 of Ref. [2] allow
one to calculate the theoretical B�GT� values for � � 0:4.
The so-called ‘‘quenching’’ of the GT strength is a com-
mon phenomenon [22], and it is of interest how much
strength is observed experimentally. For the transitions to
theK� � 5=2� band members (g.s. and 1.613 MeVstates),
we observe 	 58% of the expected strengths, which
corresponds to a quenching factor of 0.76. This is in
agreement with the widely accepted value of 0:76 �
0:03 [23]. On the other hand, the transitions to the newly
identified K� � 3=2� band in the higher Ex region are
much suppressed. A quenching factor of 0:40–0:43 was
obtained.

In summary, we have identified the �2 0 2�3=2 orbit,
the highest-lying orbit among the six Nilsson orbits in the
prolately deformed sd-shell nuclei, nearly 50 years after
its prediction. The bandhead state of the orbit was ob-
served at Ex � 6:117 MeV in 25Al by the charge-
exchange reaction 25Mg�3He; t� at 0�. The high resolution
062502-4
allowed to obtain B�GT� values for members of the band.
The ratios of B�GT� values among the members and the
reduction of the analogous M1 transition strength com-
pared to the GT strength were the decisive elements of the
identification. The J and K selectivities of the reaction
also played an important role in the identification.

The 25Mg�3He; t�25Al experiment was performed at
RCNP, Osaka University under the Experimental Pro-
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