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Excited states
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Single-particle degrees of freedom

Excited-state lifetimes
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Collective excitation: 20—

all nucleons outside a
closed shell
contribute coherently
to the excitation
(vibration, rotation)

Single-particle
excitation: Excited
states are formed by
rearranging one or a
few nucleons in their
orbits
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*In nuclei, the energy scales are close:

Eot ~ Evip ~ Esp (MeV)

Collective and single-particle excitation can be separated but interact

strongly




@Population of excited states - Reactions

Target
nucleus

A

Fast X\

Fission
’—‘o\_ Fusion 1022 sec %
Beam
Nucleus Compound
Formation
9182 (6%) iy ~0.75 MeV
‘a2’ ~2x1020 Hz
Sl LY o Rotation
7354 B
1B30 4768 IX
AT g3, 2183 ~_ N n__»
o 1697 gL
(o"\4.329 4440\ 2+ | 4414 4%+ 737 gg3

4166

2981
298 2470 2444

SAYAYAYS

1970
oM

“,
e AVAVA VN
-2

MICHIGAN STATE

UNIVERSITY

Advancing Knowledge.
Transforming Lives.

36A r / 4 109 sec
10-15sec ¢ 4

Groundstate



S5 Population of excited states - Decays iz s
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Excited states populated in B decay MICHIGAN STATE
Selectivity through selection rules

NSCL Transforming Lives.
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P. F. Mantica et al., PRC 77, 014313 (2008)



y-ray spectroscopy tagged with B- MICHIGAN STATE
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58Ni+46Ti at 192 MeV (ATLAS/ANL)
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Excited states populated following o [eRoSAe
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and proton emission
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Structure information from excited MICHIGAN STATE
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As one indicator of shell closures
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J. R. Terry et al., Phys. Lett. B 640, 86 (2006)
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Reactions



v/c:0.05-0.6| I (

reacted
beam target beam

- The choice of the target depends
on the reaction hat is desired

e Ngr=0xN;XxNg
o Cross section
» N, Atoms in target
» Ng Beam rate
» Ng Reaction rate

UNIVERSITY

@ Nuclear reactions — cross section MICHIGAN STATE
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- Reactions
— Inelastic scattering
— Nucleon transfer

— Fusion, fusion-
evaporation

— Breakup/fragmentation

- Experimental task

— ldentify and count
iIncoming beam

— ldentify and count
reacted beam

— Tag the final state of the
reaction residue

— Measure scattering
angles and momentum
distributions
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& Gamma-rays to tag the final state [Sisasis

Germanium detectors:
Superior energy

resolution, but modest 4
efficiency

Scintillator-based:
High-efficiency,
moderate resolution




G S Gamma-rays to tag the final state
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NSCL . ~ 7 'ming Lives.
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E y-ray energy in the lab frame

Bo velocity of the source

90 y-ray angle of emission



Q> Gamma-rays to tag the final state
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A. Gade, Eur. Phys. J. A51, 118 (2015) - review

Making a histogram of
energies as measured in the
laboratory reference frame
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Counts / 6 keV
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Q> Gamma-rays to tag the final state
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A. Gade, Eur. Phys. J. A51, 118 (2015) - review
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Isotope’s velocity and the
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Collective excitations
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@ Even-even nuclel: 2%, state energy as an [IEESEs
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indicator of sheII structure
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e Even-even nuclei: 2* states are typically [EHesEN:
___4_;-',§fthe first excited state on top of 0% ground ™.
states |
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S. Raman et al.,

Even-even nuclei: 2%, excitation
strength as an indicator of shell
structure

Atomic Data & Nuclear Data Tables 78, 1
| ! | ! | !
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N=32 Is a new magic
number in the Ti isotopes
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Exchange of virtual photons mediates excitation

Beam energies at the Coulomb barrier
(SPIRAL):

E,., B(cA) excitation strength, band structures
(0 > 2+ > 4+ 5 67)

Beam energies well below the Coulomb barrier

(ISOLDE, HRIBF):
Usually only the first 2* state accessible

D. Cline, Annu. Rev. Part. Sci. 36, 683 (1986)

@ __Low-energy projectile Coulomb excitation
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’e\ Scattering angle

gy R AN P —

Impact parameter
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Measure de-excitation y-rays

1.44x 7, x Z,
r(fim)
r(fm) ~ 1.2(A, 13 + A 13)

Vo(Mel) =




S High-energy projectile Coulomb excitation

A ‘ Advancing Knowledge.

y Transforming Lives.
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Exchange of virtual photons mediates excitation

Measure de-excitation y-rays

Intermediate and relativistic BUT: the collision between

energies (NSCL, RIKEN, GANIL, target and projectile happens

GSI.): E(Z 1), B(E2,072> 2% above the Coulomb barrier
excitation strength, two-step to 4+ for every target-projectile

heavily suppressed (short

: . ) . combination

interaction time at high beam

energies) How can this still be Coulomb
excitation?

T. Glasmacher, Annu. Rev. Part. Sci. 48, 1 (1998)
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NSCL
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: How can it be Coulomb excitation at
- energies above the Coulomb barrier ?! S e

Transforming Lives.

At NSCL, RIKEN, GSI ... the collision between target and projectile
happens above the Coulomb barrier for every target-projectile
combination

But: electromagnetic interaction dominates for b > Ry
For given v/c:

iImpact parameter b=b(0)

Projectile 4
Zyp Dimin = ; COt(ler;lx/z)
v/c > ‘ T o sztez
" pv*
b Impact parameter Experiment:

_______________ e Maximum scattering angle

e 'V determines minimum b.
Restrict analysis to events at
the most forward scattering
angles so that b(0) >R,

T. Glasmacher, Annu. Rev. Part. Sci. 48, 1 (1998)
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Experiment:
b Impact parameter Max. 6 determines
- min. b
"""""""" - I : Target
- Z;

80 ' ' .

70 - ~
@ SRR
Z 50 } 2
© 40 % &

m

00

20+

2.0° 2.2° 2.4° 26° 2.8°
ela‘;).

A. Winther and K. Alder, NPA 319, 518 (1979)

Intermediate-energy Coulomb excitation
Example: 46Ar + 197Au
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A. Gade et al., PRC 68, 014302 (2003)
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Low-energy Coulomb excitation
Example: Mg + 58.60Nj and 78Kr + 298Pp
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Single-particle states



3-
6.05 0*
0 0

T
MeV I

3+

509 2
<

455 -
.

3.84 2
-

3.06 5
1+

0.87 5
5+

0 2

17
Bo




@f One-nucleon knockout MICHIGAN STATE
A direct reaction

>3-
NS& - QL
e more than 50 MeV/nucleon:
Straight-line trajectories

Projectile Knockout residue : \I'

\N\N\N;:mma ray p

Y ¥

residue moment distribution
- A-value of knocked-out n

P.G. Hansen, PRL 77, 1016 (1996)

Target

a(nl™) = CS(j,nl") o(J,S,)

# nucleons in orbit reaction cross section

P.G. Hansen and B.M. Sherrill, NPA 693 ,133 (2001).
P.G. Hansen and J. A. Tostevin, Annu. Rev. of Nucl. and Part. Sci. 53, 219 (2003).
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Spectroscopy in one-nucleon knockout [EINSNe
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Example: °Be(34Ar,33Ar)X
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33AT 1358(6) keV projectile frame @ P
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A. Gade et al., PRC 69 034311 (2004).



Low-energy transfer reactions — MICHIGAN STATE
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1328” (d ,p)1338n at H RI B F Advancing Knowledge.
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Silicon detector

P O\ CD, target
(deuteron) Q-value spectrum for the

1328n(d’p)1338n
- reaction at 54° in the centre of

@ @O

*Sn beam 1338n recoil Recoil Detector mass.
(RIB)
Proton

+ 4.77 MeV/u 132Sn . s I
produced and so| # S - -
accelerated at HRIBF R *sn - -
bombarded a 160ug/cm? £
CD, target. Exit-channel  § %0

proton detection with
ORRUBA Si strip

detectors under 69-107° 10
polar angles "

20

Q (MeV) nature

KL Jones et al. Nature 465, 454-457 (2010) doi:10.1038/nature09048
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Lifetimes of excited states
Can provide information on
collective and single-particle

degrees of freedom



@ Lifetimes of excited states MICHICAN STATE
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Lifetimes of excited 2* states in
even-even nuclei: picosecond range

r, = 40.81 x 10°E7[B(E2)}/e*h?]™!

Some excited states live much longer: Isomers

Table I: Examples of extreme isomers

Nuclide Half-life Spin (h) Energy Attribute

""Be ~500 ns 0 2.2MeV low mass

94Ag 300 ms 21 6 MeV proton decay

P Er 11 ns ~36 13 MeV high spin and energy
180Tq >10"°y 9  75keV long half-life

*Th ~5h 32 ~7.6eV low energy

2700 ~6 ms ~10 ~1 MeV high mass



Plunger lifetime measurements
6" & ’
NSCL ™
c=300 um/ps B~ 0.3c 10 ps ~ 1mm

Target Degrader

A —
Variable distance

$

S

Adapted from K. Starosta

Counts Counts

Counts

i

Energy
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Line shapes and lifetimes MICHIGAN STATE

Example: ®4Ge 2*,— 0,
1=3.2(5) [pS]

Transforming Lives.

Counts
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S Long-lived excited states — isomers MICHIGAN STATE
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» Back to storage rings and penning traps o ko
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% 0.50
50.45
g o .| | M. Block et al., PRL 100, 132501 (2008)
0.35 - 261
4 5 1lM/AmM =700000]
. T T T T T T T T T T T (/)]
33800 33900 34000 34100 34200 34300 341 25
Frequency / Hz ~
F. Bosch, Lect. Notes Phys. 651, 137(2004) '5, 4.
=
Isomers: decay o 23
: £ |
hindered by nuc!ear % -
structure (selection S 1 isomeric ground
rules, energy, ...) > “11FeT stae state
long lifetime € 4 2 0 20 4 &

v-4438090/ Hz



Take away

Advancing Knowledge

@
Transforming ]_ives:

» Excited states provide valuable information on the evolution of
nuclear structure
» Population of excited states in various schemes

* Reactions — powerful tools
Observables related to the collective degree of freedom

» Single-particle structure from direct reactions

o Life-times of excited states
« Different experimental approaches
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