
Decay	Data	- Experiment

q decay	data	are	very	rich	source	of	nuclear	structure	information	&	
are	of	importance	to	many	other	areas

ü nuclear	structure	– often	offer	the	best	quantities,	because	the	
complexity	of	spectra	is	reduced		

ü astrophysics	– especially	on	the	“r-process” side		– neutron-
rich	nuclei	

ü atomic	masses	– proton-rich	(Qα &	Qp);	neutron-rich	(Qβ−)

ü applications	of	nuclear	science

Filip	G.	Kondev	
kondev@anl.gov
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Plan
q will	cover	in	somewhat	details	experimental	

α and	β decays	

q isomer	decays	– lectures	by	Prof.	P.	Reagan	

Rep. Prog. Phys. 79 07630
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Introduction
q Experimental	Decay	Data

ü experimental	results	obtained	following	α−,	β−-,	β+,	EC,	IT,	p,	
cluster,	etc.	decay	processes	

q Evaluated	Decay	Data	
ü recommended	(best)	values	for	nuclear	levels	and	decay	

radiation	properties,	deduced	by	the	evaluator	using	all	
available	experimental	data	&	theoretical	calculations	(e.g.	
electron	conversion	coefficients)

Myth:		decay	data	evaluation	deals	only	with	decay	data	– many	
properties	come	from	other	decays	and	reactions	(adopted	level	
properties),	e.g.	Eγ,	Iγ,	MR,	ICC,	…
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Introduction – cont.

q excitation energy

q quantum numbers 
and their projections

q lifetime

q decay modes & 
branching ratios

q Q-value	– defines	the	energetics	of	the	decay
ü controls	the	lifetime	of	the	parent
ü the	window	of	daughter	states	available

q structure	of	the	parent	state	(Jπ,Kπ,	configuration)
ü controls	which	states	of	the	daughter	will	be	

populated
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α−decay

ü powerful	spectroscopy	tool
ü atomic	masses	for	proton-rich	nuclei
ü applications

A,Z A-4,Z-2 4He2
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α−decay – cont.

I. Ahmad et al., Phys. Rev. C68 (2003) 044306

| Ii − I f |≤ lα ≤| Ii + I f |

π iπ f = (−1)
lα

q Strong dependence on lα
ü fastest decay for lα=0 
q Configuration dependence
ü fastest for the same configurations

even-even	nuclei:	
0+	->	0+; lα=0

odd-A:
1/2+	->	1/2+;	lα=0,1
1/2+	->	3/2+;	lα=1,2
1/2+	->	9/2-; lα=4,5
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Hindrance Factor in α−decay

HFi =
t1/2
αi (exp)
t1/2
αi (th)

=
T1/2 (exp) / BRi

t1/2
αi (th)

t1/2
αi (th) M.A. Preston, Phys. Rev. 71 (1947) 865

HF < 4 – favorite decay (fast)

ü depends	on	r0 and	Q(α)	- nuclear	radius:	R=r0	x	A1/3

Qα i =Qα 0−Ei = [m(A,Z )−m(A− 4,Z − 2)−mα]−Ei

Jπ

BR0

BR1
T1/2

v = 2Eα /mα

from	AME12

relativistic	formula

Eα0, Qα0 in	keV

Qα 0 =
2×m(A,Z )×Eα 0

m(A− 4,Z − 2)+ m(A− 4,Z − 2)2 − 2×m(A,Z )×Eα 0

≈ Eα 0× 1+ 4.0015
(A− 4)
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(
)+ 0.15

Qα 0 = Eα 0×
m(A,Z )

m(A− 4,Z − 2)
= Eα 0× 1+ 4
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α decay - Experiments

q using	radioactive	sources	(off-line)	
ü when	lifetimes	are	sufficiently	long

q using	nuclear	reactions	(on-line)	
ü implanting	on	a	catcher	foil
ü implanting	directly	on	the	DSSD

qmagnetic	spectrometers	
q ionization	chambers
q semiconductor	detectors	– mostly	Si

ü Si(Au),	PIPS,	DSSD,	…



absolute determinations of α energies using the BIPM 
magnetic spectrometer with a semi-circle focusing of 
alpha-particles.  These measurements were performed in 
the 70's - 80’s for the most intense alpha-transitions

ü 228Th, 224,226Ra, 220,222,219Rn, 216,212,218,214,215Po, 212Bi, 227Th, 223Ra, 211Bi, 253Es, 
242,244Cm, 241Am, 238Pu – B. Grennberg, A. Rytz, Metrologia 7, 65 (1971)

ü 232U, 240Pu – D.J. Gorman, A. Rytz, H.V. Michel, C. R. Acad. Sci., Ser. B 275, 291 
(1972)

ü 210Po - D.J. Gorman, A. Rytz, C. R. Acad. Sci., Ser. B 277, 29 (1973)
ü 239Pu - A. Rytz, Proc. Intern. Conf. Atomic Masses and Fundamental Constants, 

6th, East Lansing (1979)
ü 236Pu - A. Rytz, R.A.P. Wiltshire, Nucl. Instrum. Methods 223, 325 (1984)
ü 252Cf, 227Ac - A. Rytz, R.A.P. Wiltshire, M. King, Nucl. Instrum. Methods Phys. 

Res. A253, 47 (1986).



Two parameters - the radius of curvature ρ and the 
mean magnetic induction B.

E(α) = a (Bρ)2 + b (Bρ)4 + d (Bρ)6

The factors a, b, d are derived from the latest 
adjustment of fundamental constants (me, e and NA).

The components of systematic
uncertainty are due to length
measurements (4.6⋅10−5 E(α)),
measurement of mean magnetic
induction (1.3⋅10−5 E(α)) and
combined effect of uncertainties
of fundamental constants
(0.3⋅10−5 E(α)), i.e. the total
systematic uncertainty is ∼5⋅10−5

E(α) or ∼0.3 keV (239Pu).



Magnetic π√2 α-spectrometers with high luminosity

In 1960’s three such big magnetic α spectrometers were built in the Soviet 
Union – in Moscow (Baranov et al.), St. Petersburg (Dzhelepov et al.) and 
Dubna (Golovkov et al.).

In respect of alpha-particle energies the measurements with π√2 magnetic 
spectrometers are relative – one needs to use alpha-energy “standards”.

1.5	keV energy	resolution	
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Argonne double-focusing magnetic spectrometer 

ü energy resolution (FWHM) of 5 keV
ü transmission efficiency of Ω=0.1 % for 6 MeV α−particles
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Semiconductor detectors
q semiconductor detectors: Passivated Implanted Planar 
Silicon (PIPS)
ü energy resolution (FWHM) of ~10 keV
üsmall geometrical efficiency of Ω=0.225% in order to minimize 
α−e- coincidence summing effects

ü thin	and	isotopically pure	sources
ü sophisticated	data	analysis		

Harada	et	al.	J.	Nucl.	Sci.	and	Techn.	43	(2006)	1289



recommended	values	for	Eα and	Iα



15

tm= 23.0 h (0.06% geometry)

Emission Probabilities



z0
r0

PENNING trap
strong homogeneous magnetic field
weak electric 3D quadrupole field

B
m
qfc ⋅⋅=

π2
1



6293.7(5)

5625.0(5)

24
8 C
m 244Cm

24
6 C
m

still	8.1	keV difference!!!

magnetic	spectrograph

PIPS
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251Cf α−decay

I. Ahmad et al., Phys. Rev. C68 (2003) 044306



19

251Cf α−decay – cont. 

I. Ahmad et al., Phys. Rev. C68 (2003) 044306
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Spectroscopy near the proton drip line
q many α−decaying isotopes, but 
often unique competition between α, 
β+ and even p!
q relatively short-lived (T1/2<10s)!



Decay Tagging

PGAC

This image cannot 
currently be displayed.

ü 90Zr	+	90,92Zr@180Hg
ü 90Zr	+	82Mo@182Pb
ü 89Y	+	90Zr@179Au
ü 84Sr	+	92-96Mo@176-180Hg
ü 89Y	+	92Mo@181Tl@375	MeV X-array

one	“Super-Clover” &	
four	70	X	70	mm	Clovers
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80 x 80 detector 300 µm strips,
Each with high, low, and delay line 
amplifiers, for implant, decay, and 
fast-decay recognition.

Data from DSSD showing implant 
pattern 40 cm beyond the focal plane

208Pb(48Ca,2n)254No

The Heart of RDT: the DSSD
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α1−α2 (parent-daughter) correlations

Implantation->Decay 1->Decay 2
within a single pixel

T2nd	decayT1st	decay

α1: 6.12 MeV

0 Time

Timescale of Events
177Au

Implant

α2: 5.7 MeV

F.G. Kondev et al. Phys. Lett. B528 (2002) 221
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Odd-Z Au (Z=79) isotopes–sample spectra

mass gated

channel gated

structure gated
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Neutron-deficient Au nuclei (Z=79)

F.G.	Kondev et		al.,	PLB	512	(2001)

q low-J	ground	 state/high-J	isomer
q only	11/2- state	known	in	175Au

179Tl



179Tl: α−decay properties

179Tl

175Au

171Ir

g.s.
isomer

ε+β+
11%

ε+β+

22%

179Hg
(1p1n)
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FIG. 4: Schematic decay chain originating from 179Tl and terminating in 163Ta.
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FIG. 5: a) and b) ↵ spectra produced by gating on first-generation E↵1=6556 keV (179Tl) and 7194 keV (179mTl) lines,
respectively c) and d) ↵ spectra produced by gating on the second-generation E↵2=6431 keV line with additional requirements
that it is correlated with the first-generation E↵1=6556 keV and 7194 keV decays, respectively.

5958 keV line is a sum of the real ↵ and the conversion
electrons. If one consider the binding energy of 20.3 keV,
then E↵= 5938 (8) keV would be expected. Using the

deduced excitation energy of 207 (14) keV for 175mAu
and assuming the same energy of 6431 (8) keV, one can
deduce the excitation energy of the isomer in 171mIr as

Theory
i

Exp

Theory
i

Exp

i T
BRT

T
THF

2/1

2/1

2/1

2/1 /)(
==

α TheoryT 2/1 M.A. Preston, Phys. Rev. 71 (1947) 865

HF	<	4	favorite	(ΔL=0)decay		

1.12	(6) 0.50	(3)

2.16	(17) 1.63	(19)

2.2	(4)0.36	(6)
%bα~15%

1/2+ 11/2-
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179Tl: lifetimes
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FIG. 1: Energy spectrum of first-generation ↵-decay events
with a requirement that the decay occurred within 4 s of a
mass A=179 implant.

the PGAC to the DSSD. The data were then sorted in
prompt (±100 ns) �-� and ↵��, and delayed ↵�↵ coin-
cidence histograms, gated in various ways on the energy
and time information from the DSSD.

The energy calibration of the DSSD was carried out us-
ing known ↵ lines of 175Pt (5960(3) keV), 176Pt (5747(5)
keV), 179Hg (6286 (4) keV) and 180Hg (6119(4) keV) that
were produced in the present experiment. The energy
and e�ciency calibrations of the Gammasphere and the
Ge CLOVER array at the FMA focal plane were per-
formed using 152Eu and 182Ta radioactivity sources.

A. Decay of 179,179mTl

The energy spectrum of first-generation ↵-decay events
with an additional requirement that the decay occurred
within 4 s of a mass A=179 implant is shown in Fig. 1.
The most intense peak at 6286 keV is assigned to the de-
cay of 179Hg, while those at 6556 keV and 7194 keV are
associated with the decays of the ground and isomeric
states of 179Tl, respectively. The measured energies are
in good agreement with those reported in the previous
studies [17–20], as summarized in Table I. The peak at
6431 keV is associated with the decay of the 175Au nu-
clide, a daughter of 179Tl. Its presence in the spectrum
is because some of the parent ↵ decays can escape the
DSSD undetected, coupled with the shorter (hundred of
milliseconds) lifetimes involved (see below in the text).
The 179Tl and 179mTl half-lives were deduced from time
spectra produced by gating on the corresponding first-
generation ↵ decays, as shown in Fig. 2a and b, respec-
tively. Our value for the ground state half-life is in a
good agreement with that reported by Rowe et al. [18],
but it is of better precision. However, it is much longer
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FIG. 2: a) and b) time spectra produced by gating on first
generation E↵1=6556 keV (179Tl) and 7194 keV (179mTl)
lines, respectively c) and d) time spectra produced by gating
on the second-generation E↵2=6431 keV line with additional
requirements that it is correlated with the first-generation
E↵1=6556 keV and 7194 keV decays, respectively.

when compared to the values reported in Refs. [20, 21].
The measured half-life for the isomeric state is consistent
with the literature values, as presented in Table I.

Figure 3 shows Gammasphere �-ray spectra correlated
with the 6556 keV and 7194 keV ↵ decays. As can be
seen, some of the � rays in the two spectra are identical,
thus implying that the isomer and the ground state are
connected via a �-ray branch. Unfortunately, it was not
possible to establish the connecting �-ray transition(s),
presumably because of the long lifetime of the isomer. As
a consequence, it was not possible to directly determine
the excitation energy of the isomer. However, interpo-
lation of the known excitation energies of 807 (18) keV
(177Tl) [22], 895.9 (10) keV (181Tl) [23, 24] and 907.4
(4) keV (183Tl) [25] for the I⇡=11/2� state associated
with the spherical ⇡h11/2 configuration, allowed a value
of 860 (7) keV to be deduced for the 179mTl excitation
energy. As can be seen in Figure 3, the 227 keV and
452 keV gamma rays are correlated only with E↵1=6556
keV (179Tl), but not with E↵1=7194 keV (179mTl), and
are therefore placed above the ground state, as shown in
Fig. 4. It is worth noting that � rays of similar energies
(258 keV and 565 keV) were placed above the I⇡=1/2+

ground state in the neighboring isotope 181Tl [23, 24].
The 231, 256, 340, and 455 keV � rays, and tentatively
the 189 keV one, precede the isomer, as evident from
Fig. 3b. While the 231, 256 and 455 keV � rays were
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FIG. 1: Energy spectrum of first-generation ↵-decay events
with a requirement that the decay occurred within 4 s of a
mass A=179 implant.

the PGAC to the DSSD. The data were then sorted in
prompt (±100 ns) �-� and ↵��, and delayed ↵�↵ coin-
cidence histograms, gated in various ways on the energy
and time information from the DSSD.

The energy calibration of the DSSD was carried out us-
ing known ↵ lines of 175Pt (5960(3) keV), 176Pt (5747(5)
keV), 179Hg (6286 (4) keV) and 180Hg (6119(4) keV) that
were produced in the present experiment. The energy
and e�ciency calibrations of the Gammasphere and the
Ge CLOVER array at the FMA focal plane were per-
formed using 152Eu and 182Ta radioactivity sources.

A. Decay of 179,179mTl

The energy spectrum of first-generation ↵-decay events
with an additional requirement that the decay occurred
within 4 s of a mass A=179 implant is shown in Fig. 1.
The most intense peak at 6286 keV is assigned to the de-
cay of 179Hg, while those at 6556 keV and 7194 keV are
associated with the decays of the ground and isomeric
states of 179Tl, respectively. The measured energies are
in good agreement with those reported in the previous
studies [17–20], as summarized in Table I. The peak at
6431 keV is associated with the decay of the 175Au nu-
clide, a daughter of 179Tl. Its presence in the spectrum
is because some of the parent ↵ decays can escape the
DSSD undetected, coupled with the shorter (hundred of
milliseconds) lifetimes involved (see below in the text).
The 179Tl and 179mTl half-lives were deduced from time
spectra produced by gating on the corresponding first-
generation ↵ decays, as shown in Fig. 2a and b, respec-
tively. Our value for the ground state half-life is in a
good agreement with that reported by Rowe et al. [18],
but it is of better precision. However, it is much longer
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FIG. 2: a) and b) time spectra produced by gating on first
generation E↵1=6556 keV (179Tl) and 7194 keV (179mTl)
lines, respectively c) and d) time spectra produced by gating
on the second-generation E↵2=6431 keV line with additional
requirements that it is correlated with the first-generation
E↵1=6556 keV and 7194 keV decays, respectively.

when compared to the values reported in Refs. [20, 21].
The measured half-life for the isomeric state is consistent
with the literature values, as presented in Table I.

Figure 3 shows Gammasphere �-ray spectra correlated
with the 6556 keV and 7194 keV ↵ decays. As can be
seen, some of the � rays in the two spectra are identical,
thus implying that the isomer and the ground state are
connected via a �-ray branch. Unfortunately, it was not
possible to establish the connecting �-ray transition(s),
presumably because of the long lifetime of the isomer. As
a consequence, it was not possible to directly determine
the excitation energy of the isomer. However, interpo-
lation of the known excitation energies of 807 (18) keV
(177Tl) [22], 895.9 (10) keV (181Tl) [23, 24] and 907.4
(4) keV (183Tl) [25] for the I⇡=11/2� state associated
with the spherical ⇡h11/2 configuration, allowed a value
of 860 (7) keV to be deduced for the 179mTl excitation
energy. As can be seen in Figure 3, the 227 keV and
452 keV gamma rays are correlated only with E↵1=6556
keV (179Tl), but not with E↵1=7194 keV (179mTl), and
are therefore placed above the ground state, as shown in
Fig. 4. It is worth noting that � rays of similar energies
(258 keV and 565 keV) were placed above the I⇡=1/2+

ground state in the neighboring isotope 181Tl [23, 24].
The 231, 256, 340, and 455 keV � rays, and tentatively
the 189 keV one, precede the isomer, as evident from
Fig. 3b. While the 231, 256 and 455 keV � rays were

476	(19)	ms
present

415	(55)	ms – LBNL
230	(40)	ms – ANL	(1998)
160	(+90-40)	ms – GSI	(1993)

179Tl	– isomer
good	agreement	with	
previous	measurements
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175Au: lifetimes
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FIG. 1: Energy spectrum of first-generation ↵-decay events
with a requirement that the decay occurred within 4 s of a
mass A=179 implant.

the PGAC to the DSSD. The data were then sorted in
prompt (±100 ns) �-� and ↵��, and delayed ↵�↵ coin-
cidence histograms, gated in various ways on the energy
and time information from the DSSD.

The energy calibration of the DSSD was carried out us-
ing known ↵ lines of 175Pt (5960(3) keV), 176Pt (5747(5)
keV), 179Hg (6286 (4) keV) and 180Hg (6119(4) keV) that
were produced in the present experiment. The energy
and e�ciency calibrations of the Gammasphere and the
Ge CLOVER array at the FMA focal plane were per-
formed using 152Eu and 182Ta radioactivity sources.

A. Decay of 179,179mTl

The energy spectrum of first-generation ↵-decay events
with an additional requirement that the decay occurred
within 4 s of a mass A=179 implant is shown in Fig. 1.
The most intense peak at 6286 keV is assigned to the de-
cay of 179Hg, while those at 6556 keV and 7194 keV are
associated with the decays of the ground and isomeric
states of 179Tl, respectively. The measured energies are
in good agreement with those reported in the previous
studies [17–20], as summarized in Table I. The peak at
6431 keV is associated with the decay of the 175Au nu-
clide, a daughter of 179Tl. Its presence in the spectrum
is because some of the parent ↵ decays can escape the
DSSD undetected, coupled with the shorter (hundred of
milliseconds) lifetimes involved (see below in the text).
The 179Tl and 179mTl half-lives were deduced from time
spectra produced by gating on the corresponding first-
generation ↵ decays, as shown in Fig. 2a and b, respec-
tively. Our value for the ground state half-life is in a
good agreement with that reported by Rowe et al. [18],
but it is of better precision. However, it is much longer
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FIG. 2: a) and b) time spectra produced by gating on first
generation E↵1=6556 keV (179Tl) and 7194 keV (179mTl)
lines, respectively c) and d) time spectra produced by gating
on the second-generation E↵2=6431 keV line with additional
requirements that it is correlated with the first-generation
E↵1=6556 keV and 7194 keV decays, respectively.

when compared to the values reported in Refs. [20, 21].
The measured half-life for the isomeric state is consistent
with the literature values, as presented in Table I.

Figure 3 shows Gammasphere �-ray spectra correlated
with the 6556 keV and 7194 keV ↵ decays. As can be
seen, some of the � rays in the two spectra are identical,
thus implying that the isomer and the ground state are
connected via a �-ray branch. Unfortunately, it was not
possible to establish the connecting �-ray transition(s),
presumably because of the long lifetime of the isomer. As
a consequence, it was not possible to directly determine
the excitation energy of the isomer. However, interpo-
lation of the known excitation energies of 807 (18) keV
(177Tl) [22], 895.9 (10) keV (181Tl) [23, 24] and 907.4
(4) keV (183Tl) [25] for the I⇡=11/2� state associated
with the spherical ⇡h11/2 configuration, allowed a value
of 860 (7) keV to be deduced for the 179mTl excitation
energy. As can be seen in Figure 3, the 227 keV and
452 keV gamma rays are correlated only with E↵1=6556
keV (179Tl), but not with E↵1=7194 keV (179mTl), and
are therefore placed above the ground state, as shown in
Fig. 4. It is worth noting that � rays of similar energies
(258 keV and 565 keV) were placed above the I⇡=1/2+

ground state in the neighboring isotope 181Tl [23, 24].
The 231, 256, 340, and 455 keV � rays, and tentatively
the 189 keV one, precede the isomer, as evident from
Fig. 3b. While the 231, 256 and 455 keV � rays were

1/2+	(g.s) 11/2- (iso)similar,	but	not	identical!

188	(12)	ms – 124	(8)	ms

158	(3)	ms using	6432α(t)

F.G.	Kondev et		al.,	PLB	512	(2001)



(3-)

(3-)

(9+)

(8+) 212 175

6.22
6.28

6.126.08

176Au

172Ir

J.T.M.	Goon,	PhD	thesis,	UT

T1/2=1.05	s
T1/2=1.4	s

84Sr	+	94Mo@178Hg	(pn)176Au
Gammasphere &	FMA

A=176

gammasphere
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180Tl: α decay

176Pt
176Auε+β+

180Tl
(1n)

180Hg
(1p)

%α =	80	(8)
%ε+β+=20	(8)

α

172Ir

(3-)

(3-)

(9+)

(8+) 212 175

6.29
6.28	MeV

6.126.08

176Au

αε+β+

5.76	MeV
α

176Pt
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180Tl: α−γ coincidences

ü decay	of	a	single	state	in	180Tl
32

Au	X-rays
known	 in	176Au

180Tl:
Iπ=4- and	5-:	π1/2+ (s1/2)	x	ν9/2- (h9/2)	- favored	α-decay
176Au:
Iπ=3- and	4-:	π1/2+ (s1/2)	x	ν7/2- (ff/2)	

(4-)
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ü using HI fusion reactions to produce various nuclei
ü collect recoils on a catcher foil
ü Si(Au) surface-barrier detector or PIPS  

ü using excitation function measurements
for isotopic identification
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No direct detector implantation

Si	det

C	foil

H.	De	Witte	et	al.,	EPJ	A23	(2005)	243

1 GeV pulsed proton beam on 51 g/cm2 ThCx target

on-line mass separation (ISOLDE)/CERN



Windmill System (WM) at ISOLDE

Annular	Si Si

pure	30	keV beam	
from	RILIS+ISOLDE

Setup:	Si	detectors	from	both	sides	of	the	C-foil

• Simple	setup	&	DAQ:	4	PIPS	(1	of	them	– annular)
• Large	geometrical	efficiency	(up	to	80%)
• 2	fold	fission	fragment	coincidences
• ff-gamma	coincidences
• Digital	electronics

C-foils
20	mg/cm2 Si	detectors

30	keV	beam	
from	ISOLDE

Si
Annular	Si

ff

f
f

α

C-foil

MINIBALL Ge cluster
A.	Andreyev	et	al.,	PRL	105,	252502	 (2010)
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Beta Decay: universal term for all weak-interaction 
transitions between two neighboring isobars

Beta decay : Introduction

Takes place is 3 different forms
β−, β+ &  EC (capture of an atomic electron)

β−: n à p + e- + ν∼

β+: p à n + e+ + ν

a nucleon inside the nucleus is transformed into another

EC: p + e- à n + ν
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Εβ

Iiπi

Ifπf

ββ SLII fi ++= βππ L
fi )1(−=

)(~)( ννβββ llL += +− { ↑↓
↑↑↓↓+− =+= orssS 0

1)(~)( ννβββ

allowed forbidden

when the angular momentum 
conservation requires that 
Lβ=n >0 and/or πiπf=-11,0≡−=Δ fi III

when  Lβ=n=0 and πiπf=+1

Lβ = n defines the degree of forbiddenness (n)

Classification of β decay transition
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0+

Εβ1+

Fermi

↓↑= 0βS0=βL
0≡−=Δ fi III

)1( +=fiππ
Gamow-Teller

0+

Εβ0+

0=βL ↑↑=1βS ↓↓or
1≡−=Δ fi III

2+

Εβ2+ ΔI = I i−I f ≡ 0 0≠iI

mixed Fermi & Gamow-Teller

Classification of the allowed decay



39

Type of transition Order of 
forbiddenness

ΔI πiπf

Allowed 0,+1 +1

Forbidden unique
1
2
3
4
.

!2
!3
!4
!5

.

-1
+1
-1
+1
.

Forbidden
1
2
3
4
.

0, !1
!2
!3
!4

.

-1
+1
-1
+1
.

Classification of β decay transitions



What we want to know accurately?
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Key observable Nuclear Structureβ− feeding 
intensity

statistical rate function 
(phase-space factor)

level half-life
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The fifth power beta decay rule of tumb:

the speed of a β transition increases approximately in proportion to the 
fifth power of the total transition energy (if other things are being equal, 
of course)

q depends on spin and parity changes between the initial and final state

q additional hindrance due to nuclear structure effects – isospin, “l-
forbidden”, “K-forbidden”, etc. 

( ) 52])1()([1 cZMZM ±−∝
τ

ΕβIf

Ii

Some useful empirical rules
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Log ft values

i
P
TTt i

β

β

exp
2/1

2/1 =≡

)]()([ inIoutIP tottot
i

−=ηβ

∑ +=
i

iTi
tot IinoutI )1()/( αγ

2

2

1
)2()1()21(

δ
αδα

α
+

+
=+

EMEM TT
T

q What we want to know accurately

üT1/2, Iγ, αT & δ

)10(78.0)619416( =+totI

)16(086.0)721521( =+totI

In

Out

= 0.69(10)
(net)

31.6log][10056.20022.0 6 =→×=→= tstη →=→ 386.2log f 7.8log =ft
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q There are only a few 
cases where unambiguous 
assignment can be made

q “pandemonium effect”–
neutron rich nuclei – log ft
is a just lower limit!

q needs to know the decay 
scheme and its properties 
accurately!

Rules for Spin/Parity Assignments

~1000 cases
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B. Singh, J.L. Rodriguez, S.S.M. Wong & J.K. Tuli
~3900 cases -> gives 
centroids and widths

Log ft values – latest review
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Beta decay of odd-odd nuclei

0
2
4

6

8176Lu

176Hf

7 3.8x1010 y

0
88

π7/2+[404] ν7/2-[514]

998

597

290

Q
β−

= 1190.2 keV
7 2.36 h

8

8
8

6

4

2
0 178Hf

Q
β−

= 1937 keV

9

1059

1364
1479

307

632

92

5.0

4.8

178Ta

0

19.9

19.2

K=7

j1

j2

j

ω

K=0

j=R

log ft =	(log ft)sp x	P2	x	HF

ν9/2+[624] ν7/2-[514]

π7/2+[404] π9/2-[514]

π7/2+[404] ν7/2-[514]

π9/2-[514] <- ν7/2-[514]: log ft =4.4 (spin-flip)
π7/2+[404] -> ν9/2+[624]: log ft =6.7
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G. Audi et al., NP A729 (2003)

“large” Qβ−− large density of levels
and more complicated decay schemes 
– usually low γ−ray multiplicities, but 
isomers!

β− decay of N-rich nuclei

Qβ− > Bn
“small” Qβ− - the 
level schemes are 
well understood
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Eγ2

Iβ1=Iγ1(tot) – Iγ2(tot)N

Eγ1

Iβ2

γ1

γ2

E2

E1

Iβ1

q depends	on	the	accurate	
knowledge	of		the	decay	
scheme	– level	energies,	Jπ,	
mult.,	ICC

q not	studied	with	state-of-
the	art	equipments – low	
sensitivity	&	effect	of	the	
“Pandemonium”

High-resolution gamma-ray spectroscopy
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E2

Iβ−N

γ2γ1
γ1

γ2

E2

E1

Iβ−

q Compromised	when	isomeric	states	are	
presented

q Compromised	when	β−n	are	emitted

q Compromised	by	isotope/isobar	
contaminations

q The	analysis	is	cumbersome	

Total Absorption Gamma-ray Spectroscopy (TAGS)

B.C.	Rasco et	al.,	PRL117	(2016)
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We need both - HRGS and TAGS! 
Q(EC) = 7.4 MeV



Be target

SRC

BigRIPS

Identification and
further separation

238U beam
(345 AMeV)

12 Clusters
(7 Ge each)
“EURICA”

A/Q

Z

8 DSSSDs
(60×40 each)
“WAS3ABi”

γ

RI

β
Separation of RI beam

Radioactive Isotope-Beam Factory (RIBF) 
at RIKEN

courtesy	of	H.	Watanabe



Fast timing demonstration with EURICA

Fast-timing measurement

LaBr3(Ce)

RI

β

DSSD

Plastic

γ

n 18 LaBr3(Ce) scintillators (Φ1.5”×2”) on three vacant slots for γ rays
※Contributed from U. of Surrey and Brighton

n BC-418 plastic counters (2-mm thick) beside the DSSDs for β rays

courtesy	of	H.	Watanabe



Ion BigRIPS On DSSD
170Dy66+ 12932 5483
172Dy66+ 8272 7096

169Dy
170Dy 171Dy

164Tb

167Tb

165Tb

168Tb 169Tb 170Tb

162Gd 163Gd

166Gd

164Gd

167Gd 168Gd

161Eu 162Eu

165Eu

163Eu

166Eu 167Eu

160Sm 161Sm

164Sm 165Sm

159Pm 160Pm

173Ho 174Ho 174Ho175Ho

171Ho

170Ho

176Er 176Er

168Dy
167Dy

170Dy

168Dy

171Dy

169Dy

172Dy

173Dy

166Tb 167Tb

166Tb
167Tb

170Tb

168Tb

171Tb 172Tb

165Gd 165Gd 166Gd166Gd

169Gd 170Gd

164Eu 164Eu 165Eu163Eu

Q = Z

H-like

In-flight fission of 238U
+

Isotope separation

172Dy setting

170Dy setting

Isomer in μs
Isomer in ms

p High intensity (10~15 pnA)
p Slits optimized for 170,172Dy
p ΔA/Q ~ 0.05 %

⇒ Separate charge state

Nov. 2014 (3 days)

courtesy	of	H.	Watanabe



172
66          106Dy

Low-energy electron
& Shorter time range
⇒ Internal decay

from isomer

High-energy electron
& Shorter time range
⇒ β decay

from isomer

High-energy electron
& Longer time range
⇒ β decay

from ground state 

0 < Te < 4 s
0 < Ee < 230 keV

0 < Te < 4 s
0 < Ee < 80 keV

0 < Te < 4 s
Ee > 300 keV

3 < Te < 20 s
Ee > 300 keV

γ-ray gated
electron
spectrum

γ-γ
coincidence

T1/2 = 0.71(5)s

T1/2 = 3.4(2)s

courtesy	of	H.	Watanabe



Long-lived isomer (T1/2 = 0.71 s) Kπ = 8-: ν7/2-[514]⊗ν9/2+[624]

Kπ = 0+ ground-state band via 400 keV [E1] and 758 keV [M2]
Kπ = 2+ γ-vibrational band via 45 keV [E1] (unobserved)

n β decay to 172Ho ⇒ logft = 4.9(4) ※Feeding only to the 216-keV transition is assumed

Allowed-unhindered β decay 

Qβ = 3.47(36) MeV
(AME2012)
Iβ = 23(18) %
logft = 4.9(4)

n Internal decay to

Allowed-
unhindered
β decay 

ν7/2-[514]⊗ν9/2+[624]

π9/2-[514]⊗ν9/2+[624]

courtesy	of	H.	Watanabe



Delayed coin. with 128Pd ions
(Δt=0.15-25 μs)

γ-γ coincidence with
a gate on 1311 keV

H. Watanabe et. al.,
Phys. Rev. Lett. 111,
152501 (2013)

B(E2;8+→6+) 

Good ν=2 in the well isolated πg9/2 subshell Robust shell closure at N=82

Seniority (ν) scheme

2
2

212
212)2;2( effej
njJJEB ×⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

−+

−+
∝−→

ν

128Pd82

128
46           82Pd

courtesy	of	H.	Watanabe
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G.F. Grinyer et al., Phys. Rev. C 71, 044309 (2005)  

7369.8 (26Mg)

6744.6 

2+	→	0+

Irel=3.5(8)×10-6
6						 					1

β – γ coincidences

26Na beam: 106 s-1 for 12 hours, trigger rate 24 kHz

γ singles

TRIUMF,	CANADA

8π &	SCEPTAR



CARIBU-ANL
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Guy	Savard,	Argonne	National	Laboratory																							ATLAS	Users	Meeting	 																May	15-16,	2014

CARIBU gas catcher: transforms fission recoils 
into a beam with good optical properties

§ Based	on	smaller	devices	developed	at	ANL
– Radioactive	recoils	stop	in	sub-ppb	level	impurity	Helium	gas
– Radioactive	ion	transport	by	RF	field	+	DC	field	+	gas	flow
– Stainless	steel	and	ceramics	construction	(1.2	m	length,	50	cm	

inner	diameter)
– Fast		and	essentially	universally	applicable	
– Extraction	in	2	RFQ	sections	with	μRFQs	for	differential	pumping

He 
gas

DC gradient

To acceleration 
and mass 
separator

RF 
(cone)

RF (body)

252Cf
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Guy	Savard,	Argonne	National	Laboratory																							ATLAS

Selection by compact CARIBU isobar separator 

M/ΔM	=	14000-20000	@	>70%	transmission	…	still	being	 	improved
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Contamination at A=108 versus separator resolution

Contamination at A=108
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q ‘Fast’ isobar separator:

ü Based on ISOLTRAP/ISOLDE design:

ü ~ 1.3 m long MR-TOF

ü Currently mass resolving power, R ~ 50,000 with ~ 
50% transmission in ~ 15 ms



The CARIBU low-energy experimental area

• Delivers 1.5 kV to 10 kV beam to 
experimental stations

TAPE STATION

(installed)

CPT

(installed)
X-ARRAY

(installed)

• Pulsed beams with rates from 
~ 50 ms to seconds

LASER SPECTROSCOPY:  After CPT move (end of 2016)

• Low emittance

• Experimental stations:

• Limited amount of space … removal of Tandem will provide new experimental area

Tape	cycle



β− decay studies with Gammasphere

ü high resolution & sensitivity
ü powerfulβ−γ−γ coin – resolving 

weak cascades & isomers!

GS as a calorimeter
ü P. Reiter et al. Phys.Rev.Lett. 84, 3542 (2000)

ü with a modest upgrade – suitable 
for β− decay studies

(7-)

(0-)

10	s

0.8	s

%100	β−

%100	β−

134Sb

110 Ge detectors (Compton-
suppressed), covering 4π

q combining	 direct	spectroscopy	with	callorimetry



isomer studies: 156Pm decay
156Pm?

T1/2=26.70	(10)	s

Qβ−=5.2	MeV



156Pm

detailed β−γ−γ spectroscopy

…	significant	differences	with	the	TAS	data	of	Greenwood	…

Kπ=5- isomer

156Sm



isomer studies: 162Eu decay

162Eu

10.6	(1)	s	from	Gd X-rays
Greenwood	et	al.	PRC	35	(1987)	1065



isomer studies: 130In
130In

courtesy	of	G.	Savard&	J.	Clark



Expanded 142Cs β-decay level scheme

71 levels
215 γs

Sn=6183(8) keV

1054 keV

S.	Zhu,	ANL

CARIBU	&	Gammasphere	at	ANL

B.C.	Rasco et	al.,	PRL117	(2016)


