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\What is nuclear data?

« Measured values of a range of nuclear energy & time parameters,
including:
— Nuclear ground state masses, decay modes (a, B3, fission,,..) and
decay energies (Q values).
— Nuclear decay lifetimes and partial decay modes; branching ratios.
« Competing internal decays verses beta/alpha decay modes.
» Beta-delayed neutron probabilities, P (%) values, in fission.

— Nuclear reaction ‘cross-sections’ as a function of energy, (n,f), (p,f)
reactions etc., e.g., thermal neutron capture cross-sections.

— Reaction product distributions from thermal and fast-neutron fission.

— Excited state properties of nuclei, characteristic gamma-ray energies,
relative P, (%) values, transition rates from nuclear excited states
(lifetimes range from ~10-"° s to 107% secs) internal conversion
coefficients and gamma-ray decay multipolarities.

— Magnetic and quadrupole moments of nuclear excited and ground
states.

— ...lots more.
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Fundamental Rules in Nuclear Structure Research

* The nuclei and final excited states populated
depend on the reaction / decay mechanism used.

« All of these are SELECTIVE in one way or another.

— Fusion-evaporation: higher spins; near-yrast
states; (usually) neutron-deficient residual nuclei.

— (Prompt) Fission: Medium spins, ~8-16 h per
fragment; near-yrast states; wide spread of
neutron-rich nuclei centred around A~95 & ~135.

— Radioactive decay (a, B) usually lower-spin
states due to selection rules; Al=0,1 ‘allowed’.

— Populated excited states below particle
separation energies decay via EM selection
rules and transition rates dependency.




Some nuclear observables.
1) Masses and energy differences
2) Energy levels
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Measuring Excited Excited States -
Nuclear Spectroscopy & Nuclear (Shell) Structure
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* Nuclear states labelled by spin and parity quantum numbers and energy.
- Excited states (usually) decay by gamma rays (non-visible, high energy light).
* Measuring gamma rays gives the energy differences between quantum states.




Coexistence of collective and noncollective motion
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Energy levels are determined by
measuring gamma-rays decaying
from excited states.

Many, many possible states can be
populated..many different gamma-ray
energies need to be measured at the
same time (in coincidence).

(LN, cooled) germanium detectors
have the combination of good energy
resolution (AE~2 keV @ Ey=1 MeV)
and acceptable detection efficiency.

Various multi-detector ‘arrays’ of
germanium detectors around the World.
e.g., GAMMASPHERE, MINIBALL, GaSp
JUROGAM, RISING, INGA,
EXOGAM, AGATA, GRETINA,
NuBALL, EXILL+FATIMA, RoSPHERE
Fusion-evaporation reactions best way
to make the highest spins. Nuclear
EM decay usually decay via 'near yrast’
sequence (since decay prob ~ Ey?L+1)
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* Peak to Total (P/T) = X Photo Peaks/ X of all Counts
* P/T ~0.20 for 70% Co-axial Ge Detector
* P/T ~ 0.55 for Compton Suppressed Gammasphere Detector In Array

* Photopeak efficiency is ~10% for 1 MeV vy ray (110 Detectors)
* dE = 2.5 keV at TMeV



Compton Suppressed Arrays

For the last ~ 15 - 20 years, large arrays of Compton-suppressed Ge detectors such
as EuroBall, JUROBALL , GASP, EXOGAM, TIGRESS, INGA, Gammasphere and others
have been the tools of choice for nuclear spectroscopy.

EUROBALL

Gammasphere

More recent development include TRACKING arrays (e.g., GRETINA & AGATA) ;
and 'Hybrid' arrays (e.g., EXILL+FATIMA, RoSPHERE, NuBALL etc.)



Compton Suppressed Arrays: Recent Example:
NuBall at IPN-Orsay.

20 LaBr;detectors with from FATIMA collaboration -time resolution ~250 ps
24 HPGe clover detectors with BGO shielding for Compton Suppression

10 coaxial HPGe detectors with BGO shielding

FASTER Digital DAQ; 500 MHz sampling for the LaBr; detectors; 125 MHz
sampling for the HPGe and BGO detectors




Basic EM Selection Rules?
i +1f| = L = |I; — Iy

5 +
(a) N
("mixed") 4
M1, E2
(b M3, E4, M5, E6 E1, M2)
E2 3, E4, M5, EG,
M7. ES. M9 E2 N\ E3.M4, E5 M6, E7
M3, E4, M5, + M3 E6 3
E6, M7, ES 4 Do
s ¥ e
("mixed") _
M1, E2, E3. M4, ES
. M3, E4, M5, E6, M7

3

The transition probability for a state decaying from state .J; to state Jy.

separated by energy E.. by a transition of multipole order L is given by |1, 7]

Th(\L) 8m(L+ 1) (E.J,

T RL((2L + 1)) \ e

where B(AL : J; — J¢) is called the reduced matriz element.

2L+1
) B(AL: J; — Jy) (1.1.2)



EM decay selection rules reminder.

Suppose we are concerned with a transition between the states 7 and f of
characters (spin, parity) (Ji, m:) and (J;, @y) respectively; defining a quan-
tity p, which is 0 for even parity and 41 for odd parity, we see that the

multipoles that can contribute are delimited by
Ji+JrzLz |5i-Jil,
and by the further conditions:

?i + 2r + L = odd for magnetic multipoles
2: + p7 + L = even for electric multipoles.
TABLE 1

OBSERVED MULTIPOLE TRANSITIONS

Multipole L 1 2 3 4 5
Yes El o M2 E3 M4 E5
Parity change
No M1 <> E2 M3 E4

Since the quantity that enters in the vector potential of the L-multipole is:
(kr)E
(2L + 11’

we see that the lowest possible multipole transition is greatly favored for
kr<1. The range of energies for which (kr)<X1 is frequently called the “long

wave-length” region. In fact, usually only the lowest possible multipole
contributes, but sometimes also the next order will appear. It is this.fact
that makes the measurement of multipole order so useful a tool in the assign-
ment of characters to levels, The most important examples of mixed multi-
poles are found for M1+ E2 and E1-+ M2 transitions; these are indicated in
the above table by connecting lines.

Jolbr) = 9,

(a)

(b)

(‘pure’)
E2

M3, E4, M5,
E6, M7, E8

("mixed")
M1, E2

M3, E4, M5, EG6,
M7, ES, M9

("mixed")
M1, E2,

M3, E4, M5, E6, M7

E2
M3,....E6

El, (M2)

N\ E3. M4, E5, M6, E7
3

ﬁl, M2)

E3, M4, ES

From M.Goldhaber & J.Weneser, Ann. Rev. Nucl. Sci. 5 (1955) p1-24




Nuclear level schemes can be
constructed using gamma-gamma
coincidence techniques.

‘Gating’ on a particular discrete
gamma-ray energy in one detector and
observing which transitions are in
temporal coincidence with this

particular transition.



NANA — the NAtional Nuclear Array
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Up to 12 LaBr3 scintillator gamma-
ray detectors.

Digitised signal output performed by
CAEN V1751C module.

2.6 % energy resolution @661 keV.
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134Cs source decay in y—y coincidence.




Resolving and selection of weakly populated
decay channels
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| peak-to-total of the 569 keV is 40 %!
1 Loss of statistics but much improved

signal cleanliness.



How is measuring Nuclear structure information.
the lifetime The ‘reduced matrix element’,
B(AL) tells us the overlap
5
useful: between the initial and final
nuclear single-particle
wavefunctions.

8m(L + 1) (E,})QL“ Bl

TalAL) = 5 | — AL J; — J;
J}( Y, (2L + 1)!)* \ Ac ( 2
trivial) gamma-ra
Transition probability (energy)dgependencé of
(i.e., 1/mean lifetime as transition rate, goes as.

measured for state which | | F2+104 E5 for E2s
decays by EM radiation) for examp/é.




EM Transition Rates

Classically, the average power radiated by an EM multipole field is given by

2L+2

2(L+1)k (o )

P(ot)- (2] et
g,L[(2L+11f Lc

m(ol) is the time-varying electric or magnetic multipole moment.

o is the (circular) frequency of the EM field

For a quantized (nuclear) system, the decay probability is determined by the
MATRIX ELEMENT of the EM MULTIPOLE OPERATOR, where

m.. (gL) — jW: m(gL)Wi dy i.e, intfegrated over the nuclear volume.

We can then get the general expression for the probability per unit time for
gamma-ray emission, A(olL) , from:

1 P(oL (L +1 2

Aot)=LoPlb)_ 2L+) (a’j (o)}
r ho  ghL|2L+10] Lc

(see Introductory Nuclear Physics, K.S. Krane (1988) p330).




The lifetime of an 1someric state is related to the total decay
width, I, alinear sum of all partial decay widths () ray, conversion

electrons, a decay, 8 decay, fission, etc.), through the uncertainty
relationship (in convenient units):

I'xt=HhH=0.6582x 107" [eV-s]. (3)

where 1 1s the level mean life, which is related to the half-life as
TUZ =1n 2 x T.

For an isomeric state with N branches, predominantly y rays
and internal conversion in the present cases, the partial y-ray
mean life of an individual transition j, 1']{,, is given by:

N
Yo IE % (1 )
' k=1
ri{, = o j _, (4)
IJ”

F.G. Kondev et al. /| Atomic Data and Nuclear Data Tables 103-104 (2015) 50-105




EM Selection Rules and their Effects on Decays

(6") (48)(2017)
47 1969
* Allowed decays have: “ ;!;
2" ¥ 1472
L=l <a<|l-1]
e.g.,decaysfrom 1" =6"to|" =4~
are allowed to proceed with photons 12
carrying angular momentum of
A=2,3,4,56,7,8,9and 10 7. 0* 0

e.g., '928n,,

Why do we only
observe the E2
decays ?

Are the other
multipolarity
decays allowed /
present ?

Need also to conserve parity between intial and final states,

thus, here the transition can not change the parity.

This adds a further restriction : Allowed decays now restricted to

E2,E4, E6, E8 and E10;and M3, M5, M7, M9



(67) (48) (2017) Ey E2 M3 E4
@ (TWu) | (1wu) | (1Wu)
497
(21 1472
48 112us 782,822 s 2.5E+14s
(6*—47)
555 66,912s
1472 (6"—27)
497 0.9ns 61ms 180,692s
(4*—2%)
0 0 1969 751ms
102G (4*—0")

Conclusion, in general see a cascade of (stretched)
E2 decays in near-magic even-even nuclei.



Weisskopf single-particle estimates
., for 1 Wu at A~100 and E, = 200 keV

M1 M2 M3
2.2 ps 4.1ms 36 s

El E2 E3
5.8 fs 92 ns 0.2s

The lowest order multipole decays are highly favoured.

BUT need to conserve angular momentum so need at minimum A =1\-l. is
needed for the transition to take place.

Note, for low E, and high - A, internal conversion also competes/dominates.



The EM transition rate depends on E 2*1 ; the highest energy transitions
for the lowest 1 are (usually) favoured.
This results in the preferential population of yrast and near-yrast states.

'Near-Yrast' decays
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The EM transition rate depends on Ey?**1,, the highest energy transitions
for the lowest A are (generally) favoured.
This results in the preferential population of yrast and near-yrast states.

'Near-Yrast' decays
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The EM transition rate depends on Ey?**1,, the highest energy transitions
for the lowest A are (generally) favoured.
This results in the preferential population of yrast and near-yrast states.
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The EM transition rate depends on Ey?**1,, the highest energy transitions
for the lowest A are (generally) favoured.
This results in the preferential population of yrast and near-yrast states.
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The EM transition rate depends on Ey?**1,, the highest energy transitions
for the lowest A are (generally) favoured.
This results in the preferential population of yrast and near-yrast states.

'Near-Yrast' decays
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The EM transition rate depends on Ey?**?, (for E2 decays E °)
Thus, the highest energy transitions for the lowest A are usually favoured.
Non-yrast states decay to yrast ones (unless very different ¢ , K-isomers)

'Near-Yrast' decays
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The EM transition rate depends on Ey?**1, (for E2 decays E °)
Thus, the highest energy transitions for the lowest A are usually favoured.
Non-yrast states decay to yrast ones (unless very different ¢ , K-isomers etc.)
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The EM transition rate depends on Ey?**?, (for E2 decays E °)
Thus, the highest energy transitions for the lowest A are usually favoured.
Non-yrast states decay to yrast ones (unless very different ¢ , K-isomers)
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Excitation energy

Yrast Traps
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Excitation energy

Yrast Traps
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e.g. **3Ra decay.

Characteristic signatures of decay include:
i) Alpha decay (and rare “C cluster emission)
i) Fine structure in alpha decay to '®Rn
excited states.

i) Gamma ray emission from excited states in
the 2°Rn daughter.

lv) Internal electron conversion emission in
competition with gamma ray emission.

v) Daughter (4'®Rn), granddaughter (¢'°Po)
and subsequent decays....




Very complex alpha decay fine structure, many alpha lines to excited states in 21°Rn.
(from ENSDF nuclear data based from 2001 evaluation in Nuclear Data Sheets).
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Initial decay energetics of 223Ra

Basic modes of decay for heavy nuclei are beta decay to lighter nucleus with the

same A (=N+Z) value (e.g., 227Ac¢ — 227Th + [3' + V) until minimum
energy isobar is reached for a given A value.

This is usually then followed by o decay (i.e., emission of a “He nucleus) to
create a daughter nucleus with A-4, e g., 227Th —223Ra + .

 Some decays of odd-A nuclei [ T s | ﬁ
populate excited nuclear S 40 TR ]
states in the daughter - leads § - 1
to fine structure in a decay = 4

O 30—
e L ]

* mass parabolas for A= St -
constant from the semi- w 20 o
empirical mass equation é :

% - -

» “»°Ra (Z=88)is lowest energy -2 ! " A=2119 [ ]
|dsobar for A—22_3, .|t must 3 o o = -— 9o

ecay by o emission. |
Po Rn Atogge Nuggber y  py
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Alpha Decay Selection Rules.

Alpha decay to excited states in nuclei is observed empirically.

Alpha particle spectra from odd-A and odd-odd nuclei can become (very) complex,
with a number of characteristic alpha decay energies up to the the ground state to
ground state decay E , value.

In order to conserve angular momentum, alpha particles can be emitted with some
additional orbital anqular momentum value, |, relative to the daughter nucleus.

This also gives rise to an effective increase in the potential energy barrier height for
that decay (called the centrifugal barrier).

Any orbital angular momentum adds I(I+1)h%/2ur? to potential barrier for that decay.

Angular momentum selection rule [ L1 << L+ 1| in g decay required that
the spins of the state populated by direct decay must be equal to the vector sum of
the spin of the emitting state in the mother, plus any relative orbital angular
momentum carried away from the a particle, |,

| = 0 alpha decays would be favored. (i.e., same spin/parity for mother decaying
state and daughter state populated directly in alpha decay).

Excited energy states in daughter can have different spin (and parity) values which
affect the relative population in a decay.
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Configurations and level structure of *'*Rn

R. K. Sheline®
Departments of Chemistiv and Plivsics, Florida State Universitv, Tallaliassee, Florida 32306

C. F. Liang and P. Paris
Centre de Spectromérrie Nucléaire et de Spectrometrie de Masse, Batiment 104, 91405 Campus Orsayv, France
(Received 6 May 1997)
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FIG. 1. The alpha spectra of “??Ra. ?'""Rn. and “''Bi. Alphas
from the various activities are bracketed. Alphas from ““*Ra leading
to levels in “'?Rmn are labeled with their energies in keV.
104 © 1998 The American Physical Society

Most intense o decay energies associated with 223Ra decay have E =5176(4) and 5607(4) keV.
These correspond to the direct population from spin/parity 3/2+ ground state of ?2Ra
to (a) the 7/2+ excited state at E,=(5871-5716) = 155(5) keV (A£2) and

(b) the 3/2+ excited state at E,=(5871-5607) = 264(5) keV (A/=0) above the ?°Rn g.s..
Note a large observed hindrance (~2800) for the decay to the ground state (5871 keV).




Excited states populated in 2'°Rn following 423Ra decay.

Applied Radiation and Isotopes 102 (2015) 15-28
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Selection rules in o decay (of %22Ra) mean that different
excited states are populated in the daughter nucleus.
These can then subsequently decay to the ground state of the

daughter (¢'°Rn) by characteristic gamma-ray emission.

E=E+ L+ Ey

or

y

AE= E~ E=E+ E, = E, +

Hic

where E, ~ 1 MeV, Mc’,.. ~ A x GeV, thus recoil the term

E
‘= <~ E
2m, ¢

Y

Gamma-ray multipoles determine the
angular momentum (spin) & parity
differences between the initial & final
huclear states linked by gamma-ray
emission.

E1 = one unit change in spin ; change parity
M1 = 1 change in spin ; no change in parity
E2 = 2 unit change in spin ; no parity change

Nuclear states are labelled by angular momentum (or ‘spin’)
and parity (+ or -) quantum numbers.

The angular momentum removed by the emitted gamma-ray
(4L) from the nucleus is related to the spin difference between
the initial and final nuclear states (usually the lowest order

decay AL = |l-l] dominates).




Different nuclear reaction mechanisms?

* Heavy-ion fusion-evaporation reactions: makes mostly
neutron-deficient residual nuclei.

» Spontaneous fission sources such as 2°°Cf: makes mostly
heutron-rich residual nuclei).

* Deep-inelastic/multi-nucleon transfer and heavy-ion fusion-
fission reactions: makes near-stable/slightly neutron-rich
residual nuclei).

* High-energy Projectile fragmentation / projectile fission at
e.g., GSI, RIKEN, GANIL, MSU, makes all types of nuclei.

* Coulomb excitation, EM excitations via E2 (usually).
- Single particle transfer reactions (p,d)
» Radioactivity, B decay ; o decay ; proton radioactivity

* Other probes (eey), (v,v), (ny), (p.y), (n,ny) etc.

First four generally populate ‘near-yrast’ states
- most useful to see 'higher’ spins states and excitations.




Heavy-ion induced nuclear reactions on fixed targets can result in a range
of different nuclear reactions taking place.

Inelastic Scattering

(Coulex) O/

Fusion .

Elastic (Rutherford)
Scattering

The specifics depends on the (1) beam and target nuclei (A,Z,I);
(2) the beam energy (higher or lower than the Coulomb repulsion between the
two nuclei), and (3) the impact parameter, b.




Selection and identification of high-spins states.

* Need a top quality gamma-ray spectrometer to measure
full-energies of emitted gamma rays from (high-spin)
excited nuclear states.

Helpful to have some sort of channel selection device
(e.g., recoil separator; fragment detector).

+ Timing between reaction and detection of gamma ray(s)
and also the time differences between individual gamma
rays in a decay sequences can also be helpful in channel
selection and decay scheme building.

Use EM selection rules, transition rates and DCO/W(0)
etc. to assign spin and parities to excited states.



b

How to Make High Spin Nuclei

*x _
E R~ EBeam + Qreac’rion_KErecoil

Number
350 105pg Time of
Scale Rotations
1. Preformation —m <0s 0
Beam
Target
2. Fusion 1022s <1
Po
3. Particle 10-19s 10-100
Emission
&
N wen
s
4. yray M 10-17-10-105  105-1010
Emission ff HH\
J

3

5. Ground State 136Pm

10% 1011

EXCITATION ENERGY (MeV)

Less particle evaporation corresponds to higher
spins states for a particular bombarding energy.

. | _'2“Sn("°Ar.xn) I64-xEr
E (Ar)= 147 MeV

Statistical
Transitions

~ Yrost- like
Coscades

Fusion evaporation reactions fuse
heavy-ion beams of stable nuclei onto
stationary, metallic foils of other
stable nuclei.




2. Fusion

3. Particle
Emission

4,  yray
Emission

b

1. Preformation

5. Ground State

How to Make High Spin Nuclei

E*

+ Qreac’rion_KErecoil

R~ EBeam

Number

350 105pg Time of

Scale Rotations
— P <0s 0
Beam

Target
1022s <1
pi;.
10-19g 10-100

n

oo
s

%

136Pm 109

‘\UHH:» 10-17-10-105  105-1010

1011

Less particle evaporation corresponds to higher
spins states for a particular bombarding energy.

EXCITATION ENERGY (MeV)

. | _'2“Sn("°Ar.xn) I64-xEr
E (Ar)= 147 MeV

Statistical
Transitions

~ Yrost- like
Coscades

Maximum angular momentum input to
compound system (l,,,) depends on

I=rxp

i.e. beam energy (linked to p) and
maximum overlap of nuclear radii (r)




Example: 2°Ru(*°Ca,xpyn)!3°Gd-xp-yn

o

“Ca  6ed (764 N7
7:20  giga | 6d(Z:64NT2)
=20 N=52 . Hot, compound

. system recoils
" backwards at Q°
in the lab frame.



Example: 2°Ru(*°Ca,xpyn)!3°Gd-xp-yn

mBMB m+V=0

Q-

OCa  sepy  13%Gd (Z=64 N=72). |
Z=20 7-44 : Hot, compound nucleus :
N=20 N=52  irecoils backwards at

:0° in the lab frame wu’rh:
KE of beam = 2 mBVB V€|OCI'|'Y VR .



Example: 2°Ru(*°Ca,xpyn)!3°Gd-xp-yn

. MV =(mp+m+)Vp 5
- = mgV;; Therefore, |
mpVe m.V.=0 | Vr=(Mg)Ve/ (mB"'mT)é

Q-

OCa  sepy  13%Gd (Z=64 N=72). |
Z=20 7-44 : Hot, compound nucleus :
N=20 N=52  irecoils backwards at

Vo |

:0° in the lab frame wu’rH
KE of beam = 2 mBVB velocrl'y VR :



Example: 2°Ru(*°Ca,xpyn)!3°Gd-xp-yn

. meVe =(mg+mo)Vp
. = mgVp Therefore, l

MgV mTvT:o - Va=(mg)Vy/ (mB"mT)

*0 @ @

40Ca %R 51366d (Z=64 N=72).
Z=20 7-44 : Hot, compound nucleus
N=20 N=52  ;recoils backwards at
:0° in the lab frame wu’rh_ Ligh’r particles p,n,o
KE of beam = 7 mpVp?ivelocity, vp. | evaporated.

" i Sn,Sp ~ 1-15 MeV.
KE of recoiling nucleus P

= 7 (Mg+M V3,



Example: 2°Ru(*°Ca,xpyn)!3°Gd-xp-yn

- MRV =(mg+mo)Ve
. = mgVp Therefore, l
MgV mTvT:o - Ve=(mp)Vy/ (mB+mT)

*0 @ L

40Ca %R 51366d (Z=64 N=72).
Z=20 7-44 : Hot, compound nucleus
N=20 N=52  ;recoils backwards at
:0° in the lab frame wu’rh 136Gde3p = 133
KE of beam = 3 mpvy? §V6|OCI'|'y Vg. ; 1366d+2|2n=1335rr:

KE of recoiling nucleis 150G+ 3pn=134Pm
- % (MB+MT)V2R Gd+2p2n- Sm



Production of High-Spin States

EE;I.‘ == E{'m + qus (211)

Een 18 the kinetic energy of the collision which 1s transfered to the compound
system. It can be calculated by taking the kinetic energy of the beam, Ep and

subtracting the kinetic energy of the recoiling compound system. Ep. Thus

Ea:m — EB = EH (212)

By conservation of momentum, for beam and target masses of Mg and Mp

respectively, the velocity of the recoiling compound, Vi can be calculated using

MgVg = (Mr + Mpg) Vg (2.1.3)
and by conservation of energy,

aszB—%ﬁﬁ+ﬂ@ﬂﬁ (2.1.4)

substituting in for Vi, and recalling that Eg = %flfg‘fg, we obtain

Mj
oI 2.1.5
o B( M}+ﬂh) )



Example: 2°Ru(*°Ca,xpyn)!3°Gd-xp-yn

- MRV =(mg+mo)Ve
. = mpVy Therefore, l

m.V.=0 Ve=(mg)Vp/ (mB"'mT)g

mgVe

Ve

Vi
40Cq 96RL 136Gd (Z=64 N=72). =
Z=20 7-44 : Hot, compound nucleus : \
N=20 N=52  irecoils backwardsat { %, e
:0° in the lab frame Wl'l'h emission causes
KE of beam = 3 mpvy? §V€|OCI'|'y V,. i small recoil cone

* in lab frame due to
KE of recoiling nucleis cons. of linear

_ 1
=2 (MB"'MT)VZR momentum.
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Proton Number
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Do you evaporate protons or neutrons?

V)|

'neutron’ unbound
nuclear states.

'‘See’ NO Coulomb
barrier.

» Sn=0

r

~10s of
MeV

Neutrons (approx to
finite square well)




Do you evaporate protons or neutrons?

A A

V(r)‘ V(r) ‘proton’ unbound
'neutron’ unbound nuclear states.
nuclear states. 'See’ a Coulomb
‘See’ NO Coulomb barrier.
barrier. \

» Sn=0 »Sp=0
r r

‘particle’ nuclear
bound states.

~10s of
MeV

Neutrons (approx to Protons (approx to
finite square well) v finite square well + Coulomb
Barrier above Sp=0)




Near stable (compound) nuclei, Sp ~ Sn ~ 5-8 MeV.

Coulomb barrier means (HI,xn) favoured over (HI,xp)

AEN ~
5 MeV AEp ~
En=AEn-Sn 5 MeV
A ’ .......................... >
» Sn= 0
r
@

y

Neutrons (approx to
finite square well)

A

.......... ) ‘.>\

v

wn
O
I

o

r|

@

Protons (approx to
finite square well + Coulomb
Barrier above Sp=0)



Angular Momentum Input in HIFE Reactions?

hlmﬂﬂf — ,H-'EFR

Reduced mass of system,
p = my.my / (mg+mq)

1 |
9 T
5 wve = k., —V,

2 2’

mar h .2

( E cm 1;)



%8Mo + 12C > 119Cd fusion evaporation calculations using

PACE4 S.F. Ashley, PhD thesis, University of Surrey (2007)

T
Total

:

o]
o]
o
T T T T T T T T T T T

xn channel — Cd .
Increasing the beam energy
« increases the maximum input

angular momentum,

400

but

-
Q
o]

Causes more nucleons to be
evaporated (on average).

PAGE Cross-Section (mb)
3
O

| | | | | \_g | | | |

Also, increasing the beam
energy increases the recoil
1 velocity.

140

60 -

| For the 1°Cd compound nucleus:
1 5,=9.9 MeV
S,= 8.9 MeV

PAGE Cross-Section (mb)

Coulomb barrier means neutron

Maximum angular momentum evaporation is much favoured.

input to 19Cd compound nucleus

as ' 55 ' 65 ' 75 ' 85
Ep... (MeV)



Very neutron-deficient (compound) nuclei,

e.g. 3°Gd, S,= 2.15 MeV, 5,212.94 MeV

Sn

AEN ~ r
5 MeV

v

Neutrons (approx to
finite square well)

y

AEp ~
5 MeV

y

Protons (approx to

finite square well + Coulomb

Barrier above Sp=0)



O (arb. units)

10
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10

10

100

10

Excitation Functions?

Egeay (MeV)

P.H. Regan et al., Phys. Rev. C49 (1994) 1885
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Excitation function for various products of the reaction *O+"Zr



Doppler Shifts
Moving source - nucleus which emits gamma-ray ;
Stationary observer - Ge detector.

Es = Ej ~ Fy(1+ Bcosh)

1 — Fcosb
gEI'lllﬂllilllll
detector The range in Doppler shifted energy across
Y the finite opening angle of a detector (A6)
6 Causes a reduction in measured energy
“ : [/ resolution due to Doppler Broadening.
\ I oy
\ ;ﬁﬁ:;ﬁﬂ, / This is made worse if there is also a spread
VN P in the recoil velocities (Av) for the recoils.

Av

C

AE., ~ E, cost

v
— E_ —sinfAf
c

—

beam direction, velocity, v



Experimental channel selection in HIFEs?

Could use gamma-ray gates themselves if some
initial discrete energies are established. y—y(—y)
coincidence method.

Use coincident timing; beam-pulsing to establish
ordering or decay transitions across/below isomers.

(Fold , sum energy) can be use to select (Spin , E,)
following compound system evaporation.

Measure coincident evaporated charged particles
protons , o etc. (e.g., microball) and/or neutrons (e.g.
NEDA) — to select / remove specific evap-channels.

Use recoil separators (e.g., FMA) to detector fusion
products; can be vacuum (like FMA) or gas-filled
(e.g. BGS ; RITU).




Recoil (Mass) Separators

Gas Filled

* Pros: High Efficiency

* Cons: No Mass Resolution

* Examples: RITU (Jyvaskyla), BGS (Berkeley)

Vacuum
* Pros: Mass Resolution

* Conn: Low Efficiency
* Examples: FMA (Argonne), RMS (Oak Ridge)



Using Fragment Mass Analyzer (FMA) for High Spin Studies

AYEBALL FMA PPAC
ED ED . DSSD

implante
recoils

|
|
8.2m 1 0.4m
target | |

« Separates ions produced at the target position as a
function of M/q at the focal plane.

» 8.9 meters long with a +/- 20% energy acceptance.
» Mass resolution is ~ 350:1.

» Multiple detector configurations at focal plane.
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Near yrast study of the fpg shell nuclei **Ni, ®'Cu, and %'Zn
S. M. Vmcent Lxp 1 Regan S. Mohammadi. "' D Blumenthal.” M Carpenter C N. Davids.” V\f Ge]letly

S. S. Ghugle D. I. Henderson.” R. V. P JTanssens.’ M H_]Ol‘th Jensen B. Khalra]a C. I. Lister.” C. J. Pearson.!
D. Sewelynlak J. Schwartz.>® J. Slmpson and D. D. Warner’

24Mg beam
on 4°Ca target
@65 MeV.

Compound =%%Ge - 3
Recoils focussed 30001 3 |

through Argonne | ol
FMA, separated —:-—#—*1—“1: ——

50000 & A=61]
by A/Q b = 1 :+mCu-
S 30000 & & L L3x 2
8 | Aew 8 583 |g -
| W [~ o = = L)

Observed recoils | o0
2p+52Zn
2pn+51Zn
3p+°!Cu
4p+6ONi
3pn+¢2Cu
a2p+°8Ni

and ¢4Zn 2? (from
44Ca in target).




Can be used to select very weak channels (1 part in 10° or less);
Good example is SHE studies where most compound nuclei fission.

AMNL-P-F7 584
[ (a)T T I T T T T
25 2 E 215 Me (20%)
e Reaction: S ————- (2841)
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. Reiter et al., Phys. Rev. Lett. 82 (1999) 509



Recoil Decay Tagging (Isotopic Identification)

one pixel
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Can use 'fine structure’ in radioactivity to select decays to specific states
(i.e., different single particle configurations).
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Neutron-Rich Nuclei?



How do you make and study heutron-rich nuclei ?

(low-cross-section) fusion evap. reactions, e.g., 80 + *8Ca —2p + %*Fe
- Limited compound systems using stable / beam target combinations.
- Highly selective reactions (if good channel selection applied).

Spontaneous fission sources (e.g., 2**Cm)

- Good for some regions of the nuclear chart, but little/no selectivity
in the 'reaction’ mechanism.

- Can make quite high spins in each fragment (10—20h)

Fusion fission reactions
- e.g., 180 +208Pp — 226Th*f +f,+xn (e.g., 11?,,4Ru + 112,,Pd+2n)
- Doesn't make very neutron-rich, little selectivity.
- Medium spins (~10 h in each fragment) populated

Heavy-ion deep-inelastic / multi-nucleon transfer reactions (e.g.,
- e.g. 136Xe + 198P+ 136Bq + 1940s + 2n.

- Populations Q-value dependent; medium spins accessed in products,
make nuclei 'close’ o the original (stable) beam and target species.

- Selectivity can be a problem, large Doppler effects.

Projectile fragmentation (or Projectile Fission)
- (v. different energy regime)
- Need a fragment separator.



Nuclei produced in 2°2Cf fission ; GAMMASPHERE + FATIMA;

Argonne National Lan, Dec 2015 Jan 2016
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Aim: Investigation of the deformed regions of the nuclear chart around mass
A~100 and A~150

© A 34.4 pCi252Cf source at the focus of the 2 hemispheres (t,,=2.645y,Z=98 N=154)
© A scintillator array made of 25 LaBr (Ce) detectors (FATIMA)

© One hemisphere of Gammasphere made of 51 Compton-suppressed HPGe detectors

© First time Gammasphere was coupled with 25 LaBr (Ce) detectors
@ Digital acquisition for the entire LaBri(Ce] array for the first time
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TOPICAL REVIEW

Spectroscopic studies with the use of deep-inelastic
heavy-ion reactions

R Broda

Niewodniczariski Institute of Nuclear Physics PAN, Krakéw, Poland

L = pR%w + Spw, + Siws,

e il

Projectile

Nucleon Exchange

Binary Products




Topical Review
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Figure 3. Isobar-integrated production cross sections (a) and the average N/Z ratios (b) as a
function of binary reaction product mass in '°°Cd + 34Fe collisions. Reprinted with permission

from [11] © 1994 American Physical Society.
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Both the target-like and beam-like
fragments and the intermediated
fusion-fission residues are usually
stopped in a thick/backed target.

For discrete gamma rays decaying
from states with effective lifetimes
of a few picoseconds, there is no_
Doppler shift effect as the sources
are stopped in the target and have
v/c=0.

Prompt decays from higher-spin /
faster lifetime states (< 1ps) will
be 'smeared’ out by the Doppler
broadening effect.

Backed/thick target experiments
can not correct for Doppler shifts as
the direction and velocity of the
emitting fragment is not known.



e.g., 82Se + 1920s
at INFN-Legnaro.

Discrete gamma rays

detected using
GASP array.

Triples gamma-ray
coincidences
measured within

~ 50 ns timing
window.

Discrete states to ~
12h observed in BLF.

More like ~ 20 h in
some of the TLFs.
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Yrast studies of ¥-32Se using deep-inelastic reactions
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States to spins of >20 h can be populated in DIC.
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136Xe beam on thick, backed °20s target at
Argonne National Lab.

Gamma rays measured using GAMMASPHERE

Gamma rays decaying following isomeric states
are all stopped in the target, no Doppler shifts.

Evidence for population of states with I>25 h.
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ISsomers and excitation modes in the gamma—soft nucleus ]9205
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Conservation of linear angular momentum gives,

oy
et
|

P,costl, + Fyeosf,

—
S —

P,sinfl, — P,sin b,

PROJECTILE-LIKE

TARGET-LIKE

After some algebra manipulation, the relation of the recoil momenta to the initial

beam momentum is given by,

f;;n.!‘. = P hi”{ﬂh Ellp]

Uhirt{ﬁ'p + ;) (2:2)
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Figure 2.3: Calculated velocities of the projectile and the target recoils for the partic-
ular case of a " Xe beam at 850 MeV in the laboratory frame impinging on a %P1

target. An elastic collision and simple two-body kinematics have been assumed,
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136Ba studied via deep-inelastic collisions: Identification of the (vhlm)Ig . isomer
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D. Wal'd._s D. D. \?\/'arner._10 and A. D. Yamamoto'~

136Xe beam on a thin 98Pt target.

Residual reaction nuclei measured in
'binary’ pairs using CHICO, a position
sensitive gas detector.

Beam-liké frogme
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ATOF (arb. units)

Gamma rays from beam

and Tar'geT-Ilke fr.agmenTS 20 30 0 50 80 r-.w"
measured in GAMMASPHERE. 0 oo
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Difference in time of flight between e

BLF and TLF hitting CHICO can

be used to deduce which fragments
is which (heavier one usually moved
more slowly due to COLM).

00

e

Angle differences between CHICO .
and GAMMASPHERE can be used A
for Doppler Corrections.

~ 500
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Use spectrometer to ‘tag’ on

one of the reaction fragments
for Doppler Correction.
e.g., 82Se (Z=34) beam on thin

170Er (Z=68) target at INFN-Legnaro.

Measure BLFs directly in PRISMA

spectrometer and gammas in
CLARA gamma-ray array.
Reverse correct for heavier TLF
using 2-body kinematics.
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Spectroscopy of neutron-rich '%-!""Dy: Yrast band evolution close to the NpN,
valence maximum
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FIG. 3. Spectrum of y-ray energies from targetlike fragments
gated on the beamlike fragments 3*Kr (top) and on beamlike
fragments 3*Kr plus a short time of flight (bottom). The transitions
identified as the rotational band in '**Dy are marked with solid lines.

Gate on 84Kr (Z=36) fragment in PRISMA.
Complementary fragment (assuming no neutron
evaporation) for 82Se+70Er reaction for 84Kr

is 168Dy (Z=66) (+2p transfer channel).
Shortest time of flight in PRISMA

associated with least neutron evaporation.
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gamma-ray multipolarities
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On Directional Correlation of Successive Quanta

DoNaLp R. HAMILTON®
Harvard University, Cambridge,” Massachusells

(Received May 6, 1940)

A theoretical investigation shows that there should be a
correlation between the directions of propagation of the
quanta emitted in two successive transitions of a single
radiating system. This correlation is described by a function
W(#) which gives the relative probability that the second
quantum will be emitted at an angle @ with the first; W is
determined by the angular momenta of the three levels
involved in the two transitions and by the multipole order
of the radiation emitted in these transitions. The explicit

forms of W for all angular momenta and for dipole and
quadrupole radiation are given; experimental determina-
tion of W in any given case should limit these factors to a
small number of possibilities. This has particular interest
as a means of investigating the nuclear energy levels in-
volved in y-radiation; here W should be observable by
measuring the variation with @ of gamma-gamma coin-
cidence counting rates,
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Angular Correlation of Successive
Gamma-Ray Quanta

EowArD L. Brapy AND MARTIN DEUTSCH

Fif‘ST r'eCll ‘evidence' Of GﬂgU'Clr' Massackusetls Instilute of Technology, Cambridge, Massachusetts

. ) September 10, 1947
correlations between successive HEORETICAL considerations"? predict a directional

gamma rays, correlation of successive quanta of the form

i
: : W(0)=1+ = A, cos®0
Radioactive decays of L

if 2/ is the highest multipole order occurring. Attempts to

60 =R+ - 60N\; demonstrate this effect experimentally have heretofore
Co (I o, T1/2 5.27 yrs to NI) been inconclusive.? We have studied coincidences between

46Sc (In=4+, T1/2=84 dC(YS to 46Tl) successive gamma-rays of Co%, Sc*, Y* (106 day), and
88y (In:4_, T12=107 dClYS to 885,«) Ca‘“dat angles IB[JE:1 anc! 90° bet:.veerlll tl}:.‘ counters, ang
134 e A+ _ 134 found a pronounced anisotropy in the first two name
Cs (I =4 ’ -'-1/2'2'1 yrs To BG) and no correlation within the experimental error in the
last two. Our results, together with the gamma-ray energies

concerned, are shown in Table 1. The quantity (W(x)

(noTe, says 86Y in paper, means 88Y) TABLE L. Anisotropy of gamma-ray coincidences.
Source Co® Sce Y Csise
€ 0.21 40025 0.20=40.035 =005 40,03 0.01-4+0.04
Gn}:l{‘l'l’h:hrn}'ﬂ 1.1, 1.3 0.89, 1.12 091, 1,89 0.58, 0.78
ev
Reference 4 s G 7

-~ Wix/2))/W(x/2) should be equal to Z£4;. Our results
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The probability, per unit solid angle, that two suc- Angular Correlation of Successive Gamma-Rays*

E. L. Branyf axo M. Devrscu

" v - tt t l a - Laboralory for Nﬁur Sc::’nu a;l Engia}a;_ng’;l;:mm;m n[l‘kyf;: and Chemisiry Department,
assachuselts Instituie of Technology, Cambridge, eils
cessive gamma-rays are emitted at an angle 6 is propor- T, Combie, s
t-la'n.al t'D The angular lation of successive gal ys emitted by six even-even nuclei has been investigated
and found to be anisotropic in every case, and of the magnitude expected theoretically. Effects of external
magnetic fields and of chemical binding on the correlations are found to be smaller than the experimental
‘ uncertain l.yl for some of the results in terms of the nn:le-r states
» 2 volved is in general possible byu-eohddlule idence such as relative transition probabilities.
W(8)=1+32_ a;cos*@
1

TasLE 1. Coefficients for the angular correlation with the spin of
the ground state Jy=0,

where 2! is the order of the lowest multipole in the

cascade. Thus, if both gamma-rays are quadrupoles - " . e N -
W(6)=1+a, cos'0+as cos*d. If one is a dipole W) | I Disole Dol _is .
=1+a; cos’d, etc. A further restriction on the number | 7, Dbl - .
of terms in W (@) is a,=0 for 1> J;. J; is the spin of the ¥ 2 §ﬂrﬁggﬂ: _g}‘;g -
intermediate state in the cascade. Thus if J, is zero or 3 2 3 Dtpol&derupo}e -3/ 0
the angular correlation will always be isotropic; if J, 2 1 rupole 13 0
is 1 or 3, the correlation will at most contain terms in 3 % ek B _16/3
cos’d. The coefficients a; and a; have been given by ; 3 dﬁ,’;‘ﬂ ek o/ e
Hamilton® for all possible combinations of angular 2 #  Quadrupol '“P°1° 1 L
momenta. In Table I we have listed the values of these — -

coefficients from Hamilton’s paper for the values of J Tl

|- Na®™

which are of interest in connection with our experi-
ments. Coefficients for octupole radiation should be very
useful, but have not yet been published. If the transition
involves mixed multipoles, e.g., electric quadrupole and § |
magnetic dipole components, the situation becomes very
complicated and the coefficients depend not only on the
relative intensities of the two components but also on kg
their relative phases.® 5 .

Fic. 4. Correlation of gamma-rays from Cs'™ and Na?%.

p 0
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Angular Correlation of Successive
Gamma-Ray Quanta

EpwArD L. Brapy AND MARTIN DEUTSCH
Massachusetls Institude of Technology, Cambridge, Massachuseiis
September 10, 1947

HEORETICAL considerations** predict a directional
correlation of successive quanta of the form

t
W(e)=1+ Z A, cos*@

i=1
if 21 is the highest multipole order occurring. Attempts to
demonstrate this effect experimentally have heretofore
been inconclusive.? We have studied coincidences between
successive gamma-rays of Co%, Sc*, Y* (106 day), and
Cs™ at angles 180° and 90° between the counters, and
found a pronounced anisotropy in the first two named
and no correlation within the experimental error in the
last two. Our results, together with the gamma-ray energies
concerned, are shown in Table 1. The quantity (W(w)

TasLe 1. Anisotropy of gamma-ray coincidences.

Source Com Sce ' Cglos
€ 0.2140.025 0.20=+0.035 =005 40.03 0.01 40.04
GnhTmmmys 1.1, 1.3 0.89, 1,12 091, 1.89 0.58, 0,78
ev
Reference 4 L [ 7

— W(x/2))/W(x/2) should be equal to Z£4;. Our results



Dropping a constant factor, our correlation function for calculation is-
W(e)=14+(R/Q) cos? 0+ (S/Q) cos’ 6.

126

Aj=—1

Aj=0

Aj=1

Aj

I

2

Aj=1

DONALD R. HAMILTON

TarLE L. R/Q, for both transitions dipole.

AJ=-1 AJ=0

1 -(2J-1)

13 (147413)
—(27+3) (2J-1)(2J+3)
(147+1) (12 4127+1)

J+1)(2)+3)
(262=157-=1)
TasLe 11, R/Q, for first transtlion quadrupole, second dipole.
AJ=1 AJ=0
-3 3(2J+3)
29 (26J-3)
3(J=35) - 3(2J43)(J-5)
(55J461) (58724497 15)
(2J-3)(2J+5) —-(2J-=3)(2J+5)
(3624927 +61) 54447-1)

3(2J—-1)(J+6) —-3(2J—=1)(J+6)
(110242697 4-174) (5824677 —6)
-3J(2J-1) 3(2J-1)
(58241397 484) (2674-29)

AJ=1
J@2J—1)
(26734677 +40)

AJ=-1
—=3(J+1)(2J4-3)
(58J2—23743)

3(27+4+3)(J—-35)
(1107 —497+15)

(2J-=3)(2J4+5)
(362 =207 +4-5)

3(J+6)

(557—6)
-3
29




Dropping a constant factor, our correlation function for calculation is"

Aj=-2
Aj=-1
Aj=0
Aj=1

Aj=2

Aj=—2

Aj=-1

W(8)=14(R/Q) cos® 6+ (S/Q) cos* 6.

DIRECTIONAL CORRELATION OF QUANTA 127
Tasre I11. R/Q, for both transitions quadrupole.

AJ=0 AJ=-1 AJ=-2
=(2J=3)(2T+41) (J+43) 1
QJ+3)(67+5) (177+15) 8

(5J=2)(2T7-3)(2J+5) = (17.2417J-30) (J=2)
(2074522 +41J+6) (3524-357+6) (17J42)
—(27=3)(424+4J-T)(27+5) (5J+1(2T-3)(27+5) —(2J41)(2T+5)
2QJ=1)(2J43) (42 4+4T=1) (20 4-82=37+43) (2J=1)(6J+1)
—(2J+3) (1734692 —77J—105) (2J4-3)(*+18J+5)
(TOA-93-T73.2—-277—9) (343 =57 +8J+3)

(J+1D(2I+3)(22~=9T+1)
(27-1)(16° =422 +29T +3)

AJ=2 AJ=1
J(27=1)(272+13]+12) QQJ=-1)(S*—16J—12)
(274+3)(163+90*+ 1617 +84) (344159242247 +96)

—(2J-1)(17.3=18)2—164]—24)
(7074428943742 +188J+24)

TapLe IV, S/Q, for both transitions quadrupole.

AJ=0 AJ=-1 AJ=-2
4(J—-1)2J-3) —4(2/=3) 1
I2TFHGIF9) 3(7TF15) 2%

—=16(J=1)(2J=3)(2J+35) 16(2J=3)(2J+5) —4(2J45)
3207+ 521 417+6) 33575357 16) AT+
16(J = 1)(J+2) (27— 3)(27+5) —16(J+2)(2 —3)(2T+5) 4(J+2)(2J+5)
3RT-0)QT+3)@T+4T-1) 3(2077+877=37+3) 3Q7=D(6T 1)
16(27—3)(2J+3)(J+2)(2J+5) —4Q27+3)(J+2)(2T+5)
(10 =9 3 =732=27T—-9) 3(343=57J248743)

J+1)QI+3)(J+2)(2T+5)
IT-0(16 =427 4297 +3)

AJ=2 AJ=1
JQRI-1)(J-1)(27-3) —4(2J=1)(J—=1)(2J-3)
3(2743)(167*+902 41617 +84) 3(34° 4159242247 +96)

1627-1)(J--1)(2J=3)(2.7 "
3(70J4+4-289J24-374J2 4 188.
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High-precision y-ray spectroscopy of the cardiac PET imaging isotope **Rb
and its impact on dosimetry
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: — substate alignment

provide alignment of angular T reaction plane
Momentum sub-states.

Should see angular
DISTRIBUTIONS following
Fusion-evaporation reactions.

beam direction

NUCLEAR DATA, Section A, Volume 3, Number 1, August 1967 \/

TABLES OF COEFFICIENTS FOR ANGULAR DISTRIBUTION
OF GAMMA RAYS FROM ALIGNED NUCLEI™

T. YAMAZAKI

Lawrence Radiation Laboratory,
University of California, Berkeley, California



W(0) =3 APy (cost)
k

For AT=2 EM transitions, the singles angular distribution
is of the form:

W) = Apg {1+ Ay Py (cosl) + APy (cos)}
P, (cosfl) = 5 (3cos?0 — 1)
Py (cosf) = 1 (35cos*d — 30cos?0 + 3)

E Der Mateosian and A.W. Sunyar, Atomic Data and Nuclear Data Tables

13 (1974) p407
K.S. Krane, R.M. Steffen and R.M. Wheeler, Nuclear Data Tables 11 (1973)

p351
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EM Transition rates



Nuclear EM transition rates between excited states are
fundamental in nuclear structure research.

1 8m(L+1) (E\*"
T === (£+1) (V) B(AL: I; - I)

T h((2L + D)* \he

The extracted reduced matrix elements, B(lL) give insights e.g.,

« Single particle / shell model-like: ~ 1 Wu (NOT for Els)

« Deformed / collective: faster lifetimes, ~10s to 1000s of Wu (in
e.g., superdeformed bands)

« Show underlying symmetries and related selection rules such as K-
isomerism: MUCH slower decay rates ~ 10-3—° Wu and slower).



T(E2) = 1.223 x 10°E>B(E2)

2+

T (E2) = transition probability = 1/t (secs); 0*

E, = transition energy in MeV

T T T T T T T T T T T l‘.'

- B(E2: 0%, — 2*,) oc ( 2+, || E2]| 0%,)? -
300 i

Neutron Number N

Qo = (TRANSITION) ELECTRIC
QUADRUPOLE MOMENT.

This is intimately linked to the
electrical charge (i.e. proton)
distribution within the nucleus.

Non-zero Qo means some deviation
from spherical symmetry and thus
some quadrupole 'deformation'.

The nuclear rotational model: B(E2: I-I-2) gives Qo by:

5 B3I -K)I-K-1)I+K)I+K-1)

B(E2) = 1'6Trc30

(27 —2)(27 —1)J(2] + 1)
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Transition from the seniority regime to collective motion
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B(E2) values for low-lying even-even nuclei with Z =62 (Sm) - 74 (W).
Very 'collective’ transitions (>100 Wu) with maximum B(E2) at mid-shell.
This correlates with the lowest E(2*) excitation energy values.



Atomic Data and Nuclear Data Tables 78, 1-128 (2001)

doi:10.1006/adnd.2001.0858, available online at http://www.idealibrary.com on |BEF

TRANSITION PROBABILITY FROM THE GROUND TO THE FIRST-EXCITED
2" STATE OF EVEN-EVEN NUCLIDES*

S. RAMAN. C. W. NESTOR, JR., and P. TIKKANENj

Physics Division. Oak Ridge Nartional Laboratory, Oak Ridge. Tennessee 37831

Adopted values for the reduced eleciric quadrupole transition probability, B(E2)t. from the ground state
to the first-excited 27 state of even—even nuclides are given in Table I Values of r. the mean life of the 2%
state; E. the energy: and g, the quadmpole deformation parameter, are also listed there. The ratio of 8 to the
value expected from the single-particle model is presented. The intrinsic quadmpole moment. Q. is deduced
from the B(E2)t value. The product E x B(E2)t is expressed as a percentage of the energy-weighted total
and isoscalar E2 sum-mile strengths.

Table I1 presents the data on which Table I is based, namely the experimental results for B(£2)1 values with
quoted uncertainries. Informarion is also given on the quantity measured and the method used. The literamre
has been covered to November 2000,

The adopted B(E2)t values are compared in Table 111 with the values given by systematics and by various
theoretical models. Predictions of unmeasured B(E 2)t values are also given in Table III. & 2001 Academuc Fress

EXPLANATION OF TABLES

TABLEL  Adopted Values of B(E2){ and Related Quantities
Throughout this table, italicized numbers refer to the uncertainties in the last digits of the quoted values.

Nuclide  The even Z, even N nuclide studied
E(level)  Energy of the first excited 27 state in keV either from a compilation or from current literature
B(E2)t  Reduced electric quadrupole transition rate for the ground state to 27 state transition in units

of e’
T Mean lifetime of the state in ps
T =40.81 x 10BES[BE2) /711 + )~ (see Table II for the o values when
o >0.001)
i Deformation parameter

B = (4n/3ZRE)[B(EN/E]?, where
R = (12 x 107847 emy?

= 0.0144%b
Bisp) f from the single-particle model
By =1.59/Z
0o Intrinsic quadrupole moment in b

~ Fs_n B(EE)TVQ

50 ¢
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Weisskopf Single Particle Estimates:

+ These are 'yardstick' estimates for the speed of EM
transitions for a given electromagnetic multipole order.

* They depend on the size of the nucleus (i.e., A) and the
energy of the transition / gamma-ray energy (E 2-)

* They estimate the transition rate for spherically
symmetric proton orbitals for nuclei of radius r=ryAY/3.

The half- life (in 10-%s), equivalent to 1 Wu is given by (DWK):

E

{

(
Tis(F2) =952 x ARE
11/2(M2) = 3.10 x A~2BE-5 « 101
{

where the transition energy F 1s in MeV and A is the atomic mass number




Weisskopf, V.F., 1951. Radiative
transition probabilities in nucler.
Physical Review, 83(5), 1073.

Transition rates can be
described in terms of
'Weisskopf Estimates'.

Classical estimates based on
pure, spherical proton
orbital transitions.

1 Wu is 'normal’ expected
(single particle) transition
rate.....(sort of....)



Multipolarity ~Electric Transition Rate (s~') Magnetic Transition Rate (s71)

1 1.587 x 105 E3 B(E1) 1.779 x 103 E3 B(M1)
2 1.223 x 10° E5 B(E2) 1.371 x 107 E5 B(M2)
3 5.680 x 102 E7 B(E3) 6.387 x 10° E7 B(M3)
4 1.649 x 10~ E? B(EA4) 1.889 x 105 E? B(M4)
5 3.451 x 10~'! EI! B(E5) 3.868 x 10713 E!! B(M5)

Table 2.2: Transition probabilities T(s™!) expressed by B(EL) in (e*(fm)**) and

B(ML) in (322 (fm)?t=2). E, is the v-ray energy, in MeV. (Taken from ref [69]).

e

Transition rates get slower (i.e., longer lifetimes
associated with) higher order multipole decays




_ Zs. Podolyak et al., Phys. Lett. B672 (2009) 116
LAY

T,,=6(2)s

- Q47 1/2
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Y
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k . T,y =602)s
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0 — 32t — 0 3/t 0 5, ! LL ! mu‘%-y;,"g'_
ﬁds.f2_1 70y, E'ml I HA | w Time(s)
(a) (b) exp. e [LM o
theory 205 o i{'}[ [ h;}uj J‘ 2
Au : l ) High “F
N=126 ; Z=79. Odd, single proton transition; “[L [ L et
h d.,, state (holes in Z=82 shell). 500 1000
1172 — Y372 ( ) Eneray (keV)

Angular momentum selection rule says lowest multipole decay allowed is
A=(11/2 -3/2)=AL =4

Change of parity means lowest must fransition be M4,

IWu 907 keV M4 in 295Au has T,,,= 8 secs; corresponding to a near ‘pure’
single-particle (proton) transition from (hy;,,) 11/2- state to (d;,,) 3/2* state.

(Decay here is observed following INTERNAL CONVERSION).
These competing decays to gamma emission are often observed in isomeric decays



Determination of excited states lifetimes, depends on....
the lifetime ©
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The measurement of the lifetimes of excited nuclear oC | <')&f| decaﬂ‘.‘fl l!&l> ]

states 1
PJ NOLAN+Y+ and JF SHARPEY-SCHAFERY j. T = ﬁ.



Direct extraction of excited state lifetimes.

* Assuming no background contribution, the
measured, ‘delayed’ time distribution for a

E ~E -At measurement is given by:

[
D(r):n.,lf Pl — ey =gy wuh =1l

o0

P(t'-t,) is the (Gaussian) prompt response function
T is the mean lifetime of the intermediate state.

See eg., Z. Bay, Phys. Rev. 77 (1950) p419;
T.D. Newton, Phys. Rev. 78 (1950) p490;
J.M.Regis et al., EPT Web of Conf. 93 (2015) 01014



The time distribution D(t) is the convolution of the prompt
response function of the detector pair & the exponential
decay lifetime.

t t
D(t) =f Px)x et dﬁ}

244 keV vy Detector #1

121 keV vy Detector #2

-500 0 500 1000 1500 2000 2500



Deconvolution and (time difference function

lineshapes).
If the instrument time response function R(t) is Gaussian of width

R(t) =A, exp(— ;-2 ]

O

If the intermediate state decays with a mean lifetime 7, then

S(t)=A, exp(— t]

T

Ignoring normalisations, the deconvolution integral is given by:

I(t) = exp( - ]{1 — erf( D complementary
2t T V2ot error function of x.




The lifetimes that can be measured depends on o/z ratio.

Timing resolution (i.e., faster responses) needed for short
lifetimes.

HPGe have ~ a few ns limit using this method;
LaBr,(Ce) detectors can get down to lifetimes of <50 ps.

0.01 - — = B B}

-10 0 10 -10 0 10 e . . .




An example, 'fast-timing' and id of M2 decay in 3*P.

(+)
/ 6237 P.C. BENDER ef al. PHYSICAL REVIEW C 80, 014302 (2009)
34 = R. CHAKRABARTI ¢t al PHYSICAL REVIEW C 80, 034326 (2009)
1807
+ Study of 34P identified low-lying
2884 &) | 4630 I=4- state at E=2305 keV.
X X
3932 679 .
LT 52 |3951 » I"=4-— 2* transition can proceed
* by M2 and/or E3.
5] 3353 2325
>k >k
1638 * I 1646 . i
s » Aim of experiment was to
_ measure precision lifetime for
(37)2321 4(-

2305 keV state and obtain B(M2)
and B(E3) values.

1892 1876 . . .. .
 Previous studies limit half-life to
1180
0.3ns<ty,<2.5ns
2+ 429
‘]—I— 429 O

P.J.R.Mason et al., Phys. Rev. €85 (2012) 064303.



Ge-Gated Time differences

5 3353
1048
4~ 2305

2+ 429

429

1 @ o

PHYSICAL REVIEW C 85, 064303 (2012)

Half-life of the I™ = 4~ intruder state in *P: M2 transition strengths approaching
the island of inversion

P.J. R. Mason.' T. Alharbi,'? P. H. Regan.! N. Mirginean,® Zs. Podolyak,' E. C. Simpson.! N. Alkhomashi.* P. C. Bender.?
M. Bowry,! M. Bostan.® D. Bucurescu,® A. M. Bruce.” G. Cita-Danil.® I. Cita-Danil,® R. Chakrabarti.® D. Deleanu.’
P. Detistov.” M. N. Erduran,'® D. Filipescu.® U. Garg.!' T. Glodariu.® D. Ghiti.> S. S. Ghugre.® A. Kusoglu.®
R. Mirginean.® C. Mihai,> M. Nakhostin,! A. Negret,* S. Pascu.’ C. Rodriguez Triguero,” T. Sava,”> A. K. Sinha,®
L. Stroe.’ G. Suliman.® and N. V. Zamfir’

Gates in LaBr; detectors to observe time
difference and obtain lifetime for state

|deally, we want to measure the time
difference between transitions directly
feeding and depopulating the state of
interest (4°)




Gamma-ray energy coincidences ‘locate’ transitions
above and below the state of interest....

5 3353
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Counts / keV

The 1876-429-keV time difference =

LaBr; - LaBr; Energy-gated time
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in 3*P should show prompt

distribution as half-life of 2* is much
shorter than prompt timing response.

Measured FWHM = 470(10) ps
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Result: T;/, (I"=4") in 3*P= 2.0(1) ns

429 /1048

Counts / 100ps

429/ 1876
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T,/» = 2.0(1ns = 0.064(3) Wu for 1876 M2 in 34P.
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What about 'faster' transitions..
l.e. < ~10 ps ?
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PHYSICAL REVIEW C 76, 064302 (2007)

Intrinsic state lifetimes in °>Pd and 1°%-1°7Cd

S. E. Ashley,>" P. H. Regan,! K. Andgren,!?* E. A. McCutchan,? N. V. Zamfir,>** L. Amon,>® R. B. Cakirli,>® R. F. Casten,>
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Intrinsic state lifetimes in '°>Pd and 1°%-1°7Cd
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If the lifetime to be measured is so short that all of the states decay in flight,

the RDM reaches a limit.

To measure even shorter half-lives (<1ps).

In this case, make the 'gap’ distance zero !l i.e., have nucleus slow to do stop ina

backing.

We can use the quantity
F(t) = (Vo/ Viax)-

E.(v,0)= Ex(1+Y/. cos (0)) (for v/c<0.05)

Measuring the centroid energy

of the Doppler shifted line gives
the average value for the quantity
E. (and this v) when transition was
emitted.

The ratio of vs divided by the maximum
possible recoil velocity (at t=0) is the

quantity, F(t) = fractional Doppler shift.

P ¥ Nolan and ¥ F Sharpey-Schafer

Light reaction

product b\\‘ A

Beam of
particles a

Recoiling residual

nucleus B* ——mT

Target A

Doppler-shifted
y-ray

Backing




In the rotational model,

% — IEEEEJE(]A < :I_;.:r'h_i[”.}jrff o

where the CG coefficient is given by,

T —K)J—K-1)(J+K)YJ+K—1)

- S K20|J K >=
< J;K20|.J; K J (20 = 2)(2J - 1)J(2J+ 1)

Thus, measuring t and knowing the transition energy,
we can obtain a value for Qg

g W
Op=———ZR25 (145428
vV Om EK' m
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Intrinsic Quadrupole Moment of the Superdeformed Band in 32Dy

M. A. Bentley, G. C. Ball,” H. W. Cranmer-Gordon, P. D. Forsyth, D. Howe, A. R. Mokhtar,
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If we can assume a constant quadrupole moment for a rotational band (Qo),
and we know the transition energies for the band, correcting for the

feeding using the Bateman equations, we can construct ‘theoretical F(t)
curves for bands of fixed Q, values
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Angular momentum coupling for
multi-unpaired nucleons?

From DWK 2016



Unpaired Particles in Deformed Nuclei:

The Nilsson Model



Deformed Shell Model:
The Nilsson Model
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Effect of Nuclear Deformation on K-isomers

Spherical, harmon. oscilator

H = ho+al.l+bl.s,
quantum numbers j™ m.

Nilsson scheme: Quadrupole deformed
3-D HO. where ho ->ho,tho tho,
> prolate B,  axial symmetry means ®,=w,

(

b/, (10)

hy12(12)

d; (4
S12 (2)
ds), (6)
£72 (8)

£92(10)

v..  quantum numbers [N,n,A]Q"

SN <" Mid-Q (FAL)
\ an V4
‘4 *|{ Low-0, (RAL)

K™= sum of individual QO™ values.
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Fig. 4. Systematicsof K™ =67

isomers in the Z = 72 (Hf) isotopes and the K™ = 8~

isomers in the N = 106 isotones.
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K isomers
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f, = |=£| = reduced hindrance for a K-isomeric
Ty decay transition.




K-isomers in deformed nuclei

In the strong-coupling limit, for orbitals where Q is large,
unpaired particles can sum their angular momentum
projections on the nuclear axis if symme’rr'y To give rise to
'high-K' states, such that the

total spin/parity of the high-K Jt =R Z %
Multi-particle state is give by:

These, high-K multi-quasi-particle states are expected to
occur at excitations energies of:

B~ (e — €r)* + A?
> )

where ¢, is the sifigle-particle energy; ¢ is the Fermi
energy and A is the pair gap (which can be obtained from
odd-even mass differences)
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178W: different and discrete O, 2, 4, 6 and 8 quasi-particle band
structures are all observed:

These are built on different underlying single-particle (Nilsson) orbital
configurations.



'Forbiddenness’ in K isomers

We can use single particle| weisskopf Estimates for T"> A =180, E, =500keV

(‘Weisskopf') estimates s a3 s
for transitions rates for | E1 = Tw ™ =6.76x10"E A" —1.6x10""s

a given multipolarity. M1—T,? =2.20x10"E° —>1.8x10™"s

(&, (keV) , T;7(), E2 >T,?=952x10°E°A™*° —»3.0x107"s
Firestone and Shirley, £

Table of Isotopes (1996). [M2 > T,* =3.10x10"E°A™” - 3.1x10""s

Hindrance (F)(removing dependence on multipolarity and £) is
defined by

F =| —+ | =ratio of expt.and Weisskopf trans. rates

Reduced Hindrance ( f, ) gives an estimate for the 'goodness’ of K- quantum
number and validity of K-selection rule ( = a measure of axial symmetry).

K isomer (see Lobner Phys. Lett.

1/v . ' '
T7 f, ~ 100 typical value for ‘good
; F:(—] v=AK -
B26 (1968) p279)

1/2
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