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We have measured the electromagnetic matrix elementB(E2;0g.s.
1 →21

1) in the radioactive nucleus26Si
using the method of intermediate energy Coulomb excitation. Our result,B(E2;0g.s.

1 →21
1)5336(33)e2 fm4,

resolves a conflict in previous measurements of this matrix element. In addition, the present measurement
allows us to determineMn /M p for 26Mg using the mirror nucleus method. The mirror method result of
Mn /M p51.05(6) is consistent with the most recent pion scattering results and is near the simple collective
model expectation.

DOI: 10.1103/PhysRevC.64.057304 PACS number~s!: 23.20.Js, 27.30.1t, 21.10.Hw
tra
s
u
n

at
s
irr
ub
n

n

to

tri

th
ng
a
ea
er
a

s

-

r
crip-
f.
ass

the

of

ran-
ou-

ion
sue.
on-

on

s
of

s

ich
en-
ugh
the

C

N

The symmetry of mirror nuclei has been one of the cen
observations of nuclear physics because it demonstrate
charge independence of the nuclear force. Detailed meas
ments of mirror nuclei have been particularly interesting a
practical in thesd shell where the line of stable nuclei is
or near theN5Z line. Tests of mirror symmetry often focu
on the energies of excited states: the energy spectra of m
nuclei should be identical once Coulomb shifts are s
tracted, since a proton excitation in one nucleus correspo
to a neutron excitation in the mirror nucleus andvice versa.

However, mirror symmetry should apply to transitio
rates as well. If the proton~neutron! multipole matrix ele-
ment for a transition is defined to be

M p(n)5^Jf uuSp(n)r i
lYl~V i !uuJi&, ~1!

then Mn for a transition in one nucleus should be equal
M p for the corresponding transition in the mirror nucleus@1#
~and M p in the first nucleus should be equal toMn in the
mirror!. M p is related to the reduced electromagnetic ma
elementB(E2;Ji→Jf) by

B~E2;Ji→Jf !5M p
2/~2Ji11!. ~2!

Therefore,M p can be determined via a measurement of
electromagnetic transition strength. This can be done usi
lifetime measurement, Coulomb excitation, or electron sc
tering. However, there is no equivalently precise way to m
sureMn . Mn can be determined indirectly using the scatt
ing of hadrons such as protons, neutrons, or pions, which
sensitive to bothMn andM p @2#. Results from these probe
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can be compared withM p values extracted from electromag
netic measurements to determineMn . Alternatively, had-
ronic probes can be compared with each other (p1 vs p2,p
vs n) since their relative sensitivities toMn and M p are
different. Bernstein, Brown, and Madsen@1# argued that the
most precise way to determineMn for a nuclear transition is
to extractM p for the corresponding transition in the mirro
nucleus using an electromagnetic measurement, a pres
tion called the ‘‘mirror nucleus method.’’ The authors of Re
@1# demonstrated this method for several nuclei in the m
rangeA517–42. At any rate, the results forMn and M p

determined using the mirror nucleus method should be
same as those obtained using hadronic probes.

In the present report, we give a measurement
B(E2;0g.s.

1 →21
1) in the radioactive nucleus26Si that re-

solves a discrepancy in previous measurements of this t
sition. We used the technique of intermediate energy C
lomb excitation @3# with a beam of the radioactive26Si
isotope. According to Bernstein, Brown, and Madsen@1#, we
can use the present measurement to obtainMn in the mirror
nucleus26Mg. Some ambiguity has existed in the26Mg Mn
values obtained previously with the mirror method and p
scattering, and the present results help to resolve this is

This experiment was performed at the National Superc
ducting Cyclotron Laboratory~NSCL! at Michigan State
University. The secondary beam of 54.5 MeV/nucleon26Si
was produced with a primary beam of 100 MeV/nucle
36Ar from the NSCL K1200 cyclotron. The primary beam
was fragmented on a9Be production target of thicknes
564 mg/cm2 located at the midacceptance target position
the A1200 fragment separator@4#. The setting of the A1200
separator that yielded26Si also yielded several other isotope
including the stable isotope24Mg. This ‘‘cocktail’’ of sec-
ondary beams was focused on a 518 mg/cm2 gold foil target
and then stopped in a cylindrical fast/slow plastic phosw
detector located at 0°, which provided nuclear charge id
tification. The phoswich-detected particles scattered thro
angles up to 4.48° in the center-of-mass frame. Both
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energy loss in the phoswich detector and the time of fli
relative to the cyclotron rf signal were used to give posit
isotope identification.

The g-ray spectra measured in coincidence with be
particles identified as24Mg and 26Si are shown in Fig. 1. The
upper panels show the background subtracted spectra in
laboratory frame. The lower panels show the correspond
spectra in the projectile frame~that is, with a Doppler cor-
rection!. The 547 keV 7/21→3/2g.s.

1 g ray in the 197Au tar-
get nucleus appears strongly in the laboratory-frame spe
The only strong peak in the projectile-frame26Si spectrum is
the 1795.9 keVg ray corresponding to the 21

1→0g.s.
1 transi-

tion. The cross section for producing thisg ray ~integrated
only over center-of-mass scattering angles from 0° to 4.4
the range of angles covered by the phoswich detector! is
55.8~55! mb.

We extracted the reduced transition matrix elem
B(E2;0g.s.

1 →21
1) from the experimental cross section usi

the relativistic Coulomb excitation theory of Winther an
Alder @5#. The analysis~described in@3#! yielded the result
B(E2;0g.s.

1 →21
1)5336(33) e2 fm4. The analysis matched

the cross section measured for center-of-mass scatte
angles 0° to 4.48° to that calculated using the Winther-Al
formalism for the same range of scattering angles. To ch
the credibility of the26Si result, we also analyzed theg-ray
spectrum in coincidence with24Mg ~a 47.2 MeV/nucleon
beam impinging onto a 518 mg/cm2 gold target!, for which
theB(E2;0g.s.

1 →21
1) value is well known. The cross sectio

of 78.7~48! mb yields B(E2;0g.s.
1 →21

1)5467(28) e2 fm4,
which is consistent with the value of 432(12)e2 fm4 adopted
by Ramanet al. @6#.

Prior to the present experiment, two measurements

FIG. 1. Theg-ray spectra measured in coincidence with24Mg
and 26Si particles. The upper panels show the laboratory-fra
spectra with the 547 keV 7/21→3/21 transition in the197Au target
visible as peaks. The lower panels illustrate projectile-frame spe
that are adjusted for Doppler shifts. The 21

1→0g.s.
1 transitions in

24Mg at 1367 keV and in26Si at 1796 keV are prominent in thes
spectra.
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B(E2;0g.s.
1 →21

1) had been made in26Si, and the results of
these measurements were in conflict. Both measurem
used the Doppler shift attenuation method to determine
lifetime of the 21

1 state. The first@7# yielded B(E2;0g.s.
1

→21
1)5160(70) e2 fm4, while the second @8# gave

B(E2;0g.s.
1 →21

1)5352(34) e2 fm4. Our result clearly sup-
ports the latter value, resolving this conflict.

Using the present result forB(E2;0g.s.
1 →21

1) in 26Si and
the adopted value@6# for 26Mg of 305(13) e2 fm4, we can
calculateMn /M p for the 0g.s.

1 →21
1 transition in 26Mg using

the mirror method. We obtainMn /M p51.05(6), which can
be understood in the context of a simple collective model
the 21

1 state is a simple collective excitation in which th
motions of the proton and neutron fluids have the same
plitudes, thenMn /M p5N/Z, which for 26Mg would be 1.17.
Deviations fromMn /M p5N/Z systematically occur in 21

1

states of even-even single closed shell nuclei@2# because the
configurations of these states are dominated by the vale
nucleons. In a closed neutron shell nucleus, we exp
Mn /M p,N/Z, while in a closed proton shell nucleus w
systematically observeMn /M p.N/Z @2,9#. TheMn /M p re-
sult obtained for26Mg using the mirror method is close t
N/Z and is consistent with the picture of26Mg as a collective
nucleus without neutron or proton shell closures.

With the value ofB(E2;0g.s.
1 →21

1) in 26Si now settled,
we can use this value to cast new light on a conflict t
exists in the pion scattering data for the mirror nucleus26Mg.
Wiedneret al. @10# measured the scattering of bothp1 and
p2 at 180 MeV from 26Mg and deduced thatMn /M p
50.62(7), which differs significantly from the mirror
method result we determined here. The result obtained
Wiedneret al. suggested that the filling of thed5/2 neutron
orbit in 26Mg caused a subshell closure and was qualitativ
reproduced with a shell model calculation reported by Bro
and Wildenthal@11#. Like the Wiedneret al. experimental
result, the Brown and Wildenthal theoretical result,Mn /M p
50.80, was considerably lower than the simple collect
model expectationMn /M p5N/Z.

Several years later, Taciket al. @12# measuredp1 andp2

scattering on 26Mg at 50 MeV and obtained the resu
Mn /M p50.83(6). Morris et al. @13# repeated the 180 MeV
pion measurements and deducedMn /M p50.92(9), while an
analysis of pion scattering at three energies~116 MeV, 180
MeV, and 292 MeV! by Blanpiedet al. @14# arrived at the
resultMn /M p51.02. All three of these latter results seem
supercede the earlier result of Wiedneret al. @10#. In fact,
while the Wiedneret al. result would have given serious con
flict with the present mirror result, the pion scattering expe
ments of Morriset al. @13# and Blanpiedet al. @14# give a
different picture. The two latter pion scattering experime
and the mirror nucleus analysis all suggest an interpreta
at or near the simple collective model for theT51 mass 26
system.

In summary, we have measuredB(E2;0g.s.
1 →21

1) in the
radioactive nucleus26Si using the technique of intermedia
energy Coulomb excitation. Our result is consistent with
most recent Doppler shift attentuation method result@8#. A
calculation ofMn /M p for the 0g.s.

1 →21
1 transition in 26Mg
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using the mirror nucleus method@that is, usingB(E2;0g.s.
1

→21
1) values for 26Si and 26Mg] gives an answer that is

close to those found in the most recent pion scattering m
surements on26Mg @13,14#. The results of both methods ar
close to the valueMn /M p5N/Z expected in the simple col
v.

tt.
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lective model in which the proton and neutron fluid motio
have the same amplitude.
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