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I. INTRODUCTIONMany atomi
 nu
lei are known to posses stable non-spheri
al mass distributions or saidto be deformed in their ground states. The onset of nu
lear deformation is eviden
ed, mostnotably, by observations of non-zero quadrapole moment and/or so 
alled rotational spe
traof whi
h ex
itation energy is expressed asEx = I(I + 1)�h22J ; (1)where Ex, I, and J are an ex
itation energy, a total angular momentum, and a moment ofinertia, respe
tively. The relationship between the deformation and the rotational spe
trais that of spontaneous breaking of rotational symmetry by a nu
leus and an elementary
olle
tive rotation (Nambu-Goldstone mode) in whi
h a total angular momentum is sharedamong the 
onstituent nu
leons. Therefore, a response of nu
lear shape to an external stim-ulus will be mirrored in the elementary rotational mode. It is of an unique and interestingtheme to investigate a nu
lear shape by looking at a dynami
al response of nu
lei as awhole to an addition of � hyperon with a strangeness. More pi
torially, an impurity � isdropped in a nu
lear va
uum (a ground state). Experimentally, modern hypernu
lear 
-ray spe
tros
opy with Germanium dete
tor arrays have a
hieved sensitivity to resolve theseex
itation modes[1℄.Up to now, 
-ray spe
tros
opy of p-shell hypernu
lei has been 
arried out systemati
ally,while that of sd-shell region awaits for the E13 experiment at J-PARC and this letter ofintent, whi
h are expe
ted to be followed by other proposals in the future. One of the major�ndings of the investigation was an observation of shrinkage of the 
ore nu
leus, 6Li, of7�Li[2℄. From the life time measurement of the 5/2+ ex
ited state in 7�Li, extra
ted was anabsolute B(E2(5/2+ ! 1/2+)) value whi
h is redu
ed 
ompared to that of the 
ore nu
leus.Then it was dedu
ed that an addition of � in the 0s orbit a
ted e�e
tively as glue to
ontra
t the size of the 
ore nu
leus by 19% in terms of �-deuteron inter
luster distan
e, aspredi
ted by Motoba, Band�o, and Ikeda[3℄. Cluster model 
al
ulations of 9�Be also predi
ta redu
tion of di-� 
luster distan
e and thus redu
tion of the B(E2) values[3℄. Figure 1shows the ground states and the �rst member states of the rotational band of three welldeformed p-shell nu
lei, namely 6Li, 8Be, and 12C, together with those of 
orresponding �hypernu
lei. Note that 3+ in 6Li, 0+ and 2+ in 8Be are unbound while their � spin doubletstates are bound in 7�Li and 9�Be. The numbers in the �gure are the ex
itation energies in2
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MeV. For the hypernu
lei, spin averaged values are shown. A notable feature is that the
ore nu
lei respond di�erently to the addition of �. A more surprising and perplexing aspe
tis that a redu
tion and almost no 
hange in the ex
itation energy is observed in 7�Li and9�Be, respe
tively, for whi
h the shrinkage of their di-inter
luster distan
es are 
on�rmed/predi
ted. Naively speaking, one would expe
t a redu
tion in their moment of inertia inEq.1 and thus the rotational ex
itation energy to in
rease.
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FIG. 1: The experimental low-lying spe
tra for 6Li, 7�Li, 8Be, 9�Be, 12C, and 13�C nu
lei. Theenergies are denoted in the units of MeV. The energies for the 1+
1/2+ and 2+
1/2+ levels ofthe 7�Li nu
leus are obtained by spin-averaging the observed level energies for the 1/2+ (0 MeV)and the 3/2+ (0.069 MeV) states, and the 5/2+ (2.05 MeV) and the 7/2+ (2.52 MeV) states[7℄,respe
tively. The energy for the 2+
1/2+ level of the 9�Be is the spin averaged energy betweenthe 5/2+ (3.02 MeV) and 3/2+ (3.06 MeV) states [8℄. In the 13�C nu
leus, only the energy for the3/2+ state has been measured [9℄, while the energy for the 5/2+ state is expe
ted to be lower thanthe energy of the 3/2+ state by at most 0.36 MeV [10℄.Re
ently a possible interpretation has been provided by employing two-body d-5�He and�-5�He 
luster models for the 7�Li and 9�Be hypernu
lei, respe
tively[4℄. The results showedthat a Gaussian-like intera
tion between two 
lusters leads to a stabilization of the spe
trumagainst an addition of a � hyperon despite the redu
tion in the inter
luster distan
e. Inthe 
ase of 7�Li, lowering of the ex
itation energy for the 6Li(3+) 
 �(1=2+) levels 
an be3
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a

ounted for by 
onsidering the spin-orbit intera
tion between the inter
luster motion andthe deuteron spin; this is be
ause the shrinkage e�e
t in
reases the overlap between the wavefun
tion and the spin-orbit potential. Unlike 6Li and 8Be, the relatively heavier 12C takes amean �eld 
hara
ter with a sizable deformation. The presen
e of � drives its shape into asphere and thus toward the smaller deformation[6℄. The spin averaged 12C(2+) 
 �(1=2+)level lies higher than that of 12C even if the unobserved doublet spa
ing is overestimated.These studies in the p-shell � hypernu
lei demonstrate a potential of this line of resear
h,whi
h has not yet been a
tively pursued.
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0 π FIG. 2: Parametrization of a nu
lear surfa
e for a quadrupole deformation using � and 
. Adistan
e to the nu
lear surfa
e from a nu
lear 
enter, R(�,�), is given in the equation. All possiblespheroidal shapes 
orrespond to a polar 
oordinate in the (�, 
) plane between 
=0Æ and 
=60Æwhere at the former and the latter 
 values the spheroid has a symmetry axis and are 
ommonlyrefereed to as a prolate and oblate shape, respe
tively. In the vast region of anywhere in betweenthese two extremes in the deformation plane, lies a region of triaxial shape. At 
=30Æ, triaxialityis maximum meaning that the ratios between the long, intermediate, and short prin
ipal axis arethe largest. 4
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II. A SURVEY OF sd-SHELL NUCLEI AND PHYSICS OF 25�MGA. A survey of sd-shell nu
leiIn sd-shell region, an island of deformation 
entered around Mg isotopes exists. In speak-ing of nu
lear deformation, there have been a numerous 
ases of nu
lei with axial deforma-tion. Two extreme quadrupole deformations are a prolate (football-like) and an oblate(pan
ake) shape as illustrated in Fig. 2. In the heavier mass regions, several nu
lei hav-ing an axially symmetri
 o
tupole deformation (western pear-like) have also been found[5℄,though the present study is limited to the quadrupole deformation. On the 
ontrary, anexperimental veri�
ation for the existen
e of a non-axial deformation or triaxiality has beena long debated subje
t despite its importan
e in nu
lear stru
ture studies. A triaxially de-formed nu
leus 
an rotate around the axis whi
h does not 
oin
ide with any prin
ipal axes,having sizable 
omponents of a total angular momentum along all three prin
ipal axes, i.e.3-D rotation of a quantum obje
t. A sign of triaxial deformation is a low-lying se
ond 2+state. Assuming a rigid triaxial shape for an even-even nu
leus, Davydov and Filippov haveshown that E(2+2 )E(2+1 ) = 1 +q1 + 8=9 sin2(3
)1�q1 + 8=9 sin2(3
) ; (2)where E(2+1 ) and E(2+2 ) are the �rst and se
ond 2+ level energy, respe
tively[11℄. For themost pronoun
ed triaxiality of 
 = 30Æ, this ratio be
omes 2. As in Figure 5, this ratio for24Mg gives 
=22Æ and the E(4+1 ), and E(2+1 ) ratio is 3.0, whi
h is 
lose to the value of 3.3for an ideal rotor.B. A hypernu
leus with a well deformed even-even 
ore: 25�MgAlready a few 
al
ulations were performed on 25�Mg. The �rst 
al
ulation for in
ludingthe non-axial 
 degree of freedom was 
arried out based on Skyrme Hartree-Fo
k + BCSmethod[12℄. Potential energy surfa
e in the (�, 
) plane was obtained for both 24Mg and25�Mg to be 
ompared. It then indi
ated that an addition of � brings the 
ore nu
lear shapetoward smaller � deformation via a path in the (�, 
) deformation plane rather than alongthe � axis. A drasti
 
hange in shape is absent, though the softening of the potential surfa
e5
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along the 
 dire
tion is visible. Sin
e the model is based on the intrinsi
 referen
e framewhere the rotational invarian
e is broken, the results 
annot be 
ompared dire
tly to theexperimental observation. Soon after its publi
ation, Yao et. al. employed the results ofRef.[12℄ for input parameters for their �ve-dimensional 
olle
tive Hamiltonian whi
h in
ludesquadrupole vibrational and rotational degree of freedom[13℄. In this model, restoration ofbroken symmetries and 
u
tuations of 
olle
tive variables are taken a

ount. The 
al
ulatedenergy spe
trum of the ground state rotational band resulted in a slight in
rease (� 7%) ofthe 2+1 energy in 25�Mg 
ompared to 24Mg as well as in the redu
tion of the B(E2 : 2+1 ! 0+1 )value by �9 %. The redu
tion of the B(E2) value, though not as large as in the light 
lusternu
lei, is attributed to the 
hange in deformation rather than that in the size, i.e. RMSradius, of the 
ore nu
leus, whi
h has a di�erent origin from the 6�Li 
ase.Re
ently, HyperAMD (antisymmetrized mole
ular dynami
s) with GCM (Generator Co-ordinate Method) were applied to 
al
ulate low-lying energy levels and B(E2) of 25�Mg[14℄,namely � in 0s orbit, as well as to those in 24Mg. Figure 3 shows the 
al
ulated levels
hemes. The 
al
ulated density distributions of the intrinsi
 wave fun
tions whi
h havedominant 
ontributions to the 2+1 and 2+2 states in 24Mg indeed show a triaxial distribution.Not only the same applies to the 3/2+2 state in 25�Mg, but the distribution of a wave fun
-tion of � is also triaxial suggesting that the � orbit is not a pure 0s with an admixture ofnon-zero angular momentum 
omponents. The 
al
ulated density distributions are shown inFig. 4. The 
al
ulations predi
t a systemati
 displa
ement of the entire K�=2+ band withrespe
t to the K�=0+ band by an in
rease of �E=200 keV, whi
h 
an 
ertainly be resolvedby 
-ray spe
tros
opy. In 
ontrast, relative energies within the respe
tive band membersremain un
hanged.III. EXPERIMENTAL CONSIDERATIONSA. Obje
tives of 
-ray spe
tros
opy of 25�Mg� Constru
tion of a level s
heme for 25�Mg at least up to the �rst 4+ and se
ond 2+ state.� Measurement of spin-doublet energy spa
ing of the �rst and the se
ond ex
ited states,2+1 and 2+2 , whi
h gives a � spin-orbit intera
tion strength S� in a sd-shell � hyper-nu
leus. 6
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FIG. 3: Energy level s
hemes 
al
ulated by HyperAMD[14℄.(Left) Experimental and 
al
ulatedlevel s
hemes of 24Mg. (Right) A predi
ted level s
heme of 25�Mg where a � is in s orbit.� Measurement of spin averaged 2+1 and 2+2 , whi
h gives the strength of SN in sd-shell.� The di�eren
e between the 
ore 2+1 and 2+2 states and spin averaged 2+1 and 2+2 givesinformation on the 
hange of 
olle
tivity, espe
ially of triaxiality.� Observation of a 0p� ! 0s� inter-shell transition with a possibility of p� bound state.B. Use of a natural target with 

 
oin
iden
e te
hniqueOne of the diÆ
ulties of 
-ray spe
tros
opy of hypernu
lei lies in the fa
t that a use of anisotopi
ally enri
hed target is not pra
ti
al due to its extreme thi
kness required by the weakintensity of se
ondary hadron beams. Be
ause of this 
onstraint, the number of availabletargets for the experiments using the (K�, ��) and (�+, K+) rea
tions is severely limited toisotopes with a natural abundan
e of nearly 100 %. The 
ase in point is espe
ially relevantto an analysis of a 
-ray spe
trum in singles mode. However, if the 

 
oin
iden
e analysiswith enough statisti
s 
an be realized, use of a natural target 
ontaining a few isotopes is nota forbidding 
hoi
e. In fa
t, in sd-shell the most abundant Mg and Cl isotopes are less then80 %, while in f -shell there are three elements as su
h. Beyond the f -shell, these elementsbe
ome dominant with only a few elements of a nearly 100 % abundant isotope. Therefore,7
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4 fm 4 fm 4 fmFIG. 4: (Top) Density distributions of the intrinsi
 wave fun
tions, plotted in di�erent planes,that are the main 
omponents of the 2+1 and 2+2 states of 24Mg. (Bottom) The 
orrespondingplots for the 3/2+1 and 3/2+2 in 25�Mg. Density distributions of the nu
leus and the � hyperon arerepresented by solid lines and 
olored region.in the present experiment a feasibility of the proposed method will be tested using a naturalMg target 
ombined with Hyperball-J and an intense K� beam provided by the K1.8 orK1.1 beam line at J-PARC.Table I lists a 
omposition of a natural Mg target. The most abundant Mg isotope is24Mg with roughly 80 %, while less abundant 25;26Mg are sharing the rest almost equally with10 % ea
h. Dire
tly produ
ed hypernu
lei are 24;25;26�Mg, and 
 rays from these hypernu
lei
an be identi�ed by gating on the bound region in the missing mass spe
trum. On the otherhands, those 
 rays asso
iated with hyper fragments whi
h are produ
ed from the ex
itedstates of 24;25;26�Mg 
an be identi�ed by gating on the parti
le unbound region of the missingmass spe
trum. In Table I, also listed are expe
ted hyper fragments following a de
ay abovethe lowest parti
le threshold energy. Notably, 25Mg has a ground state spin of 5/2+ andthus is advantageous to populate high spin states in 25�Mg. Moreover, 25�Mg is also produ
edas a hyper fragment of 26�Mg following a neutron emission.Kaon momentum, pK�, of 1.8 GeV/
 or 0.9 GeV/
 will be suited be
ause of its sele
tivityin populating non-spin-
ip states and of the large elementary 
ross se
tion for produ
ing �.8
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Target g.s. spin dn ! s� Hyper fragment24Mg 0+ 24�Mg (23Mg) 23�Na (22Na)(0.79) p (7.6 MeV)25Mg 5/2+ 25�Mg (24Mg) 21�Ne (20Ne)(0.10) � (9.3 MeV)26Mg 0+ 26�Mg (25Mg) 25�Mg (24Mg)(0.11) n (7.3 MeV)TABLE I: Natural Mg target 
ompositions and hypernu
lei expe
ted to be produ
ed. The dn !s� 
olumn lists those produ
ed dire
tly in a bound region in the missing mass spe
trum where a� o

upies the lowest s orbit. Nu
leus in parentheses is a 
orresponding 
ore nu
leus. A hyperfragment asso
iated with a de
ay 
hannel with the lowest parti
le threshold is listed with an emittedparti
le and the threshold ex
itation energy.Rea
tion (K�, ��)Target natural Mg
-ray dete
tor Hyperball-J (a full 
on�guration of 32 Ge dete
tors)EÆ
ien
y for single 
 5.3 % at 1 MeV and 2.5 % at 3 MeVEÆ
ien
y for 

 
oin
iden
e 0.13 % at 1 MeV \ 3 MevGe live time 0.7Beam line K1.8 K1.1K� momentum 1.8GeV/
 0.9 GeV/
Downstream spe
trometer SKS SKSCoverage � 20Æ (horizontal), � 5Æ (verti
al) � 20Æ (horizontal), � 5Æ (verti
al)A

eptan
e 100 % at 5Æ, 30 % at 10Æ 100 % at 5Æ, 40 % at 10ÆTABLE II: Experimental 
onditions for the proposed experiment.C. Yield estimateThe proposed experiment will be possibly 
arried out at either at the K1.8 or K1.1 beamline provided that the SKS dipole magnet and Hyperball-J will be employed. Experimental9
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isotopes abundan
e target hypernu
leus N
/�b/h N
/�b/d N

/�b/d24Mg 0.79 3.40X1023 24�Mg 0.5 11 0.325Mg 0.10 4.31X1022 25�Mg 0.06 1.4 0.0326Mg 0.11 4.74X1022 26�Mg 0.06 1.5 0.04TABLE III: An yield estimate for the photo peak 
ounts N
 and N

 of 
 and 

 
oin
iden
eevents, respe
tively, for the following 
onditions: (1) a natural magnesium target with a thi
knessof 17.38 g/
m2 or 10
m, (2) 100k/spill K� beam intensity, and (3) an uniform 1 �b 
ross se
tionfor ea
h energy level. For the 

 
oin
iden
e estimate, a 
oin
iden
e of 1 MeV and 3 MeV 
-rayenergies are assumed, whi
h approximates the transition energies of E
(2+1 ! 0+) and E
(4+1 !2+1 ) or E
(2+2 ! 2+1 ) in 24Mg.
onditions are summarized in Table II.The SKS dete
tion eÆ
ien
y and the DAQ live time of0.6 and 0.7, respe
tively, are assumed. For the photo peak dete
tion eÆ
ien
y of Hyperball-J for 
 ray of various energy is simulated for a full 
on�guration of the array with 32 Gedete
tors installed. The result of the simulation is shown in Fig.6. 
 rays are uniformlygenerated over a magnesium target of 6 
m X 1.5 
m X 10 
m dimension. The simulationa

ura
y for a stand alone Ge dete
tor with a 60Co point sour
e is 
he
ked with an a
tualmeasurement. The ratio of the measured eÆ
ien
y over the simulated value is around 0.9,and this is taken into a

ount in the eÆ
ien
y 
urve of Fig.6. With many un
ertaintiesyet to be determined, a yield estimation for a number of photo peak 
ounts for the 
 and

 events is listed in TableIII in unit of per 100k K�/spill per 10
m of natural Magnesiumtarget thi
kness per 1 �b 
ross se
tion of ea
h energy level.D. Results of a simulationA simulation for the experimental 
onditions of Hyperball-J and a magnesium targetassumed in the yield estimation is performed. One million events are generated. Ea
h event
onsists of one of a few sets of 
-ray 
as
ades from a parti
ular 
ore nu
leus, namely oneof 23;24;25Mg. The ratios among the three Mg isotopes are those of the natural abundan
e.Non-spin-
ip doublet partners of the hypernu
lear state, of whi
h spin is related to thatof the ground state of the target via either �L=2 or �L=0, are assumed to be dire
tly10
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populated by the (K�, ��) rea
tion. Furthermore, the 
ross se
tions of ea
h 
onsideredlevels in 24;25�Mg are weighted equally. For instan
e, for 25�Mg, the 
 
as
ades of (997keV,2869keV, 1369keV), (2869keV, 1369keV), (2754keV,1369keV), and 1369keV are generateda

ordingly based on the level s
heme of 24Mg in Fig. 5. For 26�Mg, seven 
 transitionsare generated in ea
h event be
ause of its 
omplex de
ay paths, whi
h should be improvedin the future simulations. Doppler e�e
ts are yet to be taken into a

ount as well. Theresults of the 
urrent simulation are presented in Fig. 7 and 8. As a 
rude estimate ofthe Compton suppression s
heme and the ba
kground redu
tion, an e�e
tiveness of PWOsuppressors surrounding the Ge dete
tors are simulated as well, of whi
h results are shownin red lines in Fig.7.
[1℄ H. Tamura et al., Phys. Rev. Lett. 84, 5963 (2000).[2℄ K. Tanida et al., Phys. Rev. Lett. 86, 1982 (2001).[3℄ T. Motoba, H. Band�o and K. Ikeda, Prog. Theor. Phys. 80, 189 (1983).[4℄ T. K. Hagino and T. Koike, Phys. Rev. C 84 064325 (2011).[5℄ P. A. Butler and W. Nazarewi
z, Rev. Mod. Phys. 68 349 (1996).[6℄ M.T. Win and K. Hagino, Phys. Rev. C 78, 054311 (2008).[7℄ M. Ukai et al., Phys. Rev. C73, 012501(R) (2006).[8℄ H. Akikawa et al., Phys. Rev. Lett. 88, 082501 (2002).[9℄ H. Kohri et al., Phys. Rev. C65, 034607 (2002).[10℄ E. Hiyama, M. Kamimura, T. Motoba, T. Yamada, and Y. Yamamoto, Phys. Rev. Lett. 85,270 (2000).[11℄ A. Davydov and F. Filippov, Nu
l. Phys. 8, 237 (1958).[12℄ M.T. Win, K. Hagino, and T. Koike, Phys. Rev. C83, 014301 (2011).[13℄ J.M. Yao, Z.P. Li, K. Hagino, M.T. Win, Y. Zhang, and J. Meng, Nu
l. Phys. A868-869, 12(2011).[14℄ Masahiro Isaka, Hiroaki Homma, Masaaki Kimura, Akinobu Dote, and Akira Ohnish, Phys.Rev. C 85, 034303 (2012).
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 band are labeled as K�=0+ and K�=2+, respe
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hannelthreshold 
orresponding to 20Ne + � is at 9.3 MeV and indi
ated by a dotted line. Thi
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FIG. 6: Simulated Hyperball-J total photo peak eÆ
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 rays are generated uniformlyover a natural magnesium target of a 6 
m x1.5 
m x10 
m dimension. Adding ba
k pro
eduresare not taken into a

ount.
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FIG. 7: Results of the simulation with the Geant4 pa
kage. In all plots, bla
k and red lines areresults of a simulation without or with a Compton suppression, respe
tively. Add-ba
ked events arealso in
luded. (Top) a Ge dete
tor multipli
ity, (bottom left) energy spe
tra unfolded into single
 events, (bottom right) energy spe
tra unfolded into to 
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e events. For example, a3-fold 
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iden
e is unfolded into 3 single 
 events and 3 

 events.
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