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Spectroscopy: probability distribution with respect to
certain physics quantity
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Kirchhoff and Bunsen, 1860: "The different bodies with which
the metals were combined, the variety in the nature of
chemical process occurring in the several flames, and the wide
differences of tfemperature which these flames exhibift,
produce no effect upon the position of the bright lines in the
spectrum which are characteristic of each metal.”

Schuster, 1882: "It is ambitious object of spectroscopy to
study the vibrations of atoms and molecules in order to obtain
what information we can about the nature of forces which bind
them together (& 47?). ..But we must not too soon expect the
discovery of any grand and very general law, for the
constitution of what we call a molecule is no doubt a very
complicated one, and the difficulty of the problem is so great
that was it not for the primary importance of the result which
we may finally hope to obtain, all but the most sanguine might
well be discouraged to engage in an inquiry which, even after
many years of work, may turn out to have been fruitless.”




Plank, 1902: "If the question concerning the nature of
white light may thus be regarded as being solved, the
answer to a closely related but no less important
question — the question concerning the nature of the
spectral line — seems to belong among the most
difficult and complicated problems, which have ever
been posed in optics or electrodynamics.”

around 1860: characteristic discrete spectrum for
each chemical substance.

Wollaston, 1802: dark line in solar spectrum.

1885: Balmer's formular (60 years old school teacher
in a high school for girls)

1913-1915: Bohr-Sommerfeld theory of atomic
stucture




What's science?

« “If science is to progress, what we need is the
ability to experiment, honesty in reporting
results - the results must be reported without
somebody saying what they would like the
results to have been - and finally - an important
thing - the intelligence to interpret the results.

From {The Character of Physics Law)
- Richard Feynman, The MIT Press, 1965
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FIG. 10. (a)Individual p-, s-, and d-wave intensities in the
ground state of "Be [5], "B (this work) and "*C [16]. (b)
Shell model calculations with YSOX interaction in full p-sd
model space. The results for '?Be are from Ref. [5].
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Rich phenomena in nuclear many-body systems
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RGM: Resonating Group Method (& % 7% % i2)

DECEMBER 1, 1937 PHYSICAL REVIEW VOLUME 52

On the Mathematical Description of Light Nuclei by the Method of Resonating Group

Structure
232 — /N4 %
W@ X @) 7

Joun A. WHEELER
University of North Carolina, Chape! Hill, North Carolina

(Received August 17, 1937)

(1912-2008)

RN &

N (m protons + n neutrns) particles sorted into

groups in a particular way (configuration).

\P(IZ- - ‘N) z(kxll' . °l111- . -m_!nl)—%
X 22 ()2 XL, mots X, mary - - ).

perm ml

o', mr(1, 2, - - -ki'; m+1, m+2, .- -m41;Y)
X$n?, mn(kll—i-l, <. m+111+1’ . ) ce
+(}812!' . 'l12!' . m‘n')“é Z (:l:l)

perm

2 FA(Xe?, mi P, (1, 2, < Ke?y o)

m2

+terms in F3, F¢, .- - Fe, (1)

Outline of procedure

The problem centers on the calculation of the
functions F?, which we determine uniquely by
the condition that they shall give the best
possible wave function of the form (1) in the
sense of the variation principle :

SE=0 (E=f\If*H\Ird~:/f\If*\Ifdc). 3)

Our program is as follows : We express (Eq. (13))
S Y*HYdr and S ¥*¥dr in terms of the F¥ and
certain quantities representing the Hamiltonians
of the individual configurations and the inter-
actions responsible for the resonance of the
nucleus between different configurations; then
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ADDRESS OF H. A. ROWLAND OF BAL- SCIENCLE.
TIMORE, MD., VICE-PRESIDENT OF
SECTION B, AUG. 15, 1883. [Vor. IT,, No. 20. 249

Avaust 24, 1883,

A PLEA FOR PURE SCIENCE.!

A o$oT
A Plea for Pure Science
5 F)- 1 -E A7 4F- F 2 /Henry Augustus Rowland

Gi¥ik: 1883428 A 150, AEELWHEFRE. LAHEFLE LK TH L F
Hi45- T £(1848 — 1901) /2 £ B AHF /28t 2 (AAAS )4 BT 2 4“4 s A F 74T 84 5% o,
ZIR L F 5 K KA 1883 4 8 H 24 H Hhir4y Science =& L, FE A AL B A5 6942
ZEE". PHREAFRAAL I (FEHE) 28 2005 F% 5 WELELRT X BEH
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HRH S B, FEFSUBFRTBTAHFRZGEAT, FLAANXFIZLA
FIF R LB, ©LZE, TR, EAHERIERE, RFHIERHE AL
K, AR 3R B A F AR AR IR — s 0945 5.
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To have the applications of a science, the science itself must
exist. Should we stop its progress, and attend only to its
applications, we should soon degenerate into a people like
the Chinese, who have made no progress for generations,
because they have been satisfied with the applications of
science, and have never sought for reasons in what they have
done. The reasons constitute pure science. They have known
the application of gunpowder for centuries; and yet the
reasons for its peculiar action, if sought in the proper
manner, would have developed the science of chemistry, and
even of physics, with all their numerous applications. By
contenting themselves with the fact that gunpowder will
explode, and seeking no farther, they have fallen behind in
the progress of the world; and we now regard this oldest and
most numerous of nations as only barbarians. And yet our
own country is in this same state. But we have done better;
for we have taken the science of the old world, and applied
it To all our uses, accepting it like the rain of heaven.




Second Series. January, 10I3. Vol. I., No. r

THE

PHYSICAL REVIEW.

ANNOUNCEMENT OF THE TRANSFER OF THE REVIEW TO

THE AMERICAN PHYSICAL SOCIETY.! 1931#‘ ’ SIOGH*%

ITH the present number the AMERICAN PHYSICAL SoOCIETY takes: s .
over the PHYSICAL REVIEW and assumes the entire responsibility- LClWI"enCe ﬁ ﬁ- & %

for its conduct. In so doing the society wishes to give expression to ifs_‘- ﬁa iz %g
deep appreciation of the great service done to physics and. physicists in: °

America by the editors who, in July-August, 1893, put forth the:first: 193 2 #. Lawr'ence*
‘

number of a new journal, and to Cornell University, which assumed'the: A . . N
financial risk. There was at that time no journal in this country entirely’ W L VI ngs 1-0 nﬁ ﬁ. @ ﬂ{
devoted to physics, and there was no national society. During nearly" ﬁﬂ iz 2

twenty years the original editors have carried on the arduous task ofi %S °

maintaining this journal on a high standard, and it is difficult to estimate:
the value of their efforts in furthering the cause of physics in America..
In this manner the way for the foundation of the American Physicall
Society was prepared, and early in its history the society and the REVIEW:
entered into relations which have continually become closer. The former-
editors have now thought best to complete their task by transferring
their control to the American Physical Society, and the PHYSICAL
REVIEW now becomes the journal of that society, national in scope, and,

looks for the codperation of all American physicists. A.G. W,




GCM - Generating Coordinate Method (4 # 4 & )

PHYSICAL REVIEW VOLUME 108, NUMBER 2 681 OCTOBER 15, 1957

Collective Motions in Nuclei by the Method of Generator Coordinates*

James J. GRIFFIN,T Princeton University, Princeton, New Jersey, and Institute for Theoretical Physics, Copenhagen, Denmark
AND

Joun A. WHEELER, Palmer Physical Laboratory, Princeton University, Princeton, New Jersey
(Received June 20, 1957)

* Based in part upon the thesis submitted by James J. Griffin

to Princeton University in June, 1955, in partial fulfillment of the ‘-

requirements for the degree of Ph.D. ‘I’(Xl, e Xn) = gon(x; a)f(a)da (3)
We consider a system of A-particles with coordinates Here the quantity, @, may be given the name of gen-

X1, X2, - - - X4 with a Hamiltonian function, erator coordinale, because it serves to generate the wave

function of the system. It should be emphasized, how-

H=(p:/2M)+ (p2/2M
(Dz / ) (p2 / ) the generator wave function, f(a), a so far undetermined

+ - (pa¥2M)+Y Virg). (1) function of @. We next determine this collective wave
s function by the requirement that the expectation value

We construct the trial wave function of the variational ©f the energy of the A-particle system shall be an ex-
hod in the following wav: we replace the actual tremum with respect to choice of the generator wave

met 0- iy g. ] )]; e P . _ function, f(a):

potentia ' elt by a particle by a fictitious potential, SE=0; or 8E/5f(a)=0. @

characterized by a shape parameter, @. We solve the

wave equation for individual particles moving in this

potential. Out of these individual particle wave func- 2k 3¢ ﬁ: % % 7* ﬁ. *5- 5‘ %

tions, we construct by formation of a determinant or

otherwise a many-particle wave function o?: ﬁ% y '5}‘ Wl % 0 % Zh
the nucleonic wave function, ¢,(X1---xa;a). (2) . %,1 'i % % o



Brink wave function (1966)

EX: Brink wave function for the C + k(2n)-cluster system
consisting of a core (C) and k dineutrons (2n)

(I)Bl‘ink(SC! Sla SZ- *t Sk)s

= A{p(Sc)p "(SDP "(S2) -+ ¢ " (Sp)}-

PRC76(2007)044323

¢ "(S) = AlpY () x1 L (1), ),
exp [—L(rf — S)Q} .

gs (I‘; ) —

(b2mr)* 2b?

[32] D. M. Brink, in Proceedings of the International School
of Physics “Enrico Fermi,” Course 36, Varenna, 1965,

edited by C. Bloch (Academic, New York. 1966). p. 247. % v)% ,@#f‘ };

A AEZTE,



THSR wave function (BEC)

PRL87(2001)192501 % Hoyle state £ % ,

Alpha Cluster Condensation in '>C and 1°0 P % w & i}: & %‘S %t/ﬁl &) ?I‘
A. Tohsaki,' H. Horiuchi,2 P. Schuck,? and G. Répke* S-wave , Jﬂ %’ 3% 5 BEC «§

'Department of Fine Materials Engineering, Shinshu University, Ueda 386-8567, Japeu.
2Department of Physics, Kyoto University, Kvoto 606-8502, Japan

SInstitut de Physique Nucléaire, F-91406 Orsay Cedex, France

Y*FB Physik, Universitit Rostock, D-18051 Rostock, Germany

Cl =]d3ReR2/R‘?jd3r1---d3r4
X @os(r; — R)al _(r)) - @os(rs — R)al _ (ry),

0os(r) = (1/(mb?)) /4T /@0

1D,y = (CI)"|vac), C + k(2n)-cluster system

k L 2
chond(B) = Ny / l_[ {dBSi eXp (_ (SI BQSC) )}

=1

X (I)Bl’ir’lk(SCa Sls SQ: r st Sk)s



OCM-Orthogonality Condition Method (& % % i2)

Prog. Theor. Phys. Vol. 40 (1968), No. 4 893

Effect of Pauli Principle
in Scatterings of Two Clusters
Sakae SAITO

Department of. Physics, Hokkaido University
Sapporo )

"~ May 6, 1968 -

by the integro-differential equation. Several

“numerical analyses show that the relative

radial functions are almost energy-inde-
pendent in the fully overlapping region of
two « particles and have characteristic
inner oscillations in S and D states.
‘Thus, the repulsive core of effective a-a
potentials?’ is understood from the outer-
most energy-independent nodes of the wave
functions.

(E=T,—=Vp@)u(r)
= — o, (F) (ug, (T+Vp)wu), (5)

the solutions of which -are always ortho-
gonal to the states u,(r).

ed behavior. It is concluded that, as a
simple model, the inner behavior can be
understood by the orthogonal conditions for
the excluded states, and that the relative
motion is essentially described by Eq. (5).

GCMdb % B, 49338 2 3R
3 Fla)® 5B H3RE F 3
PA-EEMATEX/
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Prog. Theo. Phys. Volume 25 ,1961 , P853

Interaction between Alpha Particles

Ichird Shimodaya, Ryozo Tamagaki
and Hajime Tanaka

Department of Physics
Hokkaido University
Sapporo

February 18, 1961

applying the pion-theoretical poten-
tials recently verified in two-nucleon
problems,” interactions between a-
particles are investigated from the
viewpoint of the cluster model, without
taking account of the polarization
effects of a-particles.

ZE%GDED
A sk 4a 3 1% A

10;

Fig. 1. The dashed lines represent the pheno-
menologically determined ea-a interactions
for S- and D-states.® The upper curves are
obtained from the potential with an attractive
TPEP only in the singlet even state and the
lower curves from the potential with an ad-
ditional attractive TPEP in the triplet even
and triplet odd states.

24




PHYSICAL REVIEW VOLUME 101, NUMBER 1 254 JANUARY 1, 1956

Interpretation of Some of the Excited States of 4'. Self-Conjugate Nuclei*

H. MoRINAGAT
Department of Physics, Purdue University, Lafayette, Indiana

1 On leave from the University of Tokyo, Tokyo, Japan.

PHYSICAL REVIEW VOLUME 103, NUMBER 2 358 JULY 15, 1956

«-Particle Model of O*

S. L. KaMENY]
Kellogg Radiation Laboratory, California Institute of Technology, Pasadena, California

PHYSICAL REVIEW VOLUME 103, NUMBER 3 701 AUGUST 1, 1956

Alpha-Particle Model of C*

A. E. GrasscoLp, University of Minnesota, Minneapolis, Minnesota
AND

A. Gavonsky, Ok Ridge National Laboratory, Oak Ridge, Tennessee
(Received March 5, 1956)

The a-particle model for C*2 has been re-examined. In addition to correlating the 0%, 2%, and 0+ states at
0, 4.43, and 7.65 Mev, respectively, two possible identifications are given for the 9.61-Mev level: 1~ or 2+.
These levels completely determine the model, and the position and character of all levels up to 15 Mev are
given. The main defect of the model is its prediction of a 3~ state at 5.53 Mev which has never been observed.

The separation of the o particles in C**is 3.7>X107% c¢m and the mean zero-point kinetic energy per vibra-
tional degree of freedom is about 2 Mev.



464 Supplement of the Progress of Theoretical Physics, Extra Number, 1968

The Systematic Structure-Change into the Molecule-like
Structures in the Self-Conjugate 4n Nuclei

Kiyomi IkeEDA,* Noboru Takicawa and Hisashi HoRiucHi

Department of Physics, University of Tokyo, Tokyo

Ikeda diagram  Threshold rule
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Fig. 1. Threshold energy for each decay mode.
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Dineutron halo - decoupling

Ewrophys. Lett., 4 (4), pp. 409-414 (1987)
The Neutron Halo of Extremely Neutron-Rich Nuclei.

P. G. HANSEN (*)(®) and B. JONSON (**)
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AMD (Ax#4 Sa b % BE)

PHYSICAL REVIEW C

VOLUME 52, NUMBER 2

628

AUGUST 1995

Structure of Li and Be isotopes studied with antisymmetrized molecular dynamics

Yoshiko Kanada-En’yo, Hisashi Horiuchi, and Akira Ono
Department of Physics, Kyoto University, Kyoto 606-01, Japan

FIG. 9. Matter density distribution of AMD states of Be isotopes. The intrinsic density before parity projection is shown.
Deunsity is projected to a z-y plane and integrated along the z axis perpendicular to the plane. Units of x and y axes are in

fm.
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II. FORMULATION OF AMD Gaussian wave-packet;
Frictional cooling( & % %

*%)

A. Wave function of AMD

1(2)) = rdet[w,(z)], 0i = bz,Xa; » (1) P f‘OJeCT'Of‘J.
/ 2 Superposition(GCM);
(rltz,) = (2;"’) exp [—u (r— Ef;) + %zﬁ] , NN interaction
X exp [—v(r - D;)% + %Kj . r] , (2)
Z; = vDj + 25\/_
|®E(Z1,Z2,...,Z4)) = 1+ P)|®(Z1,2Z2,...,Z4)), (PMK‘I’i|T ol Pirx ®F) _T
(PI\‘LK@ilpMK@i> N ’

B (Z1,...,242Z",...,2Z'4,C))

= |®%(Z1,...,2Z4)) + C|®*(Z},..., Z))) - (4 GCM



From Y. Kanada-En'yo

8Be (g.s.) églargedgO
Developed 2a ® ®
Strong spatial correlation involves higher-shell
components.

SVM by Arai. et al. PRC (1996)
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329> % M %) - Linear Chain State

Structure and decay pattern of the linear-chain state in '4C
PHYSICAL REVIEW C 94, 044303 (2016)

T. Baba and M. Kimura
Department of Physics, Hokkaido University, 000-0810 Sapporo, Japan

II. THEORETICAL FRAMEWORK

A. Variational calculation and generator coordinate method

T - 1+ 7 Py
P =P Py = —F—Pyy, T=oL,

A A z
H:Zr,-—l—ng—l—ZvS—r(c.m.), 2
i=1 i< i<j GCM : b‘ Y
Brink-type .
(O [D7)

E™ = +vs((B) — Bo)* + v, ({¥) — )%,

1
Oipe = Al@1,¢2, .. ..0a) = mdet[@i(";‘)]e

@i(r) = ¢i(r) ® xi ® &, O (By) =P} DT (B.y)

Zio \" 27 +1 .
¢i(r) = exp {— > v (rg — , == /dQDMK(Q)Rm)cpn(ﬁ,y).
Vo T

o=X,y,2

JT JT 2 T
Xi = aixt+ +bix,, & = proton or neutron. Wi, = Z Z cKin Pk (Bis Vi),
i K

nth J7 state



B. Single-particle orbits

U
P = \/—A—a;gm@w

A
hap = (@alt|8p) + Y _(Guy VN + 01553, — Gy Pp).
y=I
A
1 sv
+ = 0, 05| 0 G —— T @5 — D5, ). 13
2y§=:l(90yqoal%wﬁ 5 5,85 — @s@y ). (13)

The eigenvalues €, and eigenvectors f,; of h.p give

JG 41D = (dl 2 1ds),  1ia] =/ (Ps]j21bs),

I+ 1) = (g|Py), |I.] =

(s 121s),

C. o reduced width amplitude and decay width

the single-particle energies and the single-particle orbits, N Al ! n gt
by = Zi‘=1 fus®e- We also calculate the amount of the Y r) = 41(A — 4)! (PalPpe )10l )]JHM‘LDM”}
2 a 2
N - - ym,(a) = P [a}-’;jnf (a)]”.
ng — Za=l fozsqooz- H
e, = 2Py (@), Pla) “ (18
o = 2P (a)y . (a), 1(a) = .
P = G5 ] v v Ff(ka) + Gj(ka)

)
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III. RESULTS
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A. Energy surface and intrinsic structures

FIG. 1. The angular-momentum projected energy surface for (a)
the J™ = 07 state and (b) J™ = 1~ state as functions of quadrupole
deformation parameters  and y . The circles show the position of the
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FIG. 2. The density distribution of (a)—(d) the positive states and
(e)—(h) negative parity states. The contour lines show the proton
density distributions. The color plots show the single-particle orbits
occupied by the most weakly bound neutron. Open boxes show the
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centroids of the Gaussian wave packets describing protons.

FIG. 3. The schematic figure showing the 7 and o orbits around
the linear chain. The combination of the p orbits perpendicular to the
symmelry axis generates  orbits, while the combination of parallel



B. Excitation spectrum

oor O exp. m 7nt-bond linear chain =
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FIG. 4. The positive-parity energy levels up to J™ = 107, Open boxes show the observed states with the definite spin-parity assignments
taken from Ref. [41], and other symbols show the calculated result. The filled circles, triangles and filled boxes show the ground, triangular,
and linear-chain bands, while lines show the noncluster states which have the reduced widths less than 0.08 MeV /2.



TABLE II. Excitation energies (MeV) and proton and neutron
root-mean-square radii (fm) of several selected states. Numbers in
the parentheses are the observed data [41.42].

Band J7T E, p Fa
Ground 07 0.00 2.53 2.58
2} 8.41 2.58 2.69

(7.01) (2.34)

Triangular 07 749 2.67 2.92
K™ =07 27 9.26 2.64 2.83
47 12.00 2.65 2.89
Triangular 257 10.99 2.68 2.92
K™ =21 37 12.03 2.68 2.92
45 13.83 2.68 2.92
m-bond 0, 14.64 3.27 3.20
Linear chain 23 15.73 3.37 3.28
43 17.98 3.33 324
] 21.80 3.39 3.30
o -bond 07 22.16 3.91 4.12
Linear chain 25 2293 4.02 4.21
47 24.30 3.97 4.15

TABLE III. The calculated in-band B(E2) strengths for the low-
spin positive-parity states in units of ¢*fm?. For the negative-parity
states, the transitions between the low-spin cluster states (diamonds
in Fig. 5) are shown and the transitions less than 10e*fm* are not
shown. The number in parentheses is the observed data [43].

J;—) Jf B(E2.J,—> Jf)
Ground — ground 27 — 0F 8.1(3.74)
Triangular K™ = 0 25 — 05 7.6
— triangular K7 = 0" 47 — 27 7.9

6, — 47 19.8
Triangular K™ = 2 37— 27 17.6
— triangular K™ = 2+ 47 = 3] 8.5

47 — 27 54
7-bond linear chain 27— 07 165.5
— m-bond linear chain 47 = 27 257.4

6, — 47 276.5
o-bond linear chain 27, — 0F 4419
— o-bond linear chain 47, = 20 655.9
Negative parity states 3, = 13 219

o1 324

3 = 1o 60.1

3, 15 315

5 - 3; 63.0

57 3; 545

57 — 3; 53.9




Reduced widths
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Three-body decay of linear-chain states in *C

T. Baba' and M. Kimura'?
"Department of Physics, Hokkaido University, 060-0810 Sapporo, Japan
*Reaction Nuclear Data Centre, Faculty of Science, Hokkaido University, 060-0810 Sapporo, Japan
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2% M#: a+ 2n+ 2n Condensate (BEC)

PHYSICAL REVIEW C 88, 034321 (2013)

Dineutron formation and breaking in He

Fumiharu Kobayashi and Yoshiko Kanada-En’yo
Department of Physics, Kyoto University, Kyoto 606-8502, Japan

A. Framework

1. Extended °He + 2n cluster wave function

CDZH(Re b) — A{an(rl; R, b)XT(l)an(rZ; R, b)X‘L(z)}

¢u(r; R, b) o exp [ — %(r — R)Z},

RT/l = R;& :I:_ike;&_.

(DGHS—I—QH*(K; A‘s d}u b/\.)

(r) = Re[R],
—~ h
ey = espin X Ry (p) = o) Im[R].
|

A\ Pspe (Ks Reye =

- ZdA €y, ba

( 3
\)&, Rk = dee_r, b;L = ba, .

)

GCM on {/\. R;h, bﬂ}
0 Y o
p 00
0 B = 3z
He e
—g
Shell-like



2. 8He DC wave function

(I)DC()\'a d).a bk; Bn s bn)

: ]d‘R R Ald,( R ld /
= — N X ] o o — — < }_e_\'a Do
NGy P 7R 3

2
X (DZH* (A" Rk = gdle.n bk = ba)

(I)Zn(Rabn)}- (7)

2

R2
(DZJ".'D(](ﬁv bn) — \[dﬁ)R exXp [_E}(DQH(RB bn)

n

= A{Y, (b)Y (B) xr(nD)xy(n2)},

p— I.z
1/f,-(l";b,-,) oC eXp _m F=17r, —Fp,
| 2
R I 2 2 2
. G nl n —
VG(rg: B) o exp _Ei|r6 =7 p“ = By + by
GCM:
2n* 2npe
Dégey o A=10.0,04 d, =1,2,3,4 b, = b,
q:)DC A=0.0 (l)~=l.2 ..... 8 b;_:b, ﬂ:2.3 ..... b,,:b,’(l—l.....S)
A=04 d,=1,2,3,4 b, = b B=2,3,..., b,=b;i=1,...,5)




3. Description of *He(0%)

RGM+GCM: L ={k A, d,} ] =1{r.d, by B, by}

Wsgeor) = ZC:' Poo Potteron (ki k. i, by = by) Shell-like

l

+ Y ¢ Pog Poc(h,di by Bby),  (12)  DC-like

J
4. Description of *He(0")

Wopieor) = Y ¢i Py Pagons (1, dy, by = by)
+ ch pg(—}l_q)DC(ﬁa b,),
J

5. Quantization of the dineutron component 2MEBDEIREFE A

Dge(ﬁv bn)
— |<IP8(5‘_(DDC(A = Ao, d;, = dop, b;, = by B, b;;)|\p8He(0+)>|2.



2 2
prorecoil Ry d*Roy, exp |~ R | 416 (R, = 0.5,)®s, (Rony b)) P (R b))
2DC \/_ 2n 2n; p 322 g o o » Y 2n 2ny1s Y2n 2n 2nys Y2n
n na

R> R> 4 2 2
&R, d°R,,, € 22 | gl exp | —— X2 — ——(X5,, — Ry,
\/_ f o = P |: B"m B%na :| P Zbgt ¢ 2b%n ( - ’ ])

2
Zb" (XZm R2!73)2:| ¢a ’ﬁzn EDQ” } y

Nope (B, bn) = [{Panc(B, b) | Wsheon)]

lIIOtDC(Bafs bcu B211 ’ b2n)

2

_ ﬁA{/d‘Rlexp [—E]Cb (R, by)

3 RZ
X 1_[ (deRCGXP[ B22( i|q)”n(Rmb”n))}

c=2




B. Hamiltonian

H=T - TG + Vcent + VLS + VCoul,

m55 interaction: good for n-n but too strong for core-n;
m59 interaction: good for core-n but too strong for n-n

1. Energy spectra and characteristics

C. Result

FIG. 3. Energy spectra of the 0" states in experiments and the

Energy (MeV)

6 -

present calculation measured from the threshold of « 4 4n. The
threshold of °He + 2n is shown with the dotted line in each spectrum.

EXP.

m55

0+‘I

m59




(a) ®He(0*,) (b) ®He(0") (c) *He(0",)

- m55) — ' ' ' : ' Al | | ~ p(m55) |

107 | o ﬁ§m55§ — 10 e ﬂgmgg} ] 107 n(m55) ——
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2. Component of one dineutron in the S wave
in*He(0]) and *He(07)

(a) ®He(0%,) (M55)

B (fm)
() ®He(0) (m55)

by, (fm)

B (fm) B (fm)

2DC wave function on the p-b, plane. DC wave function on the -b, plane.




(a) o+2n+2n
(b) t+2n+2n

0 2 4 6 8
B,,. (fm
2n (fm) By, (fm)

FIG. 9. (Color online) The energy surface on the B,,-b,, plane
calculated with the o + 2n + 2n and t + 2n + 2n «DC wave func-
tions [(a) and (b)]. Each of them are plotted by energy region from
the energy at (B»,, b»,) = (10.0, 5.0) to that +10 MeV.
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Giant Dipole Resonance as a Fingerprint of a Clustering Configurations in '>C and 90

W. B. He ({177 5%),"% Y. G. Ma (45430, X. G. Cao (BEH0)," X.Z. Cai (ZEHJT)," and G. Q. Zhang (K[ )"
'Shcmghai Institute of Applied Physics, Chinese Academy of Sciences, Shanghai 201800, China
ZUniversiry of the Chinese Academy of Sciences, Beijing 100080, China
3Shanghai Tech University, Shanghai 200031, China
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1s well established that the centroid energy of this resonance
can provide direct information about nuclear sizes and
the nuclear equation of state [16]. Meanwhile, the GDR
width closely relates with nuclear deformation, temper-
ature, and angular momentum [16-18]. The GDR strength

FIG. 2 (color online). 3Be, '*C, and 0 GDR spectra with
different cluster configurations. The corresponding « cluster
configuration in the present EQMD model calculation is drawn
in each panel, in which blue and red balls indicate protons and
neutrons, respectively. The dynamical dipole evolution of ®*Be,
12C, and '°O with linear-chain configurations are shown in [50].
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«-cluster structures above double shell closures via double-folding

potentials from chiral effective field theory
Dong Bai®!" and Zhongzhou Ren!>:!

ISchool of Physics Science and Engineering, Tongji University, Shanghai 200092, China
Key Laboratory of Advanced Micro-Structure Materials, Ministry of Education, Shanghai 200092, China

a-cluster structures above double shell closures are among the cornerstones for nuclear «-cluster physics.
Semimicroscopic cluster models (SMCMs) are important theoretical models to study their properties. A crucial
ingredient of SMCMs is the effective potential between the alpha cluster and the doubly magic nucleus. We
derive new double-folding potentials between « clusters and doubly magic nuclei from soft local chiral nucleon-
nucleon potentials given by chiral effective field theory (¥EFT) at the next-to-next-to-leading order. The «-
cluster structures in *Be, 2°Ne, **3*Ti, and *'*Po are explored to validate these new double-folding potentials. The
o decay of '™Te is also studied in the light of recent experimental results. Our study shows that double-folding
potentials from y EFT are the new reliable effective potentials for the SMCM approach to a-cluster structures
above double shell closures, with both conceptual and phenomenological merits.
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Progress of Theoretical Physics, Vol. 120, No. 6, December 2008
Monopole Excitation to Cluster States

Taiichi YAMADA.M*) Yasuro Funaxki,? Hisashi HorrucHr, 4
Kiyomi IKEDA? and Akihiro TOHSAKI?

a strong monopole
strength comparable to
the typical single-particle
strength (e.g. a matrix
element of 3.37 fm2 for
the Op —1p transition
[32]) for excited states
below 20 MeV signals the
formation of  cluster
structure.

Bayman-Bohr theorem,

Shell-like vs cluster-like

1
mdet 1(0s)*(0p) 2| = Ny \/”_C.A{[Rﬂ’r 3un)o(! C)]({-}_U)C)((l-)}(I)(;'(’P(-;)_(?‘1)
[R.;(T 3UN )() (/\}!) (0,0) Z 01 11 7’ 3vn )(); C)]J:U. (22)
L=0.24
| 390\ /4 o e ‘
oc(ra) = ( - v ) exp (—1(‘;1/‘.\-’!‘;_}-;) TG =16 ; . (2-3)
. . . 16!
Cr=((4,0)L,(0,4)L|[(0,0)0), 16Cy = Tl (2-4)
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Observation of Enhanced Monopole Strength and Clustering in ?Be

7Z.H. Yang (%ﬁf} Y.L. Ye (“T{EL?F'F "Z.H. L (5“@@} J.L. Lou (REE2¥)." 1.S. Wang (FE4R).

D. X. Jnm(fTﬁ“f) Y. C. c.e(%fr%) Q.T. Li (53—?1?) H. Hua (*£#%),' X. Q. Li (ZE#KX).' ER. Xu (FH %),
1. C. Pei (F#RF). R. Qlao(ﬁﬁ) H. B. You (Jif i %)." H. Wantr (E##)." Z. Y. Tian (EEJ—E[SH) K. A. Li (ﬁlfﬂcu) :
Y.L. Sun (#MH#)." H.N. Liu (XUQI@B) '3 J. Chen (B'J ). 1. Wu (%]‘5%} Y Li (ﬁuu) W. Jiang (F1H)."

C. Wen (3C#8),"* B. Yang (#1%)." Y. Y. Yang (#1Z ).> P. Ma ()2 1.B. Ma (L) > S L. Jin (&H4)?
J.L. Han (ﬁ%@)};)“ and J. Lee (ZEWEH )

'State Key Iabr)ra{,r)r}-‘ of Nuclear Physics and Technology, School of Physics, Peking University, Beijing 100871, China
“Institute of Modern Physics, Chinese Academy of Science, Lanzhou 730000, China
SRIKEN Nishina Center, 2-1 Hirosawa, Wako, Saitama 351-0198, Japan
(Received 10 December 2013; published 22 April 2014)

- PRC91,024304(2015); SC-PMA57, 1613(2014)
- NIMA728(2013)47; TEEE-NS61(2014)59



L2, ANC BT RRNE RS SR T —
HIRFL/RIBLL1 .x @& 5 % 4% 5

PHYSICAL REVIEW LETTERS 124, 192501 (2020)

Positive-Parity Linear-Chain Molecular Band in '°C
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Selective decay from a candidate of the o -bond linear-chain state in '4C

J.Lin2 Q. T.Li.' Y.C.Ge!' J. L. Lou.! Z. Y. Tian.,! W. Jiang.! Z. H. Yang.® J. Feng.! P. J. Li.
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New evidences for the o-bond linear-chain molecular structure in 14C*
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New a-Emitting Isotope 2*U and Abnormal Enhancement of a-Particle Clustering in
Lightest Uranium Isotopes
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%2 % #16: possible a- and dineutron-condensate state
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New Magic Number, N = 16, near the Neutron Drip Line

A. Ozawa.! T. Kobayashi.”> T. Suzuki.’ K. Yoshida.' and I. Tanihata'

! The Institute of Physical and Chemical Research (RIKEN), Hirosawa 2-1, Wako-shi, Saitama 351-0198, Japan
> Department of Physics, Tohoku University, Mivagi 980-8578, Japan

3 Department of Physics, Niigata University, Niigata 950-2181, Japan
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We have surveyed the neutron separation energies (S,) and the interaction cross sections (o) for the
neutron-rich p-sd and the sd shell region. Very recently. both measurements reached up to the neutron
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New “magicity” of N=34 in Ca isotopes

Nature502(2013)207

E:;i;llesl‘;:ﬁ (f?;r z:e Iz)(}vg%gclear ‘magic number’ from the Ilaulr e

a A b 5 c 3
* i & : ®N=30
R 2 4 : 4 52Ca mN=32
S B o ®N=34
3 3t S = -
< . 3t
2 * -
2 of ;‘ 2F
| @ Theory e -
— Experiment ‘ 1k
1 32 I 34 22 26 30 34 18 22 26 30 34
N N Z

Figure 2 | Systematics of excited-state energies in even—even Ca isotopes isotope§. The results of.the present study are indi‘caFed by diamonds E}t N=34.
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Charge radii of exotic potassium isotopes

challenge nuclear theory and the magic
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Soft “magicity” of N = 50 for 78N

’8Ni revealed as a doubly magic
stronghold against nuclear deformation

8N (this work)

Fig. 1 | Experimental E(2,") systematics of the even—even nuclear which the number of neutrons, N = 40, matches the harmonic-oscillator
landscape. Shown are known E(2]") of even-even isotopes*® and the value shell closure, 15 also marked. The predicted two-neutron drip line and its
for 7Ni obtained in the present study. Canonical magic numbers are uncertainties’ are shown in blue.

indicated by dashed lines and doubly magic nuclei are labelled. **Ni, for
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Open quantum systems

* Quantum systems coupled to the environment of scattering
states and decay channels.
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Open quantum system )
Configuration mixing o ! Correlation
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Investigations of nuclear photon strength functions (PSF)

Open quantum system
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Clustering in the universe

Annu.Rev. Astron. Astrophysics 41(2003)57

Clustering in hadrons

QCD: There are many other possible color singlets.
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