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Speculations	from	an	experimentalist	point	of	view	on	pairing-
related	effects	that	might	be	important	for	0νββmatrix	
element.



• Pairing	and	0νββ matrix	elements.
• Departures	from	BCS	pairing.
• Pair	transfer	reactions.
• Review	results	of	recent	experiments:

76Ge-Se,	130Te-Xe	and	100Mo-Ru.
• What	the	literature	says	about:

150Nd-Sm,	136Xe-Ba	and	 82Se-Kr.
• Some	closing	comments.
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• Pairing	is	responsible	for	the	viability	of	
double	beta	decay.

• Smearing	of	the	Fermi	surface	enables	
2νββ in	nuclei	with	a	neutron	excess,	
where	it	is	otherwise	Pauli	blocked.

• Conversion	of	two	neutrons	into	protons	–
should	we	expect	pairing	to	be	relevant	to	
the	matrix	elements?

Pairing	and	Double	Beta	Decay

Some	very	basic	connections	between	pairing	and	double	beta	decay:	
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Figure 3. Contributions of different angular momenta associated with the transforming neutron
pair for the QRPA with different basis sizes and with different angular momenta J π for the
0νββ decay 128Te→128Xe. The left bar is calculated with the same five single-particle levels,
0g7/2, 1d5/2, 2s1/2, 1d3/2 and 0h11/2, used in the SM calculations. The middle bar includes in
addition the missing spin-orbit partners 0g9/2 and 0h9/2, with seven levels in total. This increases
the neutrinoless matrix element from 1.37 to 3.41. The right bar is the QRPA result obtained with
13 single-particle levels including all states from the N = 3(p, f ) and the N = 4(s, d, g) shells
and the four additional levels 0h11/2, 0h9/2, 1f7/2 and 1f5/2 from the N = 5 shell. The matrix
element is only increased slightly to 3.82. The spin-orbit partners are essential to fulfill the ISR.
The further increase of the basis from seven to nine levels produces only a small change from 3.41
to 3.82 for the 0νββ transition matrix element. In all three calculations the QRPA ‘renormalization’
factor gpp (given in the figure) of the particle–particle strength of the Bonn CD nucleon–nucleon
interaction is adjusted to reproduce the experimental 2νββ decay rates.
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Figure 4. The 0νββ matrix element as a function of maximum seniority included in the SM
wavefunctions for 82Se–82Kr and of 128Te–128Xe. The contributions of seniority 6 and 10 states
are appreciably smaller in agreement with the philosophy of the RPA. The data in the figure are
taken from Caurier et al [8].

are missing, the ISR is violated and one obtains only 50% (66% for five levels) of the ISR (see
table 1). Including the spin-orbit partners into the basis 0f7/2, 1p3/2, 0f5/2, 1p1/2, 0g9/2, 0g7/2,

6

If	0νββ NMEs	are	written	as	a	sum	over	the	angular	momentum	of	the	products	of	pair	creation	and	
annihilation	operators,	contributions	from	zero-spin	pairs	can	be	separated	from	other	Jπ.

M̂ (0⌫) =
X

J⇡

P̂ †
J⇡

n
P̂J⇡

p

J⇡
n J⇡

p

Ubiquitous	result:		dominant	contribution	from	J=0,	but	J>0	still	significant	
and	of	opposite	sign.
Cancellation	effects	seem	to	diminish	the	long-range	components,	leaving	
a	short	range	peak.

A	couple	of	recent	examples:

SM:	Caurier et	al.	PRL	100,	052503	(2008)	

QRPA:	Escuderos et	al.	JPG	37,	
125108	(2010)

Contributions	to	the	GT	matrix	element	with:

Pairing	and	Double	Beta	Decay

Šimkovic et	al.	PRC	79,	015502	(2009)	



0νββ matrix	elements	
as	summation	over	
states	of	different	
spins	J	in	the	A-2	
nucleus.

76Se

76As

76Ge74Ge

Eq. (3) using closure with the optimal closure energy
(equivalent to the sum over all intermediate states in 76As).
We include 20 intermediate states for each Jm except for
Jπm ¼ 2þ where we include 50 states. This number of
intermediate states goes up to about 6 MeV in excitation in
74Ge. We find that the NME is dominated by the con-
tribution through the Jπm ¼ 0þ ground state of 74Ge—the
large NME at Ex ¼ 0 in Fig. 2. This is a remarkable and
simplifying result. It means that the nuclear structure
aspects of this dominant term are related to the rather
well-studied pair transfer properties of the nuclear ground
states. It is a consequence of the strong pairing interaction
in the nuclear Hamiltonian. There are cancellations from
intermediate states with Jm > 0 up to about 6 MeV in
excitation that are dominated by the 2þ contributions. This
cancellation reduces the total matrix element by about a
factor of 2 for light neutrinos and about 20% for heavy
neutrinos.
The results for 48Ca and 82Se are shown in Figs. 3 and 4,

respectively. Here we present the results for CD-Bonn short
range correlations [18]. Numerical results can be found in
Refs. [14,16]. The overall patterns are the same as seen
for 76Ge. The results for 48Ca are particularly simple with
80% of the total matrix elements coming from just the
0þ ground state and the first excited 2þ state. We have
also calculated 48Ca with the addition of the isospin
nonconserving Hamiltonian from [22]. This allows some

mixing of 48Ti ground state with the IAS of the 48Ca ground
in 48Ti. But the mixing matrix element of 20 keV does not
lead to any significant change in the result. One can also
expand over intermediate states in the nucleus with two
extra nucleons (nþ 2), for example, 78Se in the case of the
76Ge decay. We also find that the Jm ¼ 0þ is dominated by
the ground state of the (nþ 2) nucleus.
For the light neutrino, the exact TBME in the model

spaces are proportional within a few percent to those
obtained with the schematic interactions σ1⋅σ2=r for GT
and 1=r for Fermi matrix elements. The 1=r form is the
well-studied Coulomb interaction whose matrix elements
are dominated by a large diagonal term that conserves
isospin and can only go to the double isobaric analog state
of the initial nucleus. The consequence of this is that the
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FIG. 2 (color online). Results for 76Ge. The left-hand column
shows the light-neutrino results (ν) for the sum of the GT, F, and
T contributions. The middle column shows the light-neutrino
results for the GT contribution only. The right-hand column
shows the heavy-neutrino results (N) for the sum of the GT, F,
and T contribution. The bottom row shows the running sums for
the 0þ intermediate states. The middle row shows the running
sums for the 0þ and 2þ intermediate states. The top row shows
the running sums for all intermediate states. The red dots are the
exact results for the sum over all intermediate states.
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FIG. 3 (color online). Results for 48Ca. See caption for Fig. 2.
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FIG. 4 (color online). Results for 82Se. See caption for Fig. 2.
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Pairing	and	Double	Beta	Decay
Brown	et	al.	PRL	113,	262501	(2014)	 • NME	dominated	by	the	

contribution	through	the	
ground	state.

• Cancellations	from	
intermediate	states	with	
J>0.

• Pairing	enhances	the	J=0+
contribution.

• Connection	to	pair	
transfer	reactions	via	
complicated	sums	over	
quantities	related	to	two-
nucleon	transfer	
amplitudes.



In	shell-model	treatments,	more	detailed	set	of	interactions	is	used	than	simple	
pair	correlations,	albeit	within	a	limited	model	space.

In	QRPA,	pair	correlations	between	like	nucleons	are	treated	separately	from	other	
effective	interactions	via	the	transformation	to	the	quasiparticle	regime	within	the	

Bardeen-Cooper-Schrieffer	(BCS)	approximation.

BCS	works	well	in	many	nuclei	to	describe	pairing	correlations	for	protons	and	neutrons,	
but	there	are	some	well-established	nuclear	structure	scenarios	where	it	fails.

Pairing	in	Different	Nuclear	Models	Used	for	0νββ

In	IBM	treatments,	pairing	implicit	in	the	bosonisationapproach	to	truncating	the	
model	space.



Most	important	pair	correlations	are	short-range	correlations	associated	with	J=0+ like	
nucleon	pairs	— good	experimental	probe	is	a	reaction	transferring	two	s-wave	nucleons.

Yoshida	first	analysedreactions	within	a	Born	approximation:
• Spectroscopic	amplitudes	for	transfer	of	nucleon	pairs	from	single-particle	orbitals	with	j1 to	those	with		j2 .
• Between	states	with	mixed	single-particle	configurations,	summations	in	the	amplitude	over	j1 and	j2	.
• Between	BCS	states,	the	summation	is	coherent	due	to	common	phase	of	amplitudes	from	different	j	values	

— enhancements	of	the	pair-transfer	cross	section.

Today,	descriptions	of	the	reaction	mechanism	are	more	sophisticated,	but	these	essence	of	Yoshida’s	insight	 remains.	

Pair-Transfer	Reactions

Yoshida	NP	33,	685	(1961)	

See	for	example,	Potel et.	al	PRL	107,	092501	(2011)	

Examples:	(p,t)/(t,p)	neutron	and	(3He,n)	proton	pair	transfer	reactions.
Both	t and	3He	have	a	pair	of	s1/2 nucleons,	with	a	strong	overlap	with	
pairs	of	correlated	nucleons.

t
p



Simple	estimate	(ignoring	Q	value	effects): �gs!gs
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For	medium-mass	nuclei:	
transfer	spectrum	dominated	by	gs transition	by	factors	of	∼30.
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For the 112Sn to lzoSn targets, no other states of significant strength appear in the 
range of excitation observed, which extends well above the pairing gap. Excited O+ 
states are characteristically the weakest on these targets, attaining, at most, only 3 y0 
of the g.s. strengths. For the 122*r24Sn targets, however, several excited states of 

llZ(P,l) g.s.(o+) 

“%(p,t) 
30” 

- . .,“‘. ” 

Fig. 1. Energy spectra of 20 MeV (p, t) reactions on targets of “%n, ll*Sn, lz4Sn at a lab angle of 
30”. The spectra have been adjusted so that the position of the r’sSn(p, t)“%n g.s. transition comes 
at the same place in each. The group of peaks occurring at 5 MeV excitation in the upper spectrum 
is due to a-leak through from the (p, a) reaction on the lz4Sn target. The energy resolution is 25 keV. 

significant strength appear, although none in excess of 20 ‘A of the g.s. cross section; 
O+ states are again very weakly populated. Figs. 24 present the experimental angular 
distributions for the g.s. and lowest excited 2+ and 3- states for all the targets studied. 
The cross-section scales are in the same arbitrary units, although by comparing our 

Excitation	energy

Fleming	et	al.	NP	A281,	389	(1977)	

BCS	Enhancement	in	Pair	Transfer
isotopes were found to be the same within t 10 %_ We find essentially the same result 
for the (p, t> reaction on targets from A = 116 to A = 124, with some indication of 
a peaking at 122Sn/“20Sn, as can be seen in tables 1 and 2 and in fig. 2. The 
‘9n(t, p) lzoSn g.s. transition was also observed to be the strongest one in ref. ““>. 
We note a decrease in the (114 + 112) g.s, cross section relative to the peak value 
which is outside the ex~~mental error of rf7 10 ‘A. This effect does not show up in 
the (t, p) data of ref. 24), but can be accounted for by DWBA calculations, which give 
slightly differing trends with mass for the (t, p) and (p, t) reactions at these energies. 

TABLE 2 
Experimental results for 20 MeV (p, t) reactions on tin 116, 114 and 112 

116Sn(p, t)lr%n 114Sn(p, t)l%n 1i2Sn(g, t)‘rOSn 
D p.s. = --8.619f0.015 Q g.r. = -9.582ztO.020 Q *.a. = -10.485&0.015 “) 

Ext. (MeV) o&O-50) P Ext. (MeV) ur(fO-50) J= Ext. (MeV) u&O-50) .P 

0.0 4300 o+ 0.0 ‘3300 o+ 0.0 1800 o+ 
1.300i0.015 550 2” 1.250~0.015 340 2’ 1.215*0.0~0 1lOb) 2+ 
2.200&0.015 130 4’ 2.35 130 3- 
2.280~0.010 190 3- 

“) The mass excess of ll”Sn is found to be -85.820~0.018 MeV. All other Q-values were taken from 
the compilation of Maples, Goth and Cemy (Nuclear Data Sheets, Vol. 2, Nos. 5 and 6, 1966). Our 
results are consistent with these values to within the errors shown, 
‘) The cross section here is much more uncertain than the 115 % for the other 2” states, and could 
be in error by as much as A50 %. 

The most striking result in the (p, t) data at 20 MeV is the ‘12Sn(p, t)““‘Sn g.s. cross 
section. It is a factor of 2.5 weaker than the average of the A = 116-124 results. At 
first sight, this result appears to be in direct conflict with the data of ref. ‘l). There, 
the (112 -+ 110) g.s. cross section relative to the (124 --) 122) transition is about three 
times stronger at 40 MeV than we observe at 20 MeV. The 20 MeV result can be 
readily seen in fig. 1. The ““‘Sn abundance is a factor of twenty greater than the 
abundan~s of the other isotopes in the target and yet it has less than a factor of ten 
increase in counts. Although this seeming discrepancy is dist~bing, such a difference 
is expected from DWBA calculations. We conclude then that, within the experi- 
mental errors, the g.s. transition strengths reported in refs. “* 24* 2 “) are consistent 
with results herein, when the differing reaction kinematics are taken into account. 

4. Two-m&on tramfer calculatims 

4.1. BASIC THEORY OF TWO-NUCLEON TRANSFER REACTIONS 

The general theory of 2NTR [ref. “‘)I and its extension to a pairing formal- 
ism 32-35) has been discussed extensively and will not be reproduced in any detail 

112Sn(p,t)	@	30o



Breakdown	in	BCS:	Pairing	Vibrations
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Classical	Example:	N=126	Magic	Gap

(p,t)

(t,p)

Figure	updated	from	Bohr	and	Mottelson	Nuclear	Structure	Volume	2.

Large	gap	in	neutron	levels	associated	with	N=126.
Pair	addition	and	removal	creates	pairing	vibrations	relative	to	208Pb	“vacuum”.
If	pairs	are	identical	and	interactions	between	them	can	be	neglected	harmonic	spectrum	results:	

Jπ=0+ states	in	Pb isotopes.
Pairs	below	and	above	N=126:	(n−2	,n+2)

E = ~!�2n�2 + ~!2n2

Subshell	gaps	in	spherical	and	Nilsson	schemes	also	give	rise	to	pairing	vibrations.	



Transitional	Regions
At	the	onset	of	a	deformed	region,	two-nucleon	transfer	from	a	“spherical”	ground	state	to	an	excited	0+
“spherical”	state	in	the	residual	nucleus,	rather	than	the	“deformed”	ground	state,	can	be	significant	due	
to	the	larger	overlap	in	wave	functions.

The	classical	example	is	relevant	to	0νββ:

[Generally	more	complicated	since	
considerable	shape	mixing	common	in	
transitional	regions.]	

A-2 AA-2 A A+2

0

1

3

2E x
 (

M
eV

)

146 154148 152150 156

2Δ

dσ/dΩmax

(p,t)
(t,p)

Samarium	isotopes

• N≈88-90	Sm	nuclei	are	the	classical	example	
of	shape	transition	effects	in	pair	transfer.

• Population	of	excited	0+	states	indicative	of	
changing	shapes.

• A	likely	issue	for	calculation	of	NME.

Bjerregaard NP	86,	145	(1966)
Debenham NP	A195,	385	(1972)



ββ:	Removal	of	pair	of	neutrons	and	addition	of	a	pair	of	protons:	
appears	to	be	enhanced	by	pairing?

(p,t):	Removal	of	pair	of	neutrons.	BCS	enhancement	of	gs-gs.
(3He,n):	Addition	of	pair	of	protons.	BCS	enhancement	of	gs-gs.

• Measurement	of	accurate	cross	sections	might	be	useful	as	a	check	on	ground-state	wave	functions.
• If	pairing	vibrations	are	revealed	by	(p,t),	(t,p)	and	(3He,n),	BCS-correlations	modified	and	fragmentation	

of	the	pair	transfer	cross	sections	between	0+	states	results	from	this	more	complicated	structure.
• Or	indicates	the	possibility	of	changing	shapes	in	a	transitional	region.

Consequences	for	Double	Beta	Decay?
76Se

76Ge74Ge

78Se

ββ

(p,t)

(3He,t)

Q:	Do	these	pair	vibration	phenomena	arise	in	double	beta	decay	candidates?
IF they	do:	

Q:	Could	there	be	some	corresponding	“fragmentation”	of	the	decay	probability?
Q:	What	issues	arise	with	on	assuming	BCS	approximation	in	QRPA?

Q:	Do	other	models	reproduce	these	structures?	



Experimental	Comments
BRIEF REPORTS PHYSICAL REVIEW C 82, 027308 (2010)

discussed here are relevant to the validity of the BCS
approximation for the ground states of 128,130Te in the calcula-
tion of the nuclear matrix element for double-β decay. Because
the decay involves removing a pair of neutrons from the parent
nucleus and adding a pair of protons, we have explored the
neutron pair-removal process from measurements of the (p,t)
reaction on targets of 128,130Te and we discuss the results with
reference to a previous proton-pair transfer experiment [12].
The (p,t) reaction on 128,130Te has been performed twice
before [13,14]; however, the former covered insufficient
angle range to reliably identify ℓ = 0 transitions, and the
latter focused only on transitions to negative-parity states.
Similar measurements for another neutrinoless double-β decay
candidate, 76Ge, had been carried out by Freeman et al. [15]
and no strong transitions to 0+ excited states were observed in
the relevant Ge and Se isotopes; the complementary proton-
pair-adding measurement has not yet been performed.

II. METHODOLOGY

The beam energy was selected such that both protons and
tritons would be well above the Coulomb barrier; 23-MeV
protons from the Yale tandem Van de Graaf accelerator
were used for the (p,t) measurements. Light ions from the
reaction were momentum analyzed using the Yale split-pole
spectrograph and detected and identified in a gas-filled focal
plane detector. To determine the target thickness, elastic
scattering of 15-MeV α particles was measured at 20◦ using
the spectrograph, well within the Rutherford regime, with the
same targets in the same position, using the same setting on
the beam-current integrator and the same solid angle on the
spectrograph, to obtain accurate relative and absolute cross
sections. Throughout the experiment, a Si surface barrier
detector at 30◦ to the beam direction was used to monitor
elastic scattering and, in turn, target thickness.

The experiment was performed at several forward angles
to identify transitions with zero angular-momentum transfer
to states above the ground states. The targets were evaporated
onto thin carbon backings and were 416-µg/cm2 thick for
128Te and 645-µg/cm2 thick for 130Te.

The ℓ = 0 (p,t) transitions are the strongest in the spectrum
of final states at very forward angles and the distorted wave
Born approximation (DWBA) works best at those angles.
It was therefore desirable to carry out measurements at as
forward angles as possible, which in this case was 5◦. Spectra
were also measured at 11◦, 17◦, and 22◦. It is straightforward to
select and characterize transition peaks as corresponding to 0+

states based on their angular distributions, and our results also
confirm assignments from the literature. DWBA calculations,
carried out using the PTOLEMY code [16], are shown in Fig. 1,
with optical-model parameters for protons from Perey [17],
and triton potentials from Perry [18]. The exact shapes of
these curves, such as the ratios of the sharp forward maximum
for ℓ = 0 to the first minimum, depend sensitively on the
details of the potentials and are not relevant in the present
context. Nevertheless, the ratio of the cross sections between,
for instance 5◦ and 17◦ is always at least an order of magnitude
larger for ℓ = 0 than it is for ℓ = 2, 3, or 4 and provides a robust
signature of 0+ states.
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FIG. 1. (Color online) Calculated angular distributions for the
ground-state 0+ transition and for the 2+ excited-state transition in
130Te(p,t)128Te reaction.

III. RESULTS

It can be seen from Fig. 2 that for neutron-pair removing
reactions the cross section for excited 0+ states is very small,
which is consistent with the BCS approximation for the ground
states that is implicit in the QRPA calculations used in the
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FIG. 2. (Color online) Outgoing triton spectra from neutron-pair
transfer reactions on 128Te (top) and 130Te (bottom) at 5◦. The
excitation energies, and ℓ transfer, are labeled for states of interest
and ℓ = 0 states are shaded (red online).
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(p,t):	Fairly	“routine”	charged-particle	spectroscopy.	
Dwindling	 facilities:	Yale	University	(GONE!),	RCNP	Osaka	University,	
IPN	Orsay and	Maier-Leibnitz	Laboratory,	Munich.

(t,p):	 Fairly	“routine”	charged-particle	spectroscopy.	Troublesome	
radioactive	beam	in	normal	kinematics.	Triton	beams	available	1970-
90;	studies	in	the	literature.

(3He,n):	 “Troublesome”	neutron	 time-of-flight	 spectroscopy.	Dedicated	
facilities	were	available	in	the	past;	some	recent	work	at	Notre	Dame	
University.PE7F(#-(Q#/'(H$.M'"%.-2:(+,"(K+"=8+"%'3.5. Enge split-pole spectrograph 67

FOCAL PLANE

TARGET

UN-DEFLECTED 

TRAJECTORY

POLE PIECE 2

POLE PIECE 1

COIL

Figure 3.6: Schematic of an Enge split-pole spectrograph, showing the different paths
taken by ions of different angular momenta. One can clearly see the two pole pieces
and the coil which surrounds them both. Figure modified taken from [51].

particles which have small momentum differences. This is its resolving power and

depends on the magnification and momentum dispersion of the spectrograph.

The split-pole spectrograph at WNSL was designed to have a particularly large

acceptance: its limits are ±80 mrad in the horizontal plane and ±40 mrad in the ver-

tical plane, providing a maximum solid angle of 12.8 msr. A better resolution can be

achieved with a smaller aperture, but the trade off is lower statistics. For these ex-

periments it was possible to gain sufficient statistics with a moderately narrow aper-

ture. For Experiment I, it was chosen to be 3.2 msr. In Experiment II, two different

apertures were used: data taken from the June 2006 run implemented a 2.80 msr

aperture, whilst the February run made use of a 1.50 msr aperture.

Several papers detail the mathematics of the ion-optic properties of split-pole

spectrograph (for example [51]). Below is a brief discussion of some of these proper-

ties.

Table 3.2 shows the specifications of the Yale split-pole spectrograph which can be
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• Measure	the	energy	spectrum	of	outgoing	ions.
• Identify	0+ states	via	forward	peaked	ℓ=0	transitions.
• Measure	cross	sections	accurately	by	minimizing	

systematic	effects.
• Useful	to	make	measurements	on	 neighbouring isotopes	

for	consistency.
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FIG. 2. (Color online) Spectra of tritons at 3◦ measured withYale
split-pole spectrograph, normalized to 100 for the ground-state peak,
and labeled in each case by the target nuclide. Peaks corresponding
to L = 0 transitions are identified by a pointer. Peaks due to isotopic
impurities are marked by an x. Despite evidence in 74Ge(p, t)72Ge of
substantial strength in a low-lying excited 0+ state, there are no large
admixtures seen for 76Ge and 76Se targets.

Excited 0+ states stand out in the ratio between the 3◦ and 22◦

yields, which is an order of magnitude larger than for any other
excited state. With the exception of the 74Ge target, none of

TABLE I. Summary of (p, t) cross sections at 3◦ and ratio
(in %) of these to the 22◦ values. Transitions consistent with L = 0
are shown in boldface.

Excitation energy (keV) (σ/σgs)3◦ Ratio(3◦/22◦)

74Ge(p, t)72Ge σgs(lab) = 6.4 mb/sr
0 100 86

691 29 280
834 2.8 0.9

1464 0.5 1.5
2024 0.5 4
2762 0.9 130
76Ge(p, t)74Ge σgs(lab) = 6.7 mb/sr

0 100 50
596 3.2 1.0

1204 1.1 1.6
1463 2.2 0.8
2198 2.9 3
2833 1.7 6
76Se(p, t)74Se σgs(lab) = 6.0 mb/sr

0 100 115
635 1.0 0.4
854 1.4 80

78Se(p, t)76Se σgs(lab) = 7.1 mb/sr
0 100 150

559 1.2 0.4
1121 0.8 4
1220 0.7 1.0

TABLE II. 3◦ laboratory cross sections and ratios to DWBA.
Cross sections are for the ground-state to ground-state transitions.

Target σexp(lab) σDWBA σexp/σDWBA

(mb/sr) (mb/sr)

74Ge 6.4 0.0438 147
76Ge 6.7 0.0499 135
76Se 6.0 0.0437 137
78Se 7.1 0.0431 164

these excited 0+ states is populated with a cross section at 3◦

that is more than 2% of that leading to the ground states. In the
74Ge(p, t)72Ge reaction, the cross section to the first excited
0+ state is 1.9 mb/sr. This feature is well known [4] as an
example of a pairing vibration. The case of 74Ge is illustrative
of effects that can be problematic; however, the context of the
current work is related only to the 76Ge/76Se double β decay
system.

DWBA calculations were carried out with the program
PTOLEMY [10] to correct the dependence of the reaction on
Q values. The consideration of the details of nuclear structure
is beyond the scope of this study, even though 76Ge and 78Se
have six neutron vacancies in the N = 50 shell, 74Ge and
76Se have eight. The form factor for the neutron pair was
calculated assuming a mass-2, ℓ = 0 dineutron bound in a
Woods-Saxon potential with the appropriate binding energy
and having three nodes in its wave function. The proton
potentials were those of Ref. [13], and the triton potential
that of Ref. [12]. The measured cross sections at 3◦ are given
in Table II, together with the ratio of the experimental cross
sections to the calculated values. The absolute magnitude of
the DWBA cross section is very sensitive to the choice of
distorting potential (with the proton potential of Ref. [11] the
average ratio changes from 136 to 217), as is the location of
the first minimum in the angular distribution. However, all
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FIG. 3. (Color online) Ground-state 0+ to 0+ cross sections at
3◦ are plotted as a function of Q value, for convenience in display.
Also shown are the DWBA cross sections multiplied by one average
normalization factor for each proton potential. Estimated relative
errors are shown on the experimental points.
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the same set for the exit channel. An additional
set for the triton and the proton used in a recent
Ge(p, t) work" was also examined. No adjust-
ments of the latter triton set have been done since
this potential was derived for the same mass re-
gion as the present work. The two potential sets
are listed in Table II.
Figure 2 shows the angular distributions for the

ground sthte of "Ge and for two additional levels
observed with L = 0 transitions in the present work.
'The solid curves are the DWBA calculations using
Set (1,1) of Table II. The dashed curve drawn
with the ground state angular distribution repre-
sents the calculation using Set (2, 2). It is clear
that Set (1,1) is superior in fitting the ground
state angular distribution, especially in the re-
gion of the second maximum. Therefore, for all
the DWBA analysis presented below we chose
Set(1, 1). Figures 2 and 4 contain the angular dis-

tributions characterized by L = 2 and L = 4 angular
momentum transfer, respectively. Figure 5 pres-
ents the angular distributions characterized by
odd L value.
Since no shell model wave functions were avail-

able for "Ge, we assumed pure configurations for
the transferred neutron pair and therefore no
attempt has been made to compare the magnitudes
of the theoretical and experimental cross sections.
We have used the following configurations in the
pWBA calculation: (1g,@)2 for L= 0 and I.= 2 trans~
fers, ,(lg, ~~)' and (lg, ~m)' for L =4, (2P«„2d,@),
for L =1, (2p,~„2d,~,) for I, =2, and-(2p, », Ig,~~)
for L =5.
Table I summarizes the excitation energies, the

maximum differential cross section, L-value, and
spin and parity measured in the present study.
Also shown in Table I are the excitation energies
and J' values reported in. the latest compilation. '

TABLE II. Optical-model parameters used in the analysis of the z4Ge(t, p)zeGe reaction.

Set
Vp

(MeV)
1p a

(fm) (MeV)
W'=4m~
(MeV)

a''Fp

(fm) (fm) (fm)

z46e+ t~
z4Ge+ tc
. z8Ge+ pa
z6Ge+ pc
'4oe + 2n

155b
170.0
48.6
58.6
d

1,20
1.17
1.25
1.12
1.26

0.65
0.71
0.65
0.78
0.60

13.5
25.3
0
1.7

0
0
50.8
33.6

1.60
1,47
1.25
1.32

0.87
0.81
0.47
0.60

1.3
1.40
1.25
1.13

~Reference 14.
Vp was adjusted to fit the first minimum in the angular distribution for the ground state.' Reference 11.
Adjusted to give a binding energy to each particle of 0.5[Q(t,p) + 8.482] MeV.

Excitation	energy

180μb/sr

76	μb/sr

3600	μb/sr74Ge(t,p)	@			
19°

• 74Ge	example	of	pairing	vibration	
due	to	shape	coexistence.

• In	0νββ candidates,	excited	0+
states	at	the	few	%	level.
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FIG. 2. (Color online) Spectra of tritons at 3◦ measured withYale
split-pole spectrograph, normalized to 100 for the ground-state peak,
and labeled in each case by the target nuclide. Peaks corresponding
to L = 0 transitions are identified by a pointer. Peaks due to isotopic
impurities are marked by an x. Despite evidence in 74Ge(p, t)72Ge of
substantial strength in a low-lying excited 0+ state, there are no large
admixtures seen for 76Ge and 76Se targets.

Excited 0+ states stand out in the ratio between the 3◦ and 22◦

yields, which is an order of magnitude larger than for any other
excited state. With the exception of the 74Ge target, none of

TABLE I. Summary of (p, t) cross sections at 3◦ and ratio
(in %) of these to the 22◦ values. Transitions consistent with L = 0
are shown in boldface.

Excitation energy (keV) (σ/σgs)3◦ Ratio(3◦/22◦)

74Ge(p, t)72Ge σgs(lab) = 6.4 mb/sr
0 100 86

691 29 280
834 2.8 0.9

1464 0.5 1.5
2024 0.5 4
2762 0.9 130
76Ge(p, t)74Ge σgs(lab) = 6.7 mb/sr

0 100 50
596 3.2 1.0

1204 1.1 1.6
1463 2.2 0.8
2198 2.9 3
2833 1.7 6
76Se(p, t)74Se σgs(lab) = 6.0 mb/sr

0 100 115
635 1.0 0.4
854 1.4 80

78Se(p, t)76Se σgs(lab) = 7.1 mb/sr
0 100 150

559 1.2 0.4
1121 0.8 4
1220 0.7 1.0

TABLE II. 3◦ laboratory cross sections and ratios to DWBA.
Cross sections are for the ground-state to ground-state transitions.

Target σexp(lab) σDWBA σexp/σDWBA

(mb/sr) (mb/sr)

74Ge 6.4 0.0438 147
76Ge 6.7 0.0499 135
76Se 6.0 0.0437 137
78Se 7.1 0.0431 164

these excited 0+ states is populated with a cross section at 3◦

that is more than 2% of that leading to the ground states. In the
74Ge(p, t)72Ge reaction, the cross section to the first excited
0+ state is 1.9 mb/sr. This feature is well known [4] as an
example of a pairing vibration. The case of 74Ge is illustrative
of effects that can be problematic; however, the context of the
current work is related only to the 76Ge/76Se double β decay
system.

DWBA calculations were carried out with the program
PTOLEMY [10] to correct the dependence of the reaction on
Q values. The consideration of the details of nuclear structure
is beyond the scope of this study, even though 76Ge and 78Se
have six neutron vacancies in the N = 50 shell, 74Ge and
76Se have eight. The form factor for the neutron pair was
calculated assuming a mass-2, ℓ = 0 dineutron bound in a
Woods-Saxon potential with the appropriate binding energy
and having three nodes in its wave function. The proton
potentials were those of Ref. [13], and the triton potential
that of Ref. [12]. The measured cross sections at 3◦ are given
in Table II, together with the ratio of the experimental cross
sections to the calculated values. The absolute magnitude of
the DWBA cross section is very sensitive to the choice of
distorting potential (with the proton potential of Ref. [11] the
average ratio changes from 136 to 217), as is the location of
the first minimum in the angular distribution. However, all
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FIG. 3. (Color online) Ground-state 0+ to 0+ cross sections at
3◦ are plotted as a function of Q value, for convenience in display.
Also shown are the DWBA cross sections multiplied by one average
normalization factor for each proton potential. Estimated relative
errors are shown on the experimental points.
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• No	excited	states	in	(p,t)	or	(t,p)	>	few	%	relative	
to	ground-state	transition.

• BCS	for	neutrons	appears	to	be	a	reasonable	
approximation.

• Ground-state	transitions	are	surprisingly	
constant	cross	section.

• Pairing	in	parent	and	daughter	nuclei	is	
quantitatively	similar.

Freeman	al.	PRC	75,	051301(2007)	
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FIG. 1. (Color online) Neutron time-of-flight spectra for (a)
74Ge(3He,n)76Se and (b) 76Ge(3He,n)78Se. Summed spectra from the
three most-forward and -backward scintillator bars are shown, each
covering a total angular range of ∼2◦ centered around the angle
indicated. The back-angle spectra are uniformly reduced by 500 and
300 counts in (a) and (b), respectively, for ease of display. The arrival
of neutrons from contaminant groups occurs above 10 MeV excitation
in both cases.

Low-lying 2+ states are known in both 76,78Se at ∼600 keV
excitation. Neither of these states are resolved, however, due to
the far greater yield, and broadened base, of the ground-state
transition. Yields are therefore extracted for the unresolved
0+

g.s. + 2+ doublet. The time-independent background upon
which the peak sits is well constrained by the region of the TOF
spectra between the arrival of the γ flash and the ground-state
neutrons. The total number of counts is then the integrated
yield of the peak, less the background contribution, with an
overall uncertainty dominated by the statistical fluctuation of
the background.

Translating the extracted yield into a cross section requires
the neutron detection efficiency to be known. Efficiencies for
the scintillator bars have been calculated up to energies of
28 MeV using a Monte Carlo approach described in Ref. [16].
These calculations require the PMT threshold and resolution
as input and have been verified against known cross sections
in the d(d, n) reaction for energies up to 12 MeV and against
28 MeV neutrons from the 26Mg(3He,n) reaction [14]. In both
cases the efficiency calculated was in agreement with that
measured to within 10% percent.

Cross sections for the 0+
g.s. + 2+ doublet are given as

a function of angle in Table I. A systematic uncertainty
in the cross section of ∼10% is estimated, dominated by
the uncertainty in detection efficiency (<10%) and target
thickness (<2%). At more backward angles groups of four
scintillator bars are summed to improve the peak statistics.
The same data are presented as angular distributions in Fig. 2,
together with DWBA predictions for a ℓ = 0 + 2 doublet.
DWBA calculations were performed using the finite-range
code FRESCO [17] assuming the nonlocal transfer of a bound

TABLE I. Measured cross sections for population of the 0+
g.s. + 2+

doublet in 76,78Se. The uncertainties given are statistical only. An
additional systematic uncertainty of ∼10% is estimated.

c.m. angle (deg) 76Se (mb/sr) 78Se (mb/sr)

6.2 259 ± 13 187 ± 23
7.0 242 ± 13 175 ± 22
7.8 239 ± 15 146 ± 25
8.6 185 ± 16 126 ± 26
10.8 139 ± 14 76 ± 24
11.5 127 ± 13 113 ± 22
12.2 112 ± 15 123 ± 25
12.9 72 ± 11 43 ± 19
16.4 39 ± 14 55 ± 12
21.0 32 ± 13 18 ± 11

diproton and use a postform with no remnant. The 3He optical
potential of Ref. [18] was used, and for the outgoing neutron
the potential of Ref. [19] was adopted. The diproton wave
function was assumed to have a single node in 3He and four
nodes when bound in Se. Both the optical and bound-state
potentials are summarized in Table II.

Only a single excited state is clearly resolved in either
nucleus, occurring at an excitation of 4.1(1) MeV in 76Se.
With reference to Fig. 1, the peak is observed to persist, and
indeed strengthen, toward more backward angles indicating
dominant ℓ ! 1 character. The observation of additional states
is clearly limited, however, by statistical fluctuations within the
background. An assessment of the sensitivity to excited states
has been performed by considering the yield required for a
peak to have a significance of at least 2σ above the background.
The background level was determined by stepping a 7 ns
integration window, within which 95% of the ground-state
yield can be encompassed, across the TOF spectra formed
from the three forward-most scintillator bars.
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FIG. 2. (Color online) Comparison of measured ground-state and
first-excited-state doublet cross section with DWBA calculations for
a 0+ plus 2+ transition for reactions on (a) 74Ge and (b) 76Ge. Details
of the DWBA calculations are in the text. Note that the two most-
backward points are the summation of four evenly spaced scintillator
bars, centered on the given angle.
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FIG. 1. (Color online) Neutron time-of-flight spectra for (a)
74Ge(3He,n)76Se and (b) 76Ge(3He,n)78Se. Summed spectra from the
three most-forward and -backward scintillator bars are shown, each
covering a total angular range of ∼2◦ centered around the angle
indicated. The back-angle spectra are uniformly reduced by 500 and
300 counts in (a) and (b), respectively, for ease of display. The arrival
of neutrons from contaminant groups occurs above 10 MeV excitation
in both cases.

Low-lying 2+ states are known in both 76,78Se at ∼600 keV
excitation. Neither of these states are resolved, however, due to
the far greater yield, and broadened base, of the ground-state
transition. Yields are therefore extracted for the unresolved
0+

g.s. + 2+ doublet. The time-independent background upon
which the peak sits is well constrained by the region of the TOF
spectra between the arrival of the γ flash and the ground-state
neutrons. The total number of counts is then the integrated
yield of the peak, less the background contribution, with an
overall uncertainty dominated by the statistical fluctuation of
the background.

Translating the extracted yield into a cross section requires
the neutron detection efficiency to be known. Efficiencies for
the scintillator bars have been calculated up to energies of
28 MeV using a Monte Carlo approach described in Ref. [16].
These calculations require the PMT threshold and resolution
as input and have been verified against known cross sections
in the d(d, n) reaction for energies up to 12 MeV and against
28 MeV neutrons from the 26Mg(3He,n) reaction [14]. In both
cases the efficiency calculated was in agreement with that
measured to within 10% percent.

Cross sections for the 0+
g.s. + 2+ doublet are given as

a function of angle in Table I. A systematic uncertainty
in the cross section of ∼10% is estimated, dominated by
the uncertainty in detection efficiency (<10%) and target
thickness (<2%). At more backward angles groups of four
scintillator bars are summed to improve the peak statistics.
The same data are presented as angular distributions in Fig. 2,
together with DWBA predictions for a ℓ = 0 + 2 doublet.
DWBA calculations were performed using the finite-range
code FRESCO [17] assuming the nonlocal transfer of a bound

TABLE I. Measured cross sections for population of the 0+
g.s. + 2+

doublet in 76,78Se. The uncertainties given are statistical only. An
additional systematic uncertainty of ∼10% is estimated.

c.m. angle (deg) 76Se (mb/sr) 78Se (mb/sr)

6.2 259 ± 13 187 ± 23
7.0 242 ± 13 175 ± 22
7.8 239 ± 15 146 ± 25
8.6 185 ± 16 126 ± 26
10.8 139 ± 14 76 ± 24
11.5 127 ± 13 113 ± 22
12.2 112 ± 15 123 ± 25
12.9 72 ± 11 43 ± 19
16.4 39 ± 14 55 ± 12
21.0 32 ± 13 18 ± 11

diproton and use a postform with no remnant. The 3He optical
potential of Ref. [18] was used, and for the outgoing neutron
the potential of Ref. [19] was adopted. The diproton wave
function was assumed to have a single node in 3He and four
nodes when bound in Se. Both the optical and bound-state
potentials are summarized in Table II.

Only a single excited state is clearly resolved in either
nucleus, occurring at an excitation of 4.1(1) MeV in 76Se.
With reference to Fig. 1, the peak is observed to persist, and
indeed strengthen, toward more backward angles indicating
dominant ℓ ! 1 character. The observation of additional states
is clearly limited, however, by statistical fluctuations within the
background. An assessment of the sensitivity to excited states
has been performed by considering the yield required for a
peak to have a significance of at least 2σ above the background.
The background level was determined by stepping a 7 ns
integration window, within which 95% of the ground-state
yield can be encompassed, across the TOF spectra formed
from the three forward-most scintillator bars.
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FIG. 2. (Color online) Comparison of measured ground-state and
first-excited-state doublet cross section with DWBA calculations for
a 0+ plus 2+ transition for reactions on (a) 74Ge and (b) 76Ge. Details
of the DWBA calculations are in the text. Note that the two most-
backward points are the summation of four evenly spaced scintillator
bars, centered on the given angle.
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Roberts	al.	PRC	87,	051305(2013)	 • No	evidence	for	breaking	of	BCS	approximation	
for	protons	above	the	5-7%	level.
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TABLE I. Cross sections for 0+ states populated in neutron-pair
removing and proton-pair adding reactions on 128Te and 130Te. Those
quoted for neutron-pair removal are for θlab = 5◦ and have systematic
uncertainty of ∼7%, while those quoted for proton-pair addition are
at θlab = 0◦ and are taken from Ref. [12]. Energies are taken from
Ref. [19] unless otherwise stated.

Reaction E (MeV) σ (mb/sr) Ratioa Normalized strengthb

128Te(p,t) 0 4.21 90 1.21
1.873 0.06 20 0.02
2.579 0.15 21 0.04

130Te(p,t) 0 3.49 89 1.00
1.979 0.05 50 0.01
2.313(4)c 0.05 >20 0.01

128Te(3He,n) 0 0.24 – 0.96
2.13 0.095 – 0.32

130Te(3He,n) 0 0.26 – 1.00
1.85 0.098 – 0.34
2.49 0.062 – 0.21

aRatio of 5◦ to 17◦ cross sections, for the (p,t) reaction only.
bCross sections corrected for the DWBA dependence and normalized
to the ground-state transition from 130Te.
cState newly identified in this work and assigned as 0+. The ratio is a
lower limit as this peak is obscured by the adjacent one at 17◦.

calculation of double-β decay matrix elements. The only
observed cross sections from reactions on 128Te to 0+ excited
states are transitions to the 1.873-MeV excited state of 126Te
and another to one at 2.579 MeV; they are less than 4% of the
ground-state strength. Both of these states have been reported
previously, though the only available data are the energies
and cross sections at 30◦ [13,19]. There are also similarly
weak transitions in the reaction on 130Te to states at 1.979
and 2.313(4) MeV; the latter is tentatively identified as having
spin-parity 0+ in this work. The cross sections at 5◦ are listed
in Table I, along with the ratios to the cross sections at 17◦.
The latter angle is near the minimum of the ℓ = 0 angular
distribution and the ratio therefore is a useful signature of ℓ = 0
transitions. The systematic uncertainties in cross sections are
estimated as ∼7% with statistical errors becoming significant
(>10%) only below ∼0.06 mb/sr.

The ratio of cross sections for these peaks between 5◦ and
17◦ is much larger than 1.0 which is the signature for ℓ = 0
transitions and therefore of 0+ states. Because all the excited
0+ states are weakly excited, they do not represent a significant
breaking of the BCS symmetry.

For protons the situation is very different. The proton-pair
adding reaction Te(3He,n) had been studied [12] and a strong
(∼30%) transition is seen to excited 0+ states at approximately
2.6-MeV excitation in all the Te isotopes. This appears to be a
classic case of a pair vibration [10] and is likely a consequence
of the subshell gap at proton number Z = 64, separating the

14 protons in the g7/2 and d5/2 orbits from the 18 in h11/2, s1/2,
and d3/2.

Such a proton pair vibration is not consistent with the
assumptions of QRPA. The implication of this splitting could
therefore be substantial for the matrix element for neutrinoless
double-β decay. We note that there are 28 neutrons in 130Te
in the major oscillator shell between N = 50 and 82, leaving
a vacancy of 4. At the same time there are two protons above
Z = 50, leaving 30 vacancies. If the proton orbits above Z =
64 do not participate in the corrrelated final ground state then,
assuming all orbits are equally important, this would reduce the
number of vacancies by a factor of (82 − 52)/(64 − 52) = 2.5.
Shell-model calculations have been used to describe the
A = 130 double-β decay candidates [20], but it has not been
demonstrated whether these calculations successfully describe
the observed pair transfer strength to excited 0+ states.

IV. CONCLUSIONS

There is ample experimental evidence for the existence of a
subshell at Z = 64 for protons, but no comparable gap exists
for the neutron orbits. The connection between this subshell
and pairing vibrations for protons has apparently not been
previously emphasized and the effect of such a splitting of a
simple BCS state on the double-β decay matrix elements is
unexplored.

There is a need for more experimental work in this
mass region and we are planning to perform quantitative
measurements of the populations of the valence orbits in 130Te
and 130Xe by one-nucleon transfer [21], similar to those that
were done for 76Ge [22].

From the overall pair-transfer data available on these
tellurium isotopes, it appears that there may be a serious
problem with the approximations inherent in QRPA in the mass
130 region (i.e., transitions are observed to occur that QRPA
forbids from its basic assumptions). This could significantly
affect the matrix elements predicted for the decay of tellurium,
and needs clarification for the extraction of information on the
effective neutrino mass, when and if results become available
from the experiments searching for neutrinoless double-β
decay.

A summary of these data are available online in the
Experimental Unevaluated Nuclear Data List (XUNDL)
database [23].
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Pair correlations in the neutrinoless double-β decay candidate 130Te
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Pair correlations in the ground state of 130Te have been investigated using pair-transfer experiments to explore
the validity of approximations in calculating the matrix element for neutrinoless double-β decay. This nucleus
is a candidate for the observation of such decay, and a good understanding of its structure is crucial for eventual
calculations of the neutrino mass, should such a decay indeed be observed. For proton-pair adding, strong
transitions to excited 0+ states had been observed in the Te isotopes by Alford et al. [Nucl. Phys. A 323, 339
(1979)], indicating a breaking of the BCS approximation for protons in the ground state. We measured the
neutron-pair removing (p,t) reaction on 130Te and found no indication of a corresponding splitting of the BCS
nature of the ground state for neutrons.

DOI: 10.1103/PhysRevC.82.027308 PACS number(s): 25.40.Hs, 23.40.−s, 27.60.+j

I. INTRODUCTION

One of the key challenges to modern physics is the
determination of the neutrino masses. It is now clear that
neutrinos must have mass from observations of neutrino oscil-
lations [1–3]. The mass differences are known, but only limits
exist for the absolute mass scale. These limits are imposed
by analysis of the details of the microwave background by
the Wilkinson Microwave Anisotropy Probe combined with
the Two-Degree-Field Galaxy Redshift Survey [4], and place
upper limits on the combined masses of the three neutrinos of
0.7–1.7 eV [5].

The question then arises of how to establish the absolute
mass scale for neutrinos. There are direct approaches, such as
the measurement of the shape near the endpoint of the tritium
β-decay spectrum, which should be sensitive to the electron
neutrino mass if it were greater than 0.2 eV [6]. An alternate
approach would be if the massive neutrinos were indeed of
Majorana character and the lepton-number violating
neutrinoless double-β decay process (0νββ), (Z,A) →
(Z + 2, A) + 2e−, were to compete with the lepton-number
nonviolating decay mode (Z,A) → (Z + 2, A) + 2e− + 2ν.
The decay rate of the former is proportional to the effective
neutrino mass squared:

(
t0ν
1/2

)−1 = a0νF0ν |M0ν |2
η2

log(2)
, (1)

where the half-life τ 0ν
1/2 is related to the nuclear matrix element

for the decay, M0ν , the effective mass of the electron neutrino,
η, and a phase-space factor, a0F0ν [7].

The calculations of the nuclear matrix elements for this
process are difficult. They involve not only the wave functions
of the initial and final states but require a summation over all

*tbloxham@lbl.gov

possible intermediate virtual states. The momentum transfer
in the neutrinoless mode is large and thus many intermediate
states and multipolarities are involved. This is unlike the
two-neutrino double-β decay where the virtual momentum
transfer is small and only a few intermediate states contribute
significantly. To handle all this complexity most of the
calculations that have been carried out are conducted through
the quasiparticle random phase approximation (QRPA), in
which several simplifying assumptions are made (see Ref. [8]
for a summary and references therein). One of these is that
the initial and final states (ground states of even-even nuclei)
can be described in terms of a BCS sea of neutron pairs and
another of proton pairs. Shell-model calculations do not make
this assumption [9].

The best experimental probe of pair correlations is pair-
transfer reactions such as (p,t) and (3He,n), in which a
localized pair of neutrons or protons is removed from or added
to their respective BCS seas. If the BCS approximation is
a valid description of the ground states, essentially all the
ℓ = 0 pair-transfer strength in these reactions will proceed
to the ground states and almost none to excited 0+ states.
Appreciable strength to excited states is a measure of a
breakdown of the BCS approximation. This can happen when
there is a gap in valence orbits that is larger than the pairing
interaction inducing the correlations. In such a case only
the BCS condensate from the lower valence orbits will be
represented by the ground state and a second correlated 0+ state
appears at higher excitation energy and may be considered as
a BCS condensate of the upper valence orbits. Sometimes this
is referred to as a pairing vibration [10].

Here we consider the pairing aspects of the ground states
of tellurium nuclei that are expected to be good potential
candidates for the experimental observation of neutrinoless
double-β decay. For example, the decay of the 130Te nucleus
is the subject of the CUORE experiment [11]. The 128Te
measurement was included for comparison. The measurements

0556-2813/2010/82(2)/027308(4) 027308-1 ©2010 The American Physical Society
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TABLE I. Cross sections for 0+ states populated in neutron-pair
removing and proton-pair adding reactions on 128Te and 130Te. Those
quoted for neutron-pair removal are for θlab = 5◦ and have systematic
uncertainty of ∼7%, while those quoted for proton-pair addition are
at θlab = 0◦ and are taken from Ref. [12]. Energies are taken from
Ref. [19] unless otherwise stated.

Reaction E (MeV) σ (mb/sr) Ratioa Normalized strengthb

128Te(p,t) 0 4.21 90 1.21
1.873 0.06 20 0.02
2.579 0.15 21 0.04

130Te(p,t) 0 3.49 89 1.00
1.979 0.05 50 0.01
2.313(4)c 0.05 >20 0.01

128Te(3He,n) 0 0.24 – 0.96
2.13 0.095 – 0.32

130Te(3He,n) 0 0.26 – 1.00
1.85 0.098 – 0.34
2.49 0.062 – 0.21

aRatio of 5◦ to 17◦ cross sections, for the (p,t) reaction only.
bCross sections corrected for the DWBA dependence and normalized
to the ground-state transition from 130Te.
cState newly identified in this work and assigned as 0+. The ratio is a
lower limit as this peak is obscured by the adjacent one at 17◦.

calculation of double-β decay matrix elements. The only
observed cross sections from reactions on 128Te to 0+ excited
states are transitions to the 1.873-MeV excited state of 126Te
and another to one at 2.579 MeV; they are less than 4% of the
ground-state strength. Both of these states have been reported
previously, though the only available data are the energies
and cross sections at 30◦ [13,19]. There are also similarly
weak transitions in the reaction on 130Te to states at 1.979
and 2.313(4) MeV; the latter is tentatively identified as having
spin-parity 0+ in this work. The cross sections at 5◦ are listed
in Table I, along with the ratios to the cross sections at 17◦.
The latter angle is near the minimum of the ℓ = 0 angular
distribution and the ratio therefore is a useful signature of ℓ = 0
transitions. The systematic uncertainties in cross sections are
estimated as ∼7% with statistical errors becoming significant
(>10%) only below ∼0.06 mb/sr.

The ratio of cross sections for these peaks between 5◦ and
17◦ is much larger than 1.0 which is the signature for ℓ = 0
transitions and therefore of 0+ states. Because all the excited
0+ states are weakly excited, they do not represent a significant
breaking of the BCS symmetry.

For protons the situation is very different. The proton-pair
adding reaction Te(3He,n) had been studied [12] and a strong
(∼30%) transition is seen to excited 0+ states at approximately
2.6-MeV excitation in all the Te isotopes. This appears to be a
classic case of a pair vibration [10] and is likely a consequence
of the subshell gap at proton number Z = 64, separating the

14 protons in the g7/2 and d5/2 orbits from the 18 in h11/2, s1/2,
and d3/2.

Such a proton pair vibration is not consistent with the
assumptions of QRPA. The implication of this splitting could
therefore be substantial for the matrix element for neutrinoless
double-β decay. We note that there are 28 neutrons in 130Te
in the major oscillator shell between N = 50 and 82, leaving
a vacancy of 4. At the same time there are two protons above
Z = 50, leaving 30 vacancies. If the proton orbits above Z =
64 do not participate in the corrrelated final ground state then,
assuming all orbits are equally important, this would reduce the
number of vacancies by a factor of (82 − 52)/(64 − 52) = 2.5.
Shell-model calculations have been used to describe the
A = 130 double-β decay candidates [20], but it has not been
demonstrated whether these calculations successfully describe
the observed pair transfer strength to excited 0+ states.

IV. CONCLUSIONS

There is ample experimental evidence for the existence of a
subshell at Z = 64 for protons, but no comparable gap exists
for the neutron orbits. The connection between this subshell
and pairing vibrations for protons has apparently not been
previously emphasized and the effect of such a splitting of a
simple BCS state on the double-β decay matrix elements is
unexplored.

There is a need for more experimental work in this
mass region and we are planning to perform quantitative
measurements of the populations of the valence orbits in 130Te
and 130Xe by one-nucleon transfer [21], similar to those that
were done for 76Ge [22].

From the overall pair-transfer data available on these
tellurium isotopes, it appears that there may be a serious
problem with the approximations inherent in QRPA in the mass
130 region (i.e., transitions are observed to occur that QRPA
forbids from its basic assumptions). This could significantly
affect the matrix elements predicted for the decay of tellurium,
and needs clarification for the extraction of information on the
effective neutrino mass, when and if results become available
from the experiments searching for neutrinoless double-β
decay.

A summary of these data are available online in the
Experimental Unevaluated Nuclear Data List (XUNDL)
database [23].
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For	130Te	and	130Xe,	again	no	signs	of	neutron	pairing	
vibrations;	excited	0+	states	only	weakly	populated	in	(p,t).

Experiments	at	Yale	University,	using	a	frozen	Xe target.



130Te-Xe:	proton	pairing
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TABLE I. Cross sections for 0+ states populated in neutron-pair
removing and proton-pair adding reactions on 128Te and 130Te. Those
quoted for neutron-pair removal are for θlab = 5◦ and have systematic
uncertainty of ∼7%, while those quoted for proton-pair addition are
at θlab = 0◦ and are taken from Ref. [12]. Energies are taken from
Ref. [19] unless otherwise stated.

Reaction E (MeV) σ (mb/sr) Ratioa Normalized strengthb

128Te(p,t) 0 4.21 90 1.21
1.873 0.06 20 0.02
2.579 0.15 21 0.04

130Te(p,t) 0 3.49 89 1.00
1.979 0.05 50 0.01
2.313(4)c 0.05 >20 0.01

128Te(3He,n) 0 0.24 – 0.96
2.13 0.095 – 0.32

130Te(3He,n) 0 0.26 – 1.00
1.85 0.098 – 0.34
2.49 0.062 – 0.21

aRatio of 5◦ to 17◦ cross sections, for the (p,t) reaction only.
bCross sections corrected for the DWBA dependence and normalized
to the ground-state transition from 130Te.
cState newly identified in this work and assigned as 0+. The ratio is a
lower limit as this peak is obscured by the adjacent one at 17◦.

calculation of double-β decay matrix elements. The only
observed cross sections from reactions on 128Te to 0+ excited
states are transitions to the 1.873-MeV excited state of 126Te
and another to one at 2.579 MeV; they are less than 4% of the
ground-state strength. Both of these states have been reported
previously, though the only available data are the energies
and cross sections at 30◦ [13,19]. There are also similarly
weak transitions in the reaction on 130Te to states at 1.979
and 2.313(4) MeV; the latter is tentatively identified as having
spin-parity 0+ in this work. The cross sections at 5◦ are listed
in Table I, along with the ratios to the cross sections at 17◦.
The latter angle is near the minimum of the ℓ = 0 angular
distribution and the ratio therefore is a useful signature of ℓ = 0
transitions. The systematic uncertainties in cross sections are
estimated as ∼7% with statistical errors becoming significant
(>10%) only below ∼0.06 mb/sr.

The ratio of cross sections for these peaks between 5◦ and
17◦ is much larger than 1.0 which is the signature for ℓ = 0
transitions and therefore of 0+ states. Because all the excited
0+ states are weakly excited, they do not represent a significant
breaking of the BCS symmetry.

For protons the situation is very different. The proton-pair
adding reaction Te(3He,n) had been studied [12] and a strong
(∼30%) transition is seen to excited 0+ states at approximately
2.6-MeV excitation in all the Te isotopes. This appears to be a
classic case of a pair vibration [10] and is likely a consequence
of the subshell gap at proton number Z = 64, separating the

14 protons in the g7/2 and d5/2 orbits from the 18 in h11/2, s1/2,
and d3/2.

Such a proton pair vibration is not consistent with the
assumptions of QRPA. The implication of this splitting could
therefore be substantial for the matrix element for neutrinoless
double-β decay. We note that there are 28 neutrons in 130Te
in the major oscillator shell between N = 50 and 82, leaving
a vacancy of 4. At the same time there are two protons above
Z = 50, leaving 30 vacancies. If the proton orbits above Z =
64 do not participate in the corrrelated final ground state then,
assuming all orbits are equally important, this would reduce the
number of vacancies by a factor of (82 − 52)/(64 − 52) = 2.5.
Shell-model calculations have been used to describe the
A = 130 double-β decay candidates [20], but it has not been
demonstrated whether these calculations successfully describe
the observed pair transfer strength to excited 0+ states.

IV. CONCLUSIONS

There is ample experimental evidence for the existence of a
subshell at Z = 64 for protons, but no comparable gap exists
for the neutron orbits. The connection between this subshell
and pairing vibrations for protons has apparently not been
previously emphasized and the effect of such a splitting of a
simple BCS state on the double-β decay matrix elements is
unexplored.

There is a need for more experimental work in this
mass region and we are planning to perform quantitative
measurements of the populations of the valence orbits in 130Te
and 130Xe by one-nucleon transfer [21], similar to those that
were done for 76Ge [22].

From the overall pair-transfer data available on these
tellurium isotopes, it appears that there may be a serious
problem with the approximations inherent in QRPA in the mass
130 region (i.e., transitions are observed to occur that QRPA
forbids from its basic assumptions). This could significantly
affect the matrix elements predicted for the decay of tellurium,
and needs clarification for the extraction of information on the
effective neutrino mass, when and if results become available
from the experiments searching for neutrinoless double-β
decay.

A summary of these data are available online in the
Experimental Unevaluated Nuclear Data List (XUNDL)
database [23].
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• Proton	pairing	vibration	evident	in	(3He,n)	spectra.
• Associated	with	gap	in	proton	single-particle	levels	at	

Z=64.
• Gap	observed	in	other	nuclear	properties	for	protons.
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• Fragmentation	of	pair	transfer	strength:	20%	to	735	keV in	98Mo.
• Behavior	asymmetric	for	(p,t)	and	(t,p).
• Due	to	the	onset	of	ground-state	deformation	in	Mo	isotopes	

around	A=100.
• But	clearly	some	shape	mixing	in	the	transitional	region.

M. A. RAHMAN AND M. S. CHOWDHURY PHYSICAL REVIEW C 73, 054311 (2006)

FIG. 3. Systematics of the low-lying first 2+, 0+, and 3− states.
The L = 0 transition strength has been normalized to 100 units for
the transitions of 100Mo.

30% of the ground-state strength in the present (t,p) reaction.
The behavior of the first excited 0+state might indicate that
this 0+ state becomes the bandhead of a deformed band, which
in the heavier Mo nuclei becomes the ground state [8,22]. The
deformation can be attributed to the isoscalar n − p interaction
when protons occupy the 1g9/2 orbital and neutrons occupy

its spin orbit partner 1g7/2 orbital [9,10]. The deformation
parameter β2 increases with neutron number. It is 0.175 for
98Mo, 0.217 for 100Mo, 0.311 for 102Mo, and 0.33 for 104Mo
[2,23]. It may therefore be noted that the 102Mo nucleus exists
at the edge of a region of well-deformed shape.

V. CONCLUSIONS

The nuclear properties of the levels in 102Mo have been
studied with the 100Mo(t, p)102Mo reaction. A number of new
energy levels have been found, and spin assignments were
made for many of them. The present results are in good
agreement with the previous results. The systematics of the
first 2+, 0+, and 3− states in Fig. 3 and the appearance
of the low-lying 0+ state as the bandhead of a deformed
band that becomes the ground state in the heavier 104,106Mo
nuclei suggest that the 102Mo nucleus exists at the end of the
transitional region. Theoretical calculation of the level scheme
of 102Mo60 is not yet available. It will be useful to have further
experimental and theoretical investigations of 102Mo.
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100Mo-Ru:	neutron	pairing

• Similar	transition	happens	at	higher	A	in	Ru.
• For	example,	evidence	in	102,	104Ru(t,p).
• Parent	and	daughter	nuclei	in	double	beta	decay	

with	differing	deformations.
• Although	TOTAL	pair	removal	strength	consistent	at	

10%	level.
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4. DWBA analysis 

The DWBA calculations were performed using the zero range code DWUCK4 1 o). 
The differential cross section for the reaction A(aHe, n)B can be written 

db"2d° _ 8D 2 (½7¢A2)~ 2JB-I- 12JA_[_ l 2L-~-~ SAB (TAITA--I]TBTB)2(d-d-~)DW" (1) 

The spin a n d  isospin of the nuclear states are denoted by JA(MA), T^(T~) and 
Ja(M~), TB(T~). The rms radius of 3He, A, was assumed to be 1.7 fm. 

100Mo-Ru:	proton	pairing
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a sotid-state detector which monitored the elastic triton scattering at some convenient 
angle. 

I .OOL I\ I I I I I 4 
‘04Ru ( t, p) ‘06Ru 3 

Fig. 3. Measured angular distributions for the lo4Ru(t, p) $06Ru reaction. The resufts are for states 
populated with L = 0 angular momentum transfers. The points are the data and the curves are DWBA 
fits as described in the text. The energies listed are excitation energies in keV. Figs. 3-6 show other 

distributions for states in “‘Ru. 

Absolute cross-section scales were established in a separate experiment in which a 
counter telescope was used in conjunction with an SDS-930 on-line computer for 
particie identification 11> and the outgoing proton, deuteron and triton spectra were 
measured simultaneously. Elastic scattering cross sections were measured at small 
angles where they are expected to be from 85 to 100 % of Rutherford scattering and 
thus are insensitive to optical-model parameter uncertainties. The measured (t, t) 

714μb/sr

135μb/sr

88μb/sr

Casten NP	A184,	357	(1972)	

Fielding	NP	A269,	125	(1976)	

• Limited	measurements	of(3He,n).
• Reaction	on	100Mo	does	not	appear	to	have	evidence	

for	excited	0+ states	in	102Ru,	but	less	sensitive	due	to	
worse	background	and	resolution	of	neutron	time-of-
flight	spectroscopy.



150Nd-Sm:	Neutron	and	Proton	Pairing
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It  is clear that on the basis of  the present work alone, only J= = 0 + states can 
confidently be assigned from the shapes of  the (t, p) angular distributions. 

4.2. N U C L E A R  S T R U C T U R E  I N F O R M A T I O N  

The cross section for two-nucleon transfer reactions depends on the relative phases 
as well as on the amplitudes of  the configurations which are present in the wave 
functions of  the states excited 24). For this reason, in contrast to single-nucleon 
transfer reactions it is impossible to extract from the experimental cross section alone 
the details of the wave function. Indeed, nuclear model wave functions are a prerequi- 
site to the quantitative analysis of  two-nucleon transfer reaction data. The absence 
of such wave functions in the region presently under study, limits our interpretation 
of the results to a qualitative one based on the general properties of these reactions. 

Previous two-nucleon transfer studies of  heavy nuclei have established that in 
regions free of  gross structural changes most of  the L = 0 strength in (t, p) reactions 
is concentrated in the ground state transition 6). The notable exceptions to this 
behaviour occur near major  shell closures where pairing vibrations can be excited 
with appreciable strength zs) and near N = 90 in samarium where collective a TM = 0 + 
states and shape coexisting jR = 0+ states are excited with strengths comparable to 
the ground state 6). 

In fig. 9 we compare the J~ = 0 + states excited in the present Nd(t, p) studies 
with the results of  the Sin(t, p) studies of  Bjerregaard et al. 6). The overall trend in 
the neodymium case is similar to that of  the samarium case, although there are also 
eeFtain differences which are worthy of comment. 

We discuss first the similarities. Both N = 84 nuclei show strongly (30 ~o of the 
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Fig. 9. Ratio of  total L = 0 transition intensities for excited states below the energy gap to ground 
state L ~ 0 intensity as a function of  neutron number  N for isotopes of  neodymium and samarium. 

• N≈90	Sm nuclei	are	the	classical	example	of	shape	transition	effects	
in	pair	transfer.

• Nd nuclei	show	globally	similar	effects	in	(p,t)	and	(t,p),	although	
differs	in	the	detail	of	the	excited	states.

• 148,150Nd(3He,n)150,152Sm	does	not	populate	excited	0+ states.
Sm	Bjerregaard NP	86,	145	(1966),	Debenham NP	A195,	385	(1972)
Nd Chapman	NP	A186,	603	(1972).
Nd protons	 Alford	NP	A321,	45	(1979).

(t,p)

Ra
tio

	o
f	c
ro
ss
	se

ct
io
n	
of
	L
=0
	e
xc
ite

d	
st
at
es
	to
	g
s

Neutron	Number



136Xe-Ba:	Neutron	and	Proton	Pairing
Both	targets	are	difficult,	so	not	so	well	studied.	But	measurements	on	some	neighboring	nuclei	reveal	
some	interesting	features.
142Nd,	140Ce	and	132,134Ba(p,t):	significant	population	of	excited	0+ states.
136,138Ba(t,p):	strong	population	of	excited	0+ states	around	3	MeV.

Point	to	neutron	pairing	vibrations	associated	with	N=82,	albeit	with	some	fragmentation	across	several	
excited	states.	But	pairing	suppressed	anyway.

(3He,n)	reaction	on	N=82	sees	significant	excited	0+	states,	likely	associated	with	the	Z=64	subshell	gap	
as	in	130Te.

Alford	al.	NP	A321,	45	(1979)	



82Se-Kr

• Some	rudimentary	(p,t)	measurements	on	82Se:	difficult	to	
conclude	much.

• 80,82Se(t,p)	suggest	significantly	populated	0+ states	below	1	
MeV.

• 82,84Kr(p,t)	performed,	but	only	data/discussion	of	L=3	
transitions	in	literature.

• No	measurements	of	(3He,n).



SYSTEM DATA COMMENTS
76Ge-Se New	data. BCS	approximation	good.	Pairing	similar	across	parent	and	

daughter.	
82Se-Kr Sparse	data:	Se(t,p)	

only.
Difficult to	be	definitive,	but	some	evidence	of	fragmentation	 in
neutron	pair	removal.

100Mo-Ru New	(p,t)	data. Fragmentation	due	 to	deformation, parent-daughter	differences.	
Overall	pairing	looks	 similar	across	parent	and	daughter.

130Te-Xe New	(p,t)	data. Neutron	BCS	approximation	good.
Proton pairing	vibration	associated	with	Z=64.

136Xe-Ba Some	relevant	data	
available.

Apparent influence	of	pairing	vibrations	associated	with	Z=64.

150Nd-Sm Extensive	data	in	
literature

Fragmentation	due	 to	deformation	 in	neutron	 transfer.

Summary	of	experimental	situation

Some	evidence	of	breaking	of	BCS	in	ALL	these	cases,	except	for	76Ge-Se.



Summary:

In	cases	with	pairing	vibrations,	there	is	a	reduction	in	pair	transfer	strength	between	
ground	states.	Does	a	similar	reduction	in	strength	occur	for	0νββ?	How	much	might	it	

affect	the	decay	rate?

In	these	cases,	what	issues	arise	with	the	assumption	of	the	BCS	approximation	in	QRPA?

Are	these	complicated	aspects	of	nuclear	structure	reproduced	
in	shell-model	or		IBM	calculations?	

Would	such	a	comparisons	identify	any	useful	physics	for	the	matrix	elements?

Is	there	a	quantitative	connection	between	pair	transfer	strength	and	0νββ that	might	
be	profitably	pursued?

To	what	extent	do	pairing	correlations	really matter	for	0νββ?
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