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The B(E2;0,,—2;) value for®*Ca has been measured via the technique of intermediate energy Coulomb
excitation using a beam of radioacti¥éa nuclei. The present result is used to test isospin purity in the mass
38 system by comparing the isoscalar multipole matrix elerivepextracted from the Qsﬁ 27 transitions in
3%8Ca and®®Ar to the corresponding matrix element obtained fromThel states of thd,=0 nucleus®K. A
discrepancy between the two valuesMf is found, suggesting that isospin symmetry is broke\in38
nuclei. Similar discrepancies occur fér=34 and 42. Experiments for addressing these discrepancies are
proposed[S0556-28139)50109-X]

PACS numbgs): 23.20.Js, 27.36:t, 21.10.Hw

The advent of methods for producing radioactive beamshe A1200. A “cocktail” beam containing several fragment
and the development of experimental techniques for exploitspecies was used to perform the experiment in order to study
ing these beams have provided new avenues for detaile@ther nuclei in the vicinity simultaneously. This could be

studies of the isospin symmetry in nuclei. While isospindone because the counting rate was not a limiting factor and

symmetry is broken by the Coulomb force, the approximatéhe fragment identification_, which is described below, was
ambiguous. After passing through the secondary target

conservation of isospin has been assumed in many nucle E”Au 184.1mglcrf), the secondary beams were stopped
structure calculations, such as the shell model calculations ;] ' ) f

. a cylindrical fast-slow plastic phoswich detect@alled
Brown, Chung, and Wildenthdll,2]. In the present work, he «;ero-degree detector,” or ZDDwhich allowed charge

we report on a measurement 8f(E2;0,,—2;) in the dentification of the secondary beam particles. The time of
short-lived (T1,=0.44 s) nucleus®Ca using the method of flight between a thin plastic” scintillator located after the
intermediate energy Coulomb excitation of radioactiveA1200 focal plane and the ZDD was recorded for each sec-
beams(a review of this technique is given [8]). This mea- ondary beam particle and provided positive mass identifica-
surement enables us to examine the isospin purity of thgon. About 20% of the mixed beam wa¥Ca (~12000
mass 38 system. As pointed out[i], we can test isospin - 'Ca particles/s The average energy of the incomiffCa
purity by extracting the isoscalar multipole matrix elementParticles was 56.1 MeV/nucleon. The ZDD had an opening

M, from the present result ofCa and the previously mea- 2"91€ 0f¢ia,=4.0° with respect to the secondary target, Cou-
suredB(E2:0; .27 value in the mirror nucleufAr and lomb excitation is the dominant excitation process in this
1 Yg.s: 1

T k . . range of scattering angles. The secondary target was sur-
comparing it to the isoscalar matrix element obtained fromyqynded by an array of 38 position sensitive (V&) y-ray

the corresponding transition betwe@nr=1 states in theN  detectors arranged in three concentric rings around the target
=Z nucleus®*. Our data suggest that these two values ofand shielded from background photons by 16.5 cm thick lead
M, are not equal and that isospin symmetry is broken to avalls. A more detailed description of the experimental and
surprisingly large degree in the mass 38 system. We demoranalysis procedures can be found in R], which also
strate here that an examination of previous measurements diustrates the Doppler-shift correction technique used for
the mass 34 and 42 systems also reveals similar effects. Fnalysis of they-ray spectra.
nally, we discuss experiments which would provide further The Doppler-corrected-ray energy spectrum fof°Ca
information on this apparent breakdown in isospin symme{recorded under the condition that®3Ca fragment was de-
try. tected in the zero-degree detegtisrshown in Fig. 1a). The
To produce the®®Ca beam, a 80 MeV/nuclediCa beam  spectrum includes a strong peak at 2.A® MeV, a weaker
from the K1200 cyclotron at the National Superconductingpeak at 3.68&21) MeV, and a weak peak at 1.44%) MeV.
Cyclotron Laboratory irradiated a 202 mg/étarget of°Be  The 2.206 MeV peak corresponds to thf—:-—zog_ ¢ transition
located at the midacceptance target position of the A120¢h 3%Ca. There are two nearly degenerate state$@a near
fragment separatd5]. The energy spread of the resulting 3.685 MeV, one having™=2" and the othed™=3" [7].
%8Ca fragments was limited tar 1% with an aperture. Iso- The possibility that the observed 3.685 Meyray peak
tope separation was obtained by placing a thin, achromatigould correspond to transitions from either or both of these
wedge €’Al, 64 mg/cnt) at the second dispersive image of states to the ground state must be considered. Finally, it has
been demonstrated previously that thestate at 3.685 MeV
deexcites to the 2.206 MeV state via a 1.479 Meyay [7].
*Present address: Max-Planck-Institut fkernphysik, Postfach We identify the weak peak at 1.4@5) MeV as this con-
103980, D-69029 Heidelberg, Germany. necting transition.
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B(E)\;Og_s_—ﬁ\”) from the experimental cross sections is
made using the relativistic theory of Winther and Ald8i
as described if3]. If it is assumed that the 3.685 MeV 3
state is populated with the cross section given above, then we
would have B(E3;0,,—37)=(2.0+0.5)x10° e fm°.
However, the recommended upper limit #8 transitions in
this mass region given by Endl®] is 50 Weisskopf units
(W.u) which yields B(E3;0, —37)=4.3x10*e*fm® for
A=38. We therefore conclude that population of the 3
state accounts for less than 3% of the population of the 3.685
MeV doublet, and that the 3.685 MeYray corresponds to
the transition from the 3.685 MeV 2 state to the ground
state.

To extractB(E2;0,,—2") for the 3.685 MeV Z state,
the cross section for the population of this state must be
obtained. The population cross section is the sum of the cross
sections for the 1.479 MeV and 3.685 Mey/rays. The
3.685 MeVy-ray cross section is 75 mb, assuming aB2
2*—0" transition. The 1.479 MeVy ray is somewhat more
problematic, since there is uncertainty regarding its multipo-
larity (M1, E2, or a mixturg. With the statistical error bar

2.206 and the uncertainty in the angular distributigiue to the
multipolarity) included, the cross section for the 1.479 MeV
0 vyray is 3.3t2.2mb. The resulting cross section for popu-
%8Ca lating the 3.685 MeV 2 state is 20.5 5.0 mb, which gives

B(E2;0,—~2")=122+30e” fm*=3.2+0.8 W.u.

It is worth noting that they-ray branching ratio for the
3.685 MeV 2" state given by the present data (162% to
the 1.479 MeVy-ray) is significantly different from that re-

The goal of the analysis of thgray spectrum is to extract Ported by Shapiret al.in 1970[10] from the **Ar(*He, ny)
matrix elements for the L—J™ excitations observed here. reaction(48% to the samey ray). However, their neutron
Beyond the issues usually addressed in the analysis of intefl@ing spectrum has a large background, causing their
mediate energy Coulomb excitation d4gj, there are two Pranching ratio results to be+unrellable.
additional issues that are particular to the present experiment, 10 determine theB(E2;04s—2;) value for the 2.206
First, it is not immediately clear which of the states at 3.685M€V state, we must find the cross section for direct popula-
MeV is being populated. Indeed, both may be populated witHion of this state. That is, the cross section for production of
comparable intensities. Second, the 2.206 MeV state is feH1€ 2.206 MeVy-ray must have the cross section for produc-
by deexcitations from the stds at 3.685 MeV, as illus- tion of the'1.479 MeV feeding ray gubtracted from it. The
trated in Fig. 1b). The yield of the 2.206 Me\y ray must be ~ CrOSS section for the 2.206 MeY'ray is 23.& 4.0mb. If we
adjusted for this feeding before B(EZ;Og,sﬁZI) matrix  subtract the 1.479 Me\f-ray cross section from the 2.206
element can be extracted. MeV gamma-ray cross section, we obtain the cross section

The first issue may be addressed via an analysis of thor direct population of the 2.206 MeV 2state to be 19.4
cross section of the stds at 3.685 MeV. In the analysis of — 44 mt+). TTe AIder-V\émtkler analysis then yields
intermediate energy Coulomb excitation data, the extractio(E2;0qs—2")=96+21e"fm"=2.52-0.56 W.u. for the
of a cross section from a peak in theay spectrum involves 2.206 MeV state. . o
the number of counts in the peak, the detection efficiency, The cocktail beam also included significant amounts of
the integrated beam currefthat is, the total number of in- the stable nucleus®Ar, for which it is known that
cident 3¥Ca nuclej, and the angular distribution of thg ~ B(E2;05s—27)=298+30e’fm* [7]. The result deter-
rays. This last factor comes into play because #iray de- ~ mined here for°Ar (310+31e”fm?) is consistent with the
tection efficiency is angle dependent. As a result, the crosadopted value, lending confidence to our result¥a.
section determination is dependent on the multipolarity of The 3.685 MeV Z state appears to be a member of a
the y ray. If the observed 3.685 MeV peak results entirelydeformed band built on the 3.057 MeV Gtate. This band is
from the 3" — 0, E3 transition, then the experimental cross @ “mirror” of the deformed band in**Ar built on the 0"
section for production of thisy ray is 195 mb. The 3 state at 3.377 MeV11]. At first, it may seem surprising that
state may also deexcite to the 2.206 MeV @ate viaarEl ~ the B(E2;0,,—2") value for the 3.685 MeV state iffCa
transition, so the cross section foopulationof the 3™ state  is comparable t®(E2;0,—2") for the 2.206 MeV state.
would be greater than or equal to the 3.685 MgVvay pro- However, theE2 transitions within the deformed band in
duction cross section. 38Ar are quite strondthe 4" — 2™ transition in this band has

The extraction of reduced transition matrix elementsa strength of 30 W.{,. so modest mixing between the ground

FIG. 1. (a) Doppler-shiftedy-ray spectrum gated offCa. (b)
The excitationgsolid arrow$ andy rays(wavy lineg considered in
the present work.
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state and the 3.057 MeVOstate could account for the ob- e T;=%1 mT;=0
servedB(E2;0,,—2") value for the 3.685 MeV state. or
The result on the 2.206 MeV 2state provides the oppor- o
tunity to examine isospin symmetry in the mass 38 multiplet. 8l
If isospin symmetry is satisfied within a mass multiplet, then L ¢ % }
the matrix elements of the corresponding electromagnetic =
transitions in each isobar are related in a straightforward Ber +8 ’ }
way. A measurement of the matrix elemdE2;J;— J;) =5t L]
using Coulomb excitation or some other electromagnetic o
probe provides information on the contribution of the pro- )
tons to the transition. If the proton multipole matrix element o *
is defined as 2r
1 A=22 A=26 A=30 A=34 A=38 A=42
M =3[ pr YA () 130), (1)
FIG. 2. A comparison of isoscalar multipole matrix elements
then M, extracted from the comparison bf,, values for g_s—»zf tran-
sitions inT=1 nuclei to theM, values taken from transitions be-
B(EX:J;—J;)=(M p)Z/(ZJi +1). 2 tweenT=1 states irfil ,=0 nuclei. This comparison allows a test of

isospin purity inA=4n+2 systems.
The relationship between multipole matrix elements in the

neutron or proton and isospin representations yigdds tion for improving the experimental value bf, in %K. The
value of this quantity used here is taken from measurements
My(T)=(L2)[My(T,) —M(T)], (3)  of the lifetime of the Z_, state(the compilation of7] gives

72+ 17fs) and the branching ratio from this state to tHe p
where Mo(T,) and M4(T,) are the isoscalar and isovector state(given as 6-2% in[7]). However, the error bar quoted
multipole matrix elements, respectively. The assumption ofn [7] for the lifetime does not provide a complete picture of
isospin conservation gives the relationships between matrithe experimental situation. Three measurements of the life-

elements in different isobars: time of the Z_, state have been reportgt2—14, all using
the Doppler shift attenuation method. The results for these
Mo(T2)=Mq(T,), (4) three experiments vary widely—8£25fs [12], 90+ 25fs

[13], and 76-50fs [14] (the value given by{12] would
, , yield M= 2.81+0.80 W.u., which is equal to th&€Ca->8Ar
My(T,)=My(T)T,/T,. (5 value, within the error bar All three measurements were
made prior to 1976, so the rays were detected with @d)
detectors which were much smaller than the large-volume
high-purity Ge detectors generally used fgray spectros-
Mo(T)=Mp(T)+M,(—T,). (6)  copy today. In addition, the Compton suppression technol-
ogy now widely used was not available then. Both these
Equation(6) also implies that for the corresponding tran- factors are important for measurements of the 2 Mehkays

If two nuclei are mirrors, the,=—T, and

sition betweerllT=1 states in & ,=0 nucleus which deexcite the 2_; state of*.
Comparisons betwedv ; values taken fronT,= +1 nu-
My(T,=0)=My(T=1)/2. (7) clei and theT=1 states of theT,=0 isobars for 4+2

nuclei in the mass range=22—-42 are shown in Fig. @lata

That is, given the assumption of isospin symmetry theare taken froni7] and the present woykIn addition to the
value of Mg extracted from thevl, values in two mirrorT, ~ case ofA=38, the error bars for thé/, results fromT,
==*1 nuclei should be equal to the valdd,=2M, ob- ==*1 andT,=0 nuclei do not quite overlap in two other
tained for the §_,—27_, transition in theT,=0 nucleus. cases A=34 and 42, once again suggesting that isospin
According to[4], this comparison provides an experimental Symmetry might be violated at a surprisingly large level in
test of isospin purity foA=4n+2 multiplets. these mass multiplets. As in ti#e=38 system, this provides

For A=38, a comparison of1,, values in®8Ca and®Ar  a motivation for remeasuring thél, values in the nuclei
yields M,=3.41(18) W.u., while the value d¥l, extracted involved. This is particularly true for thd,=0 isotopes,
from the compilation of Ref[7] for the corresponding tran- Wwhere the error bars are large for reasons similar to those in
sition in 38 (between the 0.13 and 2.40 MéV=1 statepis K.
2.4450) W.u. The large experimental uncertainty in the In summary, theB(E2;0,,—2;) value for *Ca has
value of M, obtained for®® prevents us from drawing a been measured via the technique of intermediate energy
definitive conclusion that isospin symmetry is violated in theCoulomb excitation. The isoscalar multipole matrix element
mass 38 system. However, the suggestion of broken isospid, was obtained from a comparison of tA%Ca and3®Ar
symmetry is tantalizing enough to provide a strong motivaresults and compared to the result Mg extracted from the
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transition between the 2and 0" T=1 states in thél,=0  for more precise measurements gt 2— 0;_, transitions in
nucleus®K to test for isospin purity in the mass 38 system.the T,=0 nuclei of masses 34, 38, and 42.

The two results foM do not agree, suggesting that isospin

Symmetry is broken to a Surprising|y |arge degree in Ahe We wish to thank A. M. Bernstein for bringing the isospin
=38 mass multiplet. An examination ™, values in other purity issue to our attention. This work was supported by the
mass multiplets reveals similar discrepancies in Ave34  National Science Foundation through Grant Nos. PHY-
and 42 systems. These results provide a strong motivatiop523974 and PHY-9528844.
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