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_ecture 1: Compression Modes

3 Introduction

Giant resonances: Fundamental modes
of nuclear excitation

d Importance of studying compression
modes In nuclel

ISGMR and ISGDR excitation

Q Experimental studies
Incompressibility of nuclear matter
Asymmetry term

a Conclusions and outlook
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In the following:
IS = Iso-Scalar
1V = Iso-Vector

S =S5pin

G = Giant

M = Monopole
D = Dipole

Q = Quadrupole
O = Octupole

E.g. ISGMR = Isoscalar giant monopole resonance
ISGDR = Isoscalar giant dipole resonance
IVGDR = Isovector giant dipole resonance
IVSGMR-= Isovector spin giant monopole resonance
IVSGDR = Isovector spin giant dipole resonance
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Microscopic picture: GRs are coherent (1p-1h)
excitations induced by single-particle operators.

" EXxcitation energy depends on

1) multipo
for ISGM

e L (Lho, since radial operator oc r-; except
R and ISGDR, 2ho & 3hw, respectively),

1) strengt

N of effective interaction and

111) collectivity.
" Exhaust appreciable % of EWSR

" Acquire a

width due to coupling to continuum and to

underlying 2p-2h configurations.
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Microscopic structure of ISGMR & ISGDR

Transition operators:

—I_ )

Constant  Overtone

2h excitation

Spurious  Overtone
C.0.m. motion

3h excitation (overtone of c.0.m. motion)
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Nucleus ==  Many-body system with a finite size

Vibrations —=p  Multipole expansionwithr,Y,., 7, o

AS=0, AT=0 AS=0,AT=1 AS=0,AT=1 AS=1,AT=1 AS=1,AT=1

L=0: Monopole ISGMR IAS IVGMR GTR IVSGMR
r’y, 7Y, TI2Y, toY, tTor¥,

L=1: Dipole ISGDR IVGDR IVSGDR
r3Y, TrY, TorY,

L=2: Quadrupole ISGOR IVGQR IVSGOR
r’y, 712y, Tor%Y,

L=3: Octupole LEOR, HEOR
r3Y,
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Decay of glant resonances

= Width of resonance =
LT, T (Y, T ] — 1
" I'T: direct or escape width —0—
" I'l:spreading width |
I''": pre-equilibrium, I'*';: compound — *°*%

" Decay measurements
= Direct reflection of damping processes

Allows detailed comparison with theoretical calculations

it i
1p—1h 2p—2h 3p-3h Gompound
! — nucleus
> -—==)>
T Direct
~ v
A-1 < —
A A-1 A-1
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The collective response of the nucleus
Glant Resonances

Electric giant resonances
9 Photo-neutron

Cross sections

(a) 8 10 12 14 16 18 20 22 24 26 28
100 T ¥ T T T T T T T

Isoscalar Isovector

-~

Cross section (mb}
3

65Cu
Monopole

(GMR) i

N (i |
“H.m) ¥v.2m)

Dipole
(GDR)

Quadrupole
(GQR)

/ Berman and Fultz, Rev. Mod. Phys. 47 (1975)
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300

Measurement of the giant dipole

| resonance with mono-energetic
200 | * photons
150 | | , | B.L.Berman and S.C. Fultz

Rev. Mod. Phys. 47 (1975) 713

100

| Nucleus Centroid Width
(MeV) (MeV)

Cross Section-mb

| 116Sn 15.68 4.19
117Sn 15.66 5.02
118Sn 15.59 4.77

| 19Sn 15.53 4.81
120Sn 15.40 4.89

| 124Sn 15.19 4.81
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N
N

Quadrupole deformation:

B,=0.275

Excitation energies:
E,/E; =0.911n + 0.089

Where n = b/a
s,/s, =1/2

_
L/

300 BN B S R B L E Y A ———
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Cross Sectiom-mb
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In fluid mechanics, compressibility is a measure of the relative
volume change of a fluid as a response to a pressure change.

1 oV

V 0P
where P is pressure, V is volume.

Incompressibility or bulk modulus (K) is a measure of a

substance's resistance to uniform compression and can be formally
defined:

P
K=-V—
oV

(’ 5 7, university of
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120

For the equation of state of symmetric |
nuclear matter at saturation nuclear
density:
d(E/A) 0
L O “P =P
and one can derive the incompressibility’ |
of nuclear matter: o T

\
0 0.1 0.2 0.3 0.4 0.5 0.6

. Z(E/A)_ o (1/fm)
d 2

B /0 _p :100

E/A: binding energy per nucleon

p . nuclear density J.P. Blaizot, Phys. Rep. 64 (1980) 171

po - huclear density at saturation

8 3 8

E/A (MeV/nucleon)

[N
(=]

K..=19p

nm
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Equation of state (EOS) of nuclear matter:

More complex than for infinite neutral liquids:
Neutrons and protons with different interactions
Coulomb interaction of protons

1. Governs the collapse and explosion of giant stars
(supernovae)

2. Governs formation of neutron stars (mass, radius, crust)
3. Governs collisions of heavy ions.

4. Important ingredient in the study of nuclear properties.

EX7 university of
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Isoscalar Excitation Modes of Nuclel

Hydrodynamic models/Giant Resonances
Coherent vibrations of nucleonic fluids in a nucleus.

Compression modes : ISGMR, ISGDR
In Constrained and Scaling Models:

Eisomr =1 m?:2>

ISGMR (T 0, L=0)

ISGDR (T=0, L=1)

7 KA +28F
E —h, |~ 25
ISGDR 3 m<r2>

&= 1S the Fermi energy and the ISGQR (T=0, L=2)

nucleus incompressibility: I . .

— Ky=[ @@y ],
university of
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Glant resonances

" Macroscopic properties: E,, I'y Y0EWSR

" |soscalar giant resonances; compression
modes

ISGMR, ISGDR = Incompressibility,
symmetry energy

Ka =Ky + K fA_ll3 + Ksym((N_Z)/ A)Z'I'KCOUIZZA_M3

vol sur
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Nucleus, e.g. 2%Pb

L

o particle

Inelastic o scattering
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ISGOR, ISGMR
KVI (1977)

[

2000

Large instrumental background!

< 208Pb(a,a’) at E,=120 MeV

M. N. Harakeh et al., Phys. Rev. Lett. 38, 676 (1977)
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10 %} 208phy( o, 1)
E E a=200 MeV
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ISGQOR at 10.9 MeV

ISGMR at 13.9 MeV
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Difference of spectra
0°<0,<3°

0°< 0, <15°

1.5°<0,<3°

ERE l*1bil
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Difference AL TR
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208Pb((],(1’)
E, =386 MeV S—
E = 14.5 MeV —

103

L=0, T=0
L=1, T=0
L=2, T=0

=
7]
~
E
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1 ‘ | |
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100 % EWSR
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Grand Raiden@
RCNP

(a,0’) at E_~ 400
& 200 MeV at
RCNP & KVI,
respectively
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Multipole decomposition analysis (MDA)

d’c P calc.
9 E _Va |
@ B)| =% ()[de . )jL
dZU eXp.
o (% E) | Experimental cross section
dZO_ CaIC.
10dE (S m  E) . DWBA cross section (unit cross section)

L
a, (E) :EWSR fraction

a. ISGR (L<15)+ IVGDR (through Coulomb excitation)
b. DWBA formalism; single folding = transition potential

aV(|r r'l, p(r ))]
9P, (1)

SU(r,E)=[dr'ap, (r', E)V (T =1, oo (1)) + po (1)

U(r)=[drv(r—rl, p(r))po(r')

&' KVI
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Transition density

= |SGMR Satchler, Nucl. Phys. A472 (1987) 215

50 (r E) = —ao[3+ -1 oy (1)
dr

5 27th*
0[02 >
mA<r<>E

= |SGDR Harakeh & Dieperink, Phys. Rev. C23 (1981) 2329

By a2 d 5 ,_d d’
oo.(r,E) =— 3r —+10r——<r° > —+¢&(r
P (1, E) R\/§[ dr 3 dr £( dr?

., 67h° R?
' MAE (11<r*>—(25/3)<r?>2? —10s <r?>)

d
+ 4310 (1)

Y

=  QOther modes Bohr-Mottelson (BM) model

d
o (r,E)=-56, Epo(r)

> LQRL+D? 2zh°% <r?% >
(L+2)° mAE <r-*'>7

552 (IBLC)
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da/dQ dE (mb/sr MeV)

do/dQ) dE (mb/sr MeV)

&

Uchida et al.,
Phys. Lett. B557 (2003) 12
Phys. Rev. C69 (2004) 051301

(a,0’) spectra at 386
MeV
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In HF+RPA calculations,

, _
E/A
K = 9p2d d( é ) Nuclear matter
B 10 _IO :IOO
E/A: binding energy per nucleon K,: Incompressibility

p . nuclear density
po - nhuclear density at saturation

208pp . K, Is obtained from excitation
energy of ISGMR & ISGDR

K,=0.64K__- 3.5
J.P. Blaizot, NPA591 (1995) 435

||||||||
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From GMR data on 2%Pb and °°Zr,

K, =240 + 10 MeV
[See, e.g., G. Colo et al., Phys. Rev. C 70 (2004) 024307]

This number Is consistent
with both ISGMR and ISGDR Data
and
with non-relativistic and relativistic calculations
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Ka ~ Kol (1 + CAY5) + K ((N - 2)/A)? + Keou Z°A™3
Ka = Keoul Z2A™° ~ Kygr (1 + €AHE) + K ((N - Z)IA)?

~ Constant + K_((N - Z2)/A)?

We use K¢,y = - 5.2 MeV (from Sagawa)

(N - Z)/A
112§ — 1245n: 0.107 — 0.194
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Monopole strength Distribution
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Colo et al.: Non-relativistic RPA (without pairing)
reproduces ISGMR in 2%8Pb and *°Zr.

Piekarewicz: Relativistic RPA (FSUGold model)
reproduces g.s. observables and ISGMR in 2%8Pb,
144Sm and °Zr [K_ = 230 MeV]

Vretenar: Relativistic mean field (DD-MEZ2: density-
dependent mean-field effective interaction).

[K,, =240 MeV]. Possibly agreement is fortuitous since
strength distributions are not much different from
those by Colo et al. and Piekarewicz.

Tselyaev et al.: Quasi-particle time-blocking
approximation (QTBA) (T5 Skyrme interaction)

[K_ =202 MeV?!]

Softness of Sn-nucler 1s still
unresolved

KVI
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®  This work
®—® SUGold
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E. Khan, PRC 80, 011307(R) (2009)
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The Giant Monopole Resonances in Pb isotopes
1 E. Khan, Phys. Rev. C 80, 057302 (2009).

143 .
i #—= Pairing ]
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R — E}$ a
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E I i
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13.2F . —
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FIG. & Excitations energies of the GMR in **~2Ph o
topes calculated with constrained HFE method, taking into
account the MEM effect (see text). The experimental data is
taken from Ref [2X

Mutually Enhanced
Magicity (MEI\/I)’?
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Monopole strength Distribution
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Decay of glant resonances

" Width of resonance

L, @y, ri)

" I'T: direct or escape width

" I'':spreading width

I'IT: pre-equilibrium, I''!: compound

" Decay measurements

= Direct reflection of damping processes

Allows detailed comparison with theoretical calculations

it i
1p—1h 2p—2h 3p-3h Gompound
! — nucleus
> -—==)>
T Direct
~ %
S =
A A-1 _
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Excitation of ISGDR in 2%8Pb

= |n 298Pp |ocated around 22 MeV and width of 4 MeV

= =1 angular distribution peaks close to a scattering
angle of 0°

= Difficult to identify in nuclear £, 1.50 < By < 5.0°
continuum and rides on -
Instrumental background om_— 'L
Singles 2%Pb(a,a’) 200 MeV = f continuum ?
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Si-ball

16 Si-detectors at

10 cm from the target
total solid angle: 1 sr

ESN

s vDC
MWPC

Bl SCINTILLATOR
acceptance: 1.5 - 5.5 deg

coverage: 9.2 msr

<y momentum bite: 19 %

T target

Fovee®
EDEN (32 detectors), NE213

dispersion 2.54 cm/%

total solid angle: 0.37 sr

KVI Big-Bite Spectrometer (BBS)
QKVI Shonan , Japan ; 22-26 October 2012 51 m/?ﬁﬁ?ﬁ%"f



Proton-decay detection

o.-p separation using
rise time of signal SiL.i
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Microscopic structure of ISGDR

Transition operator

Spurious center  Qvertone
of mass motion

3ho excitation (overtone of c.0.m. motion)

university of
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Statistical

\ 4

decay
|G DR
K 218 tl
JISHEOR %,
n decay
| 'seMR
p decay
DireCt decay JISGOR 4o o 3.413
TIe— 2.340
hole states i ——— o
, Pb
(o, ")
g.s.
- 0
“®Pb
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208pph(a,a’) followed by p decay

30 —— R S
- E"BF'b(m o p)z‘”Tl Bt
23 s E 200MeV LA
Decay to hole T 50&@ {60
states in 297Tl; MRS S
branching ratios

predicted by ol s
Gorelik et al. R S

M. Hunyadi et al., Phys. Lett. B576 (2003) 253
M. Hunyadi et al., Phys. Rev. C75 (2007) 014606 of

E, in “®Pb (MeV)
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Counts/150 keV

“%...l...,.

Branching ratios for decay

120

100

&80

~1 0 1 2 3 A
Final-state energy in =" TI (MeV)
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doras2 (movsr)

ISGDR in 2%8Pb in p decay

E, =22.1+0.3 MeV

gated on hole states

L =1 transition i )
- HEOF
I:':"I __
.‘g 02 HLB
il i . |
7 " a) _ _,."f o
4 B ¥ . == ==
: E A ; Y
e ISGDR ISGDR = o =k - IBE2E=. et
Boes
(e B ISGOR
B ouf |
3] 02
i - HEOR uLg
B
D1 ’ b el |
- B T
q _I._l_l—|——|_| E- 1 1 ] T I T
20 25 30
E, (MeV)
? university of
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Branching ratios for decay

120
100 This work
3 a0 Gorelik et al., PRC
; 62 (2000) 047301,
— &0 Continuum RPA,;
% i Landau-Migdal
3 Parameters: e, f';
20 Smearing parameter
. _ A energy-dependent
-1 0 1 2 3 4
Final-state energy in “*" TI (MeV)
Gorelik et al., PRC 69 (2004) 054322
1/2* + 3/2* 2.6%  (5~0.56) 1.45% 23+1.1
11/2=+5/2* 19% (5~0.56) 1.04%  1.2+0.7
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Overtone of the ISGQR? [r*Y,]

E, =26.9%0.7 MeV

i |SGOR 208 :
L Pbice,ct . ]
il ecep) Muraviev and Urin

— T Bull. Acad. Sci. USSR
E 0ol Phys. Ser. 52 (1988) 123
L E, =28.3 MeV
E : 05 ! I T N Y SO NN N B
= i
- 0 _ o0 HLE HLE
5 03 Pb{cr.ofp) 04 -
e - I9GDR 18%@,<30° | o goupA | —$—  group B
= - = 4 os - — T
NE 02 ™ Hece \ £ / P |

= o] —— L 1l

- 5 2 AT iy =T

o1 | oL Ay B %
- b 0.1 f—\l% l g — "
20 25 30 S S L | L1
Ex {MEU-J 2 4 ] 2 4 ]
®,.(deg.) ®, (deg.)
i ity of
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Data analysis: Proton decay

i 58Ni(a,oc’p)57C0
- Eqg =386 MeV

S, =12.218 MeV

W
)
|

Sp=8.172 MeV

Eproton (MeV)
- N
5.8

<

0 10

Final-state energy Ers =BEx —Ep, =35,

Ly
5
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&

Experimental results

M. Hunyadi et al., Phys. Rev. C80 (2009) 044317

Final-state energy

spectra

Final-state energy
spectra after subtracting
statistical contribution

700
600
500
400

300

counts/50 keVY

100 |

T00
600
500
400
300

counts/50 keV

200
100

of

200 |

0 b

*ENK o, 0°p)

20< E, <40 MeV
18«0 _<38°

| |
s

L ALY
|{P+ i H{Jq | e
+1

]
i,

co

il i

0000 (7/2-)

bttt

Direct decay from region:

20 < E, < 40 MeV

= 1224 (972]
= 1378 (32|
— 1758 E:!.Q—}

T2
— 231 (772
— 28N (72
— 28/ {124)

— 1897
- —— 3553 (3/2+.524])

—— 0000 ("*N)

I AR

A {I#MIJI'FHI! it il
f

-1 0

1 2 3 4
E, . in >’Co (MeV)

T 8

KVI
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N

Experimental results

Difference of

E; . -spectra 2
e 8 ‘TE
a
E
E 100 [ Lﬁ
¥ 11}
E T N - 2
G so|- E,=400 MeV =0 o
=) L=1 S
3 — L= %
L-3

60 [~
\ TN ~
a0 - %
7,5, — =
1 ‘TL
n
20— \ s}
L e \\_ [
[i] L1 | I P | | | uj-l
-
1 2 3 4 3
Bem (deg.) o
nb
=

[=] - N [5] F & ] & Q (8] = =] =]

it it

T i :

iy J,HHi

*®Ni(o,2'p)° Co
21 <E_<38 MeV

t 180, <25°
+ 3.1%0,  <38°

bt
4 4 TN |
ﬂ;wﬂ## A

ot
+Jr.|.++ 1

Difference of spectra

KVI
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Strength distribution of ISGDR in °8Ni

06 - “Ni[ﬂ!,ﬂ!"p} Ex=311+1.4 Me¥ 50 |
T I'=T.5+1.7 Me¥ a | .,
ot ‘ “ ' 23 < E, <40 MeV
0.4 -
- Ex=24.04+1.9 MeV 40 B - —1
[ T=4.3+2.6 Me | 1 - e —
o2 N TT _F erereerens L=3
I a3 S N
2 of Jr M | N Jr _% 30 - .- 3 sum
-:E :. __I A B P S il N1 I -I_ = : R _+_
- 8 PNijo,) Ex=32.040.4 MeV % 20 B
g - difference-of-spectra r=11.9£1.0 Me¥ B [ h1:+7
= 6 for singles data = B s ++
) 10 ++ ............
2-— ®) : ________________________________________ -\-':H__“- -F-.'#
u: az( u B | | | | | | | | | | | | I-.‘I_rl | |
2Iu ...2|5....3::....3|5....4|°.__.| 1 2 3 4
E, (MeV) O, m, (deg)
Spectra of L = 1 strengths obtained Differential cross section of
with DOS method in percentage of resonance structure fitted with L =1
Isoscalar EWSR; a) coincidence data and L = 3 DWBA calculations.
gated on g.s. decay and b) singles
data.
( ﬂ Y7 university of
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Proton-decay branching ratios
Normalized to 100%

Exp. (%) Cal. (%0)
(24-38 MeV) (15-40 MeV)

7/2° 61.3 (with 5/27) 47
3/2 7.9 3.1

3/2°.1/2 9.9 2.2 (only for 1/2-)
5/2 32434
1/27 2.0+4.2 13.4

3/27.5/27 159 34.3

)) 100 % 100%

Calculations: M.L. Goerlik, 1.V. Safonov, and M.H. Urin,
Phys. Rev. C69 (2004) 054322
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Conclusions!

" There has been much progress in understanding
ISGMR & ISGDR macroscopic properties
Systematics: E,, I', Y0EWSR

= K, = 240 MeV
= K, =~ - 500 MeV
® Sn nuclei are softer than 28Pb and °Zr.
" Recently, Microscopic Structure for a few nuclel

CRPA has some success in 29%Pb & °2Ni but
fails badly in 11°Sn & °Zr.

" Possible observation quadrupole compression
mode, I.e. overtone of ISGOQR




Radioactive ion
where 1t wil
ISGMR and

Outlook

beams will be available at energies
be possible to study excitation of
ISGDR

RIKEN,

FAIR, SPIRALZ2, NSCL, EURISOL

Determine ISGMR and ISGDR 1n unstable Sn nuclel.
A =106 to 134 possible

=>A more precise determination of K,
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Nuclear structure studies with

reactions In inverse kinematics

- Possible at FAIR and RIKEN
(beam energies of 50-100 MeV/u are needed!)

®— & @ —

“He target

(o,0)

heavy projectile .\ o heavy ejectile

recoiling
alphas
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Detection system @ FAIR

> Heavy-lon
Spectrometer

Neutrons /
Charged Ejectiles

Beam in
Storage Ring

Figure 1: Schematic view of the EXL detection systems. Left: Set-up built into the NESR storage ring.
Right: Targer-recoil detector surrounding the gas-jet target.

Use of EXL recoil detector i1s under evaluation

university of
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Experimental Method

ISGDR in *°Ni: 2" |ISGDR in Ni after *°Ni

Conditions

@ Ni(a,a’) and >°Ni(a,a’p)

@ LISE beam at the highest energy possible (= 50A MeV)

Setup
@ MAYA in D6, filled w/ He (>95%), CF4 mixture.
@ All ancillary detectors (Si & Csl + S1)
@ “Active” masking of the beam

Predictions
@ Detect alpha down to ~ 1 MeV, between [2°,10°] in C.M.

@ Remeasure ISGMR in *°Ni

@ Detect protons coming from ISGDR decay

o

M. N. Harakeh ( KVI, Groningen ) E605: ISGDR in 26Ni GANIL PAC 2010 9/26

w7y university of
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KVI

Kinematics: energies

N M S
L ¥

d

B N 85%He, 5%CF, —
- \ 1000 |
\ 1\
10 | At -
N >
L -
) 100
= LR ;
L L
2 \ ] P
3 . E |
[ .3?< | ] 10 |
: B ;
('""'; (,.,-X' I|I 1
Ex= 0 MeV, @ |
Erﬂuuqéu———|
0.1 . PN —— |
0O 10 20 30 40 50 60 70 80 80 & 8 10 12 14
6y pp (deg) E  ap (MeV])
F = =
M. N. Harakeh ( KVI, Groningen ) E605: ISGDR in 26N GANIL PAC 2010

17/26

Shonan, Japan ; 22-26 October 2012 71 E_E_]l /

university of
groningen



Experimental Method

Setup: MAYA (Active target)

He+CF,
eam: NI
_ “mask”
= = = = = 9ae
M. N. Harakeh ( KVI, Groningen ) E605: ISGDR in 96Ni GANIL PAC 2010 6/ 26
\; KVI Shonan, Japan ; 22-26 October 2012
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Experimental Method

Setup: MAYA (Active target)

Si+Csl

M. N. Harakeh ( KVI, Groningen )

\pKVI

|
E605: ISGDR in 26Ni

= = = 9a0¢

GANIL PAC 2010
Shonan, Japan ; 22-26 October 2012

6/26
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Experimental Method

Predicted angular distribution

1000 F T T T I I =
- ISGMR 50A MeV s
I ISGMR 60A MeV ——
. B angle coverage N ISGDR 50A MeV ———
- ISGDR 60A MeV ————
100 | \ .
- : E"coyr = 19-5MeV
= I i
-E - ——::' E*isepr = 30.0 MeV
— 10 - — —
G .
E ]
S ]
S i
TF E
B
0.1 ?
0 2 4 6 8 10 12
BC.M_ (deg}
M. N. Harakeh ( KVI, Groningen ) E605: ISGDR in 2€Ni GANIL PAC 2010 8/26
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Recent works: ISGMR

ISGMR in unstable nuclei

*5Ni: active target MAYA filled with deuterium gas
bombarding energy of 50A MeV

C. Monrozeau et al. @ GANIL

800 [ 5wk
700 £ a F “h,
- c R i N S
A e
S soof |LE :
— - é’ C
L 400 F B
= C IE
= 300 F E e E*=165MeV
C L L=2
O 200 F e s E*=195MeV
- = — L=f
100 ;— E = breakup
I‘J- TN FEE NI RN ARl NRT | -
_5 ﬂ 5 lﬂ 15 2{] 25 3ﬂ 35 ‘1‘0 Iﬂ\z IIIIIIIIIlIIIIIIIIIIIIIIIIIIIII | I I|I 1
% g 1 2 3 4 5 6 7 & 9 10
E (MeV) By [deg.]
M. N. Harakeh ( KVI, Groningen ) E605: ISGDR in 26Ni GANIL PAC 2010  14/26
5 7/ university of
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Multipole assignment with a—y angular correlation

' ' ' ' ' 'J=3 " | Dipole
1495 g = 202° - * _
120 ¥ §o/\
al00 L =
£ |
100 140 180 220 260
8 0,[deg]
Quadrupole
7100 140 180 _ 220 )
0,[deg]
3000 4000 5000 6000 7000 8000
J. Endres et al., submitted to Phys. Rev. C Energy [keV]
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Multipole assignment with a—y angular correlation
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J. Endres et al., submitted to Phys. Rev. C 9 [deg]
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Comparison of (a,0'y) with (y,y’) on 1°®Ba

! !
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E1 strength distribution in 14°Ce, 138Ba, 1%4Sn, and **Mo

30
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