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Weakly bound systems

J. Dobaczewski et al. / Progress in Particle and Nuclear Physics 59 (2007) 432—445
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Near the valley of stability, the quasi-particle binding is dominated by the mean field and S, = A. As we increase
the number of neutrons, approaching the drip line, A — 0 and S, = A, ie. correlations dominated.

Thus, it is natural to expect that the transition between the two regimes will start to take place when S, = A.

The above can also be related to the asymptotic behavior of the Cooper pairs — e™",

For strongly bound nuclei, K = 2k, the tail of the particle density. K~ 2Kk = 2, /2mSIn /ﬁ

For weakly bound nuclei, K < 2k and the pair extends further outside the surface.

LI 1. Tanihata et al. / Progress in Particle and Nuclear Physics 68 (2013) 215-313
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Pairing in Exotic Nuclei

The evolution of pairing correlations in exotic nuclei is a topic of
great interest in nuclear structure, in particular pairing in
neutron-rich isotopes and the role of weak binding.



Direct Reactions

<A+2laa lA>

Constructive interference

|

Two particle transfer reactions like (t,p) or (p,t), where 2 nucleons are deposited or picked up at the
same point in space provide a specific tool to probe the amplitude of this collective motion.

The transition operators <fla*a*|i>, <f|aa|i> are the analogous to the transition probabilities
B(E2)’s on the quadrupole case.
R.A. Broglia, O. Hansen and C. Riedel, Adv. Nucl. Phys. Vol 6 (1973) 287

D. M. Brink and R.A. Broglia, Nuclear Superfluidity, Cambridge Monographs.

c.f. J. Lois-Fuentes’ talk c.f. G. Potel’s talk



Pairing vibrations and the (t,p) reaction
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Superradiance

Superradiance was first studied by Dicke within the context of coherence effects in spontaneous radiation
processes. Since then, the phenomenon has been referenced in many areas of modern science, among them:
quantum optics, condensed matter, biophysics, and nuclear physics.

In atomic nuclei, seen as a complex open quantum many-body system, the effect arises from the coupling
to continuum states that can be treated in terms of a non-hermitian hamiltonian (non- hermitian super-

radiance). Increasing coupling to the continuum leads to the separation of long- lived and short-lived
(superradiant) resonance states.

R. J. Dicke, Phys. Rev. 93, 99 (1954)

P. von Brentano, Physics Report 264, 57 (1996) 57

A. Volya, V. Zelevinsky, AIP Conf.Proc. 777, 229 (2004)

N. Auerbach, V. Zelevinsky, Rep. Prog. Phys. 74, 106301 (2011)
l. Rotter, J.P. Bird, Rep. Prog. Phys. 78, 114001 (2015)



communications
physics

ARTICLE
https://dok.org/10.1038/542005-022-01105-9 OPEN

") Check for updates

Superradiance in alpha clustered mirror nuclei

Alexander Volya® "2, Marina Barbui® 2, Vladilen Z. Goldberg? & Grigory V. RogachevZ3#

includes other decay channels are necessary. It would also be
interesting to use different reactions, such as alpha-transfer, to
populate the cluster states and provide an independent measure
of the total width and branching ratios in mirror nuclei to verify
and benchmark current findings. Yet, our findings here may be
the clearest manifestation of the superradiance phenomenon in
nuclear physics to date.
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What is superradiance anyway?
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What is superradiance anyway?

Mixing of
- I
. unbound
I
levels




Ek

1.0

0.57

0.0

_0_5 §

-1.0

state O
state 1

O~

=1 P

Mk

O H N W » U1 O N @

o

X

state O
state 1

Superradiant state

\
[

(=]

N
w
-1 s
(9

Simplest case degenerate levels, € =0

(o) B

\J.

00 -



Superradiance and two-neutron transfer reactions

1.0 7 e stateO
: x statel

0511
! % r=0.10

& 0.0—: P s

: x -~ TNA= 0.00

_o.siw// I TNA= 2.00
1
1

~1.0

0l 2 4 6 8 1.0

D TNA* BWj

e state 0 0.5 1

state 1

.0 - ' - ; -
-5.0 =25 0.0 25 50 7.5 10.0
E




Superradiance and two-neutron transfer reactions

1.0

: 0
: 1
0.5 i
1 '.
I [
& 0.0 i
: —- TNA= 0.14
—05] : TNA= 1.86
: 1.5
-1.01 : . §<
0 P 2 6 8 @
: r <E< 1.0
] S
2.01 1 e stateO I/\IA‘
: x state 1 0.51
1.51 [
I X
. i X O
<2‘:10< 1 0.0 T ==7 ==5 T T
g ! D -5.0 =25 0.0 2.5 5.0 7.5 10.0
I s E
o.&//
1
1
0.0 4 L

o
N

RN
[o)]
o]



Ek

Superradiance and two-neutron transfer reactions

1.0 i o state 0
: x statel
] 1
0.5 i
1
0.01 IIIIMMM™
K
A
1
—0.51 1
1
1
1
-1.01 I
0 2 ? 6 8
1
1
1
2.0 : e state O
: x  state 1
1.54 1
1
k!
: :
1.0
S )
)
|
0.51 !
1
1
0.01 !
0 2 4 6 8

=

M= 4.04
2.0 ———— TNA= 1.00
......... TNA= 1.00
151
s
(2]
*
X
<2( 1 O ,fl\?_\
= £
N~
0.5
OO ot I- | --..._j::_____.._.._.n""" ,
250 -25 00 25 50 75 10.0



Superradiance and two-neutron transfer reactions

1.0 ol state0
x: state 1
0.5 ' i
o I = 6.46
o 0.0 * ]
! 2.0 ——-- TNA= 1.00
_O.SW// : ........ TNA= 1.00
i
1 X
~1.01 I =
0 2 4 3 8 =
r : {4
| S
2.0 JI state 0 W
q statel
1.5 :
3 I
. x : ‘
= 1.0 ; * ~50 -25 00 25 50 7.5 10.0
. : E
1
1
1
0.0 i
] 6 8



Proton Number

FRIB Experiments

Neutron Number



Proton Number

FRIB Experiments
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AN AT-TPC PHYSICS CAMPAIGN AT THE 88-INCH CYCLOTRON

AND
THE DEVELOPMENT OF A TRITIUM TARGET TPC

FY2019 LDRD PROPOSAL

A.O. Macchiavelli and Y. Ayyad
Nuclear Science Division

Target and detector in one device

\ 4

Large efficiency and resolving power

\ 4

Maximize physics reach on N/Z

D. Bazin, T. Ahn, Y. Ayyad, S. Beceiro-Novo, A.O.Macchiavelli, W. Mittig, J.S. Randhawa

Low energy nuclear physics with active targets and time projection chambers,
Progress in Particle and Nuclear Physics, Volume 114 (2020)

Y. Ayyad and A. O. Macchiavelli,
“The Development of a Tritium Target TPC for FRIB,”
American Physical Society April Meeting 2019
Denver, Colorado, April 13-16, 2019.

While one could consider reactions such as
(180,760), (t,p) reactions clearly stand as the best
tool to study pairing correlations in nuclei

A dedicated
Active Tritium Target TPC (AT3PC)




Conceptual design of the AT3PC

Recoil particle
(detection of very
low-energy
particles!!!)

Gas cell
. . Scattered nucleus
(100 times thicker .

than conventional  (to spectrometer)
targets)

E N | Micromegas pad plane
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Gasinner cell
200 torr of pure tritium ~ 20Ci
Equivalent to 3.2 mg/cm?

(~ 100 times thicker than current foils)




A prototype beam tube has been developed and tested and has been
commissioned at FRIB with 3He gas 22508




Summary

The evolution of Shell Structure, Pairing Correlations, and Collective motion in exotic nuclei near the drip
lines is a topic of much interest in nuclear structure

A 2-level model calculation, including mixing with an unbound state, was used to explore possible
consequences on pairing and two-nucleon transfer reactions

Despite its simplicity the model captures the main physical (coupling) ingredients and qualitative effects
associated with the phenomenon of superradiance seem to appear

Possible cases where these effects could show-up include:

Study of (t,p) reactions crossing the n-drip line: 8He(t,p), “Be(t,p), 2?0(t,p) ....



Summary

Pairing rotations and the (t,p) reaction
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Yoshida, Nuclear Physics 33 (1962) 685--692 t

Next steps include an extension the N-levels and the transition to the pairing-rotations regime (BCS)



Summary

Of course, we trust this work will stimulate more realistic calculations to further guide experimental
studies
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