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OUTLINE

e Pairing and OvBB matrix elements.
 Departures from BCS pairing.
e Pair transfer reactions.
* Review results of recent experiments:
’6Ge-Se, 139Te-Xe and °°“Mo-Ru.
 What the literature says about:
150Nd-Sm, 136Xe-Ba and 2%Se-Kr.

 Some closing comments.



Yy
er

The Universit
of Manchest

MANCHESTER

1824

Pairing and Double Beta Decay

Some very basic connectionsbetween pairing and double beta decay:

* Pairingis responsible for the viability of

double beta decay. % 67
=
 Smearing of the Fermi surface enables ? v
2vBP in nuclei with a neutron excess, 8 .,
where it is otherwise Pauli blocked. 0 B*/EC
7))
7)) 73
* Conversionoftwo neutronsinto protons— ‘2"
should we expect pairingto be relevant to 75
the matrix elements?
" 30 31 32 33 34 3 3¢ 37
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20
gz If OVvBB NMEs are written as a sum over the angular momentum of the products of pair creation and
EE annihilation operators, contributions from zero-spin pairs can be separated from other J™.

(-
D N ¢
= Ubiquitous result: dominantcontribution fromJ=0, but J>0 still significant | |
~0 and of opposite sign. QV e

Cancellation effects seem to diminish the long-range components, leaving g Jy

a shortrange peak.

A couple of recent examples:

Contributions to the GT matrix element with:

. J=0
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6 - SM: Caurier et al. PRL 100, 052503 (2008)
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Simkovic et al. PRC 79, 015502 (2009)
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QRPA: Escuderos et al. JPG 37,
125108 (2010)
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Pairing and Double Beta Decay

Brown et al. PRL 113, 262501 (2014 ,
(2014) * NME dominated by the
OvBB matrix elements 76Se _ T4Ge _ T6Ge contributionthrough the
I LI RS RS RS RN IR I L I I A R R
as sumr:c\z:\jtlfc;n over ; __\L‘\V\au ] ot 1 (natyeo ] f(g:rounclz: state. :
states of different 6 ] ] ] * Cancellations from
. . 4 | .-.‘—‘L\"\ -.—_—HLH"\ .- . . .
spins Jinthe A-2 Lol all g, ] ‘. ] intermediate states with
nucleus. S 0 T e J>0.
o 8 . - i
z 6 xt“\ ERL“\ — * Pairing enhances the J=0*
g o o2 N ] contribution.
N Cinanads saadases laadasastons nins hade aendases b * Connectionto pair
8 | y y y : :
o | N . transfer reactions via
N complicated sums over
e N I quantities related to two-

o

E, in 74Ge (MeV) nucleon transfer
amplitudes.
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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.

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

In IBM treatments, pairing implicitin the bosonisation approach to truncating the
model space.

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.
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. Pair-Transfer Reactions
o
-g@ Most important pair correlations are short-range correlations associated with J=0* like
o= nucleon pairs — good experimental probe is a reaction transferring two s-wave nucleons.
Ly
— O

Examples: (p,t)/(t,p) neutron and (3He,n) proton pair transfer reactions. t
Both t and *He have a pairofs;/,, nucleons, with a strong overlap with — <X
pairs of correlated nucleons.

Yoshida NP 33, 685 (1961)

Yoshida first analysed reactions within a Born approximation:

e Spectroscopicamplitudes for transfer of nucleon pairs from single-particle orbitalswith j; to those with j,.

* Between states with mixed single-particle configurations, summationsinthe amplitude overj; andj,.

 Between BCS states, the summationis coherent due to common phase of amplitudes from differentjvalues
— enhancements of the pair-transfer cross section.

Today, descriptions of the reaction mechanism are more sophisticated, but these essence of Yoshida’s insight remains.
See for example, Potel et. al PRL 107, 092501 (2011)
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e BCS Enhancementin Pair Transfer

Simple estimate (ignoring Q value effects): Ogs—gs A 17 A
- | GQU?2 4

O-gs—>2qp

A ~ 124712 MeV For medium-mass nuclei:
G ~ 28/A MeV transfer spectrum dominated by gs transition by factors of ~30.

UZ ~ 1

H2(p,1) g.5.(0")

112Sn(p’ t)ll OSn

Qg5 = —10.48540.015*) Fleming et al. NP A281, 389 (1977)

1125n(p,t) @ 30°

Exc. (MeV)  op(10-50) J7

0.0 1800 o
1.2154-0.010 110% 2+

i20(p,1) gs.
6{p,t)gs. 1I8(p,f)g.s. }

RS BTN NV N S

<€

Excitation energy
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Breakdown in BCS: Pairing Vibrations

e A A
\ € ﬁ
N\
N
N S p——— Gaplargerthan |
N\ pairingenergy
‘\ ———————————
" $
> > Quantitative
v \2 validity of BCS
_ S altered
— — \ ot
\ ~ )
—— 0*BCS
Strong pairtransferto gs. Pair transfer associated with BCS state fragmented.

Other states at few % relative Strength_ Excited states with more significa nt strength.



Classical Example: N=126 Magic Gap

>\L
+— U [~
=+ -
5 O - Figure updated from Bohr and Mottelson Nuclear Structure Volume 2.
20 -
C Cc o B 40 . .
DFEG § s &9 J'=0* statesin Pb isotopes.
D) ! B .
- ;i, - Pairs below and above N=126: (n_,,n,,)
ot (3.0)
e °F '\ @) .
Nl - 2.30- ’
L 29 /o7 23)
st (tp) | 70_'\ (H) (0,2)
: FE_)_ (I'O) /0.90‘+ 0.90-_\ (0, |) f2.30.+
ot N (00)
200 202 204 206 208 210 212 214

Large gap in neutron levels associated with N=126.
Pair additionand removal creates pairing vibrations relative to 2°Pb “vacuum”.
If pairsareidentical and interactions between them can be neglected harmonicspectrum results:

E = hw_g’n_z + hWQnQ

Subshell gapsin spherical and Nilsson schemes also give rise to pairingvibrations.
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At the onset of a deformed region, two-nucleon transfer froma “spherical” ground state to an excited 0*
“spherical” statein the residual nucleus, rather than the “deformed” ground state, can be significant due
to thelarger overlap in wave functions.
[Generally more complicated since
_— Q considerable shape mixing common in
A transitional regions.]

------- > <«
@— — — @
The classical example is relevant to OvB3f: 3~ A A A N A gp,t;
—~ L tp
S — - e
* N=88-90 Sm nuclei are the classical example év, B A St I R
. . . - 21 e
of shape transition effects in pair transfer. I A
* Population of excited 0+ statesindicative of B . L
changing shapes. | E a
* A likely issue for calculation of NME. B o
Bjerregaard NP 86, 145 (1966) ol by e, e b, L, [ d07dOm
Debenham NP A195, 385 (1972) 146 148 150 152 154 156

Samarium isotopes
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g
6Se . 78&} BB: Removal of pair of neutrons and addition of a pair of protons:
S A appearsto be enhanced by pairing?
™~ ) (p,t): Removal of pair of neutrons. BCSenhancement of gs-gs.
(*He,t) | | BB (3He,n): Addition of pair of protons. BCS enhancement of gs-gs.
—p— 1 "
P i ~
7‘le<E- (it) --76&}
\ J A

« Measurement of accurate cross sections might be useful as a check on ground-state wave functions.

* If pairingvibrations are revealed by (p,t), (t,p) and (3He,n), BCS-correlations modified and fragmentation
of the pairtransfer cross sections between 0* states results from this more complicated structure.

 Orindicatesthe possibility of changingshapesin a transitional region.

Q: Do these pair vibration phenomena arisein double beta decay candidates?
IF they do:
Q: Could there be some corresponding “fragmentation” of the decay probability?
Q: Whatissues arise with on assuming BCS approximation in QRPA?
Q: Do other models reproduce these structures?
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(p,t): Fairly “routine” charged-particle spectroscopy. 0 (g.s.)...
Dwindling facilities: Yale University (GONE!), RCNP Osaka University, o101 O B
IPN Orsay and Maier-Leibnitz Laboratory, Munich. Cé? ¥ .. i
3 N |
(t,p): Fairly “routine” charged-particle spectroscopy. Troublesome g 0.05— .. _
©

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.

Angle (deg.)

* Measurethe energy spectrum of outgoingions.

e |dentify O* states via forward peaked €=0 transitions.

 Measure cross sections accurately by minimizing
systematic effects.

e Useful to make measurementson neighbouringisotopes
for consistency.
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1824 76 o S umn Excitation energy (keV) (0/0gs)3 Ratio(3°/22°)
Ge-Se: neutron pairing
0 100 86
Freeman al. PRC 75, 051301(2007) o g e
1464 0.5 1.5
| 2024 0.5 4
100055 I L ) 2762 0.9 130
: L8 Ge(p, 1)*Ge o(lab) = 6.7 mb/sr
E 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
75Se(p, t)"*Se o,s(lab) = 6.0 mb/sr
L T T T T T T T e T 0 100 115
G szz R
5 854 .
P * Mordechai al. PRC 18, 2498 (1974)
o) L * 600;
() 1
2 m M LA Al - M 74Ge(t,p) @ EOOHS
g 1000 2000 3000 4000 ° P
5 N ' | ' - 15
g 100§ 768e = E4oo— g 5 4
o . . . . . o d >
% ol . ] * 74Ge example of pairingvibration 3
S F 5 due to shape coexistence. 3 -~
. ) 200 po/sr
"l .u‘\ h I * In OvBp candidates, excited 0*
0 1000 2000 2 o
0 S ¢
Excitation Energy (keV) states at the few % level. L] 4 JL
o )\

60 70 80
PLATE POSITION (cm)

Excitation energy
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’6Ge-Se: neutron pairing
10—"'76'5"'""""7'8'5""""74(;""""7'6'(}"
- © © © © * No excited statesin (p,t) or (t,p) > few % relative
8- to ground-state transition.
i ¢ ¢ * e BCSfor neutronsappearstobea reasonable
- ¢ * approximation.

* Ground-state transitions are surprisingly

(o deg.(mb/sr)

4—@ Experiment .
- constant cross section.
- ¢ DWBA Becchetti . . . ..
L * Pairingin parentand daughter nucleiis
[ qguantitatively similar.
_I I I N I I | | I N N | I N N | | I N N |
o -10 -9 -8 -7

Q-value (MeV)

Freeman al. PRC 75, 051301(2007)
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’6Ge-Se: proton pairing

4500
0.0 MeV °—
a 74~ (3 76 7.0
s000t @ Ge(*He,nj"se (%o o
3500 F 10.0 MeV /] ©

4.1 MeV

Roberts al. PRC 87, 051305(2013)

do/dQ (ub/sr)

00 ——
(a)
350 74Ge(3He n ¢
0 calc, e
300 r 2" calc. ——--- 1
Summed
250 F
200 F
150 F
100 |
50 F
O ST =TT I—"',:"_.;":“‘”-‘
0 5 10 15 20 25
9c.m.(deg)

300

250

200

150

100

50

UNIVERSITY OF

NOTRE DAME

0 5 10 15 20 25
9.m. (deg)

No evidence for breaking of BCS approximation
for protonsabove the 5-7% level.
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130Te-Xe: neutron pairing

TR _ 128Te(p 1267 |
ol =5° ] . . . .
e o o S °=° For 139Te and 13%Xe, again no signs of neutron pairing
- S 2 . : . :
102} £ g« vibrations; excited 0* states only weakly populatedin (p,t).
: ®
_ 101l . . . .
s ' M\ M ﬂ Experiments at Yale University, using a frozen Xe target.
©
; ! . .MM . R . :
; : 1307 (p, 128Te
3 10% Reaction E (MeV) o (mb/sr) Ratio* Normalized strength®
102 BTe(p,t) 0 421 90 1.21
: 1.873 0.06 20 0.02
0 130Te(p’[) 0 3.49 89 1.00
107 1.979 0.05 50 0.01
102 2.3134)°  0.05 >20 0.01
[ , |
e Bloxham al. PRC 82, 027308 (2007) ol
) o)l Ba ) i
100, )
: Kay al. PRC 87, 011302 (2013)
1071

Excitation energy (MeV)
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Z=64.

130Te-Xe: proton pairing

Proton pairingvibration evidentin (*He,n) spectra.
Associated with gap in proton single-particle levels at

Gap observed in other nuclear properties for protons.

Counts(fneor)

T T 77T T T O[T T~ T T T T T T T T T T

B2 7o (YHe,n) T4 Xe B4 o[ 3He.n) ** Xe 28g5( *Ha.n) T Xe 6s

El'He)=25.4 MoV EHe) =254 MeV GIS ElHe)=25.4 MoV )
0 Deg ODeg O Deg

— B

B

200 * T T r r 1 T T T 7 oo = T~ v 7 7 7 1T 77
2 ol B n) e L 297y(S14e,0)30%p
E{*He)=25.4 MeY s El*He)= 254 MaV
f O Deg A ODey
i
: a2
L 3 i
(2]

2200

S
T 2000 N=82
» 1800 /\
g
o
5 1600 ™™™ v\v\v
c
W 1400
+
N 1200
Z=50
1000
800
56 60 64 68

Z/N

72

Alford al. NP A323, 339 (1979)

Reaction

E (MeV) o (mb/sr) Ratio® Normalized strength®

128Te(p,t)

BO0Te(p,1)

128Te(3He,n)

130Te(*He,n)

0
1.873
2.579

0
1.979
2.313(4)

0
2.13

0
1.85
2.49

4.21
0.06
0.15

3.49
0.05
0.05

0.24
0.095

0.26
0.098
0.062

90
20
21

89
50
>20

1.21
0.02
0.04

1.00
0.01
0.01

0.96
0.32

1.00
0.34
0.21
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I I
1015_ * Fragmentation of pair transfer strength: 20% to 735 keV in °®Mo.
E _ 4 * Behaviorasymmetricfor(p,t) and (t,p).
! * Duetotheonsetof ground-state deformationin Mo isotopes
S | around A=100.
<} ok &° Aﬁ e But clearly someshape mixinginthe transitional region.
OCD E &, =] m :
5 f (YN
- | PRup %ﬁ‘ g
- | @ "Rupy J.S. Thomas etal. PRC 86, 047304 (2012)
| : 9s$f,‘(’§,‘f;§) . 0’,0.51% Systematics from (t,p)
107" T000 " 3000 3000 Rahman et al. PRC 73, 054311 (2012)

- 102 M LL 2+
2 R ot
1100 u(p,t) ‘ : 0" 18% o' 23%
1 Maier-Leibnitz-Laboratorium 0, 0.78%
10°F ir Kern-, Teilchen- & Beschleunigerphysik
1o} Ru(p,) & ' meerpny
_E' 10F .
8 qf 2
k=3 \
g:::; n 19\o(p,t) 2 — 2
k! h l hygm “ i h |“ l“l”l“h il 0'69% 086% 0'100% O77% o o
3 1 | Il | l || Il “III 1 1l
E 96 98 100 102 104 106
3L M
122 %Mo(p,1) 054 M056 M058 M060 M062 M064
10%F
10¢ l | ‘ i l | ”I Li Transitions strengths normalised to 1°°Mo gs.
g 006 500 2050 2500 3000 3300

Excitation energy (keV)
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900 104 Rult %Ry I_O__|
o g™ b e Similartransition happensat higher Ain Ru.
o * For example, evidence in 192 104Ru(t, p).
; * Parentanddaughternucleiin double beta decay
"l 88ub/sr | : with differing deformations.
"M 135ub/sr * Although TOTAL pair removal strength consistent at
e, B 10% level
PLATE POSITION {cm) - zoo T R r— ] . — .
Casten NP A184, 357 (1972) %9Mo(3He.n)'"**Mu
I 6 deg GS.
100N o-Ru: proton pairing “

* Limited measurements of(3He,n).

* Reactionon Mo does not appearto have evidence
for excited O* states in 192Ru, but less sensitive due to
worse background and resolution of neutron time-of- A T L. A

flight spectroscopy. 190 400
Fielding NP A269, 125 (1976)
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150Nd-Sm: Neutron and Proton Pairing

[ A \ \ \ \ (P’t)
s b [ (&)
q) -
é | L e L
T I PR
o0 K I N 20
- i 3
: "
§ d0/dQmax
" — _——— | . p— —— ——
g 146 148 150 152 154 156
2 N i (tp) f
5, ’ B . . .
T s ,///\1\ * N=90 Sm nucleiare the classical example of shape transition effects
'S |
: A

| \ in pair transfer.
° Nd nucleishow globally similar effects in (p,t) and (t,p), although
differs in the detail of the excited states.

148,150Nd(3He,n)1>%1>2Sm 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).

Ratio of cross section of L

o

O LN

j’T T T 1

\\

I T

| / /

o

Neutron Number
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Both targets are difficult, so not so well studied. But measurements on some neighboring nuclei reveal
some interesting features.

142Nd, 140Ce and 132134Ba(p, t): significant population of excited 0* states.
136,138B3(t,p): strong population of excited 0* states around 3 MeV.

Point to neutron pairingvibrations associated with N=82, albeit with some fragmentation across several
excited states. But pairingsuppressed anyway.

(3He,n) reaction on N=82 sees significant excited O*states, likely associated with the Z=64 subshell gap

as in 130Te,
2 ] 250 L SR D SR S S B m | T T T ; 250r T 7 QOO0 T T T T T T YT T T T T
00 36)e(3He,n)34gq 13884(3He,n)"*ONd 0 “4Smi3He n)'46Gd
E(*He)=254 MeV E(*He}=254 Mev | E(He)2254 MeV 1
. 1 O deg a 0 deg
. “o
5 | "0
* o S
2
=
3 " H - >
Q .
158
N /
11111 T - | L1 PR W G0 U WS G A S G S S G U | "y
240 420 300 380 190 ) 5 %0 130

Alford al. NP A321, 45 (1979)
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32Ge-Kr

* Some rudimentary (p,t) measurements on 32Se: difficult to
conclude much.

o 80.82Gp(t,p) suggest significantly populated O* states below 1
MeV.

o 8284Kr(p,t) performed, but only data/discussion of L=3
transitionsin literature.

 No measurements of (3He,n).
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Summary of experimental situation

SYSTEM DATA COMMENTS
’6Ge-Se New data. BCS approximation good. Pairing similar across parent and
daughter.
82Se-Kr Sparse data: Se(t,p) Difficult to be definitive, but some evidence of fragmentation in
only. 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 Apparent influence of pairing vibrations associated with Z=64.
available.
150Nd-Sm Extensive data in Fragmentation due to deformation in neutron transfer.
literature

Some evidence of breaking of BCS in ALL these cases, except for 7Ge-Se.
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To what extent do pairing correlations really matter for Ovp?

In cases with pairing vibrations, there is a reductionin pair transfer strength between
ground states. Does a similar reduction in strength occur for OvBB? How much might it
affect the decay rate?

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

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

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

Is there a quantitative connection between pair transfer strength and OvBf that might
be profitably pursued?
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THANK YOU

To our many collaboratorsin Yale, Notre Dame and Munich experiments, and also
to those who have contributedto theliterature over the years.
They were unlikely to have realised their data would contribute to thisissue.

Ge/Se(p,t):S.). Freeman, J. P. Schiffer, A. C. C. Villari, Mo/Ru(p,t):J. S. Thomas, S. J. Freeman, C. M. Deibel, T.
J. A. Clark, C. Deibel, S. Gros, A. Heinz, D. Hirata, C. L. Faestermann, R. Hertenberger, B. P. Kay, S. A. McAllister,
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