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Interesting neutron-rich oxygen 1sotopes.
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(Tarasov et al., 1997)




Interesting neutron-rich oxygen 1sotopes.
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« Expected magic number nucleus >0 unbound

(Tarasov et al., 1997)

* Neutron drip line of O at 2*O ( N=16).
(Hoffman et al 2008, Lunderberg et al 2012).




Interesting neutron-rich oxygen 1sotopes.
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Expected magic number nucleus 220 unbound
(Tarasov et al., 1997)

Neutron drip line of O at 240.
(Hoffman et al 2008, Lunderberg et al 2012).

240 doubly magic with new magic number (N =16).
(A. Ozawa et al., (2000), R. Kanungo et al., (2002).) R. Kanungo,(2009))

An example of 3N force | o yield the drip line at 24O, 3NF required .
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Interesting neutron-rich oxygen 1sotopes.
- Ground state energies
with 3NF show a kink
= e "flffllfr e S 0 at N=16.
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Otsuka et al., (2010)

Expected magic number nucleus 220 unbound
(Tarasov et al., 1997)

Neutron drip line of O at 240.
(Hoffman et al 2008, Lunderberg et al 2012).

240 doubly magic with new magic number (N =16).

(A. Ozawa et al., (2000), R. Kanungo et al., (2002).) R. Kanungo,(2009))
An example of 3N force

 To yield the drip line at 2*O, 3NF required .
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g Test of ab-intio theories
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Calculated R with EM and NNLOy, interaction

IMSRG, SCGF calculations (Lapoux et al., (2016)), Couple cluster (CC) (Hagen et. al, (2012)
Rp e scattering experiment (Atomic Data and Nuclear Data Tables, 2013)

Proton radii of neutron rich oxygen isotopes not measured till date.
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@ Determination of neutron skin

Neutron skin Thickness=> OR = (r;)'/* — (r,‘;)l/'~
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Neutron skin calculated from measured R, and calculated R,,.
Rn determined using matter radii (R,,) from A. Ozawa et al., (2001)

R, data required to determine neutron skin thickness.
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9@ Techniques to measure Charge radii

Electron Scattering :

4

F(q) =;Z—J'° pen(r)sin(@nr dry ivited to long lived nuclei only

F(q) carries information about charge distributions.
Isotope shift: change in energy of atomic levels of different isotopes.

Limitations

» high intensity beams with low energy difficult to
produce for very short lived nuclei.

» Not applicable to all neutron rich nuclei.
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: Proton radii from
Charge Changing Cross Sections (o,.)

It 1s the cross-section for reactions leading to any change of the
atomic number of the projectile nucleus.
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Principle of Measurement :Transmls lon type measurement
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: Proton radii from
Charge Changing Cross Sections (o,.)

It 1s the cross-section for reactions leading to any change of the
atomic number of the projectile nucleus.
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y Detector Setup

16240 produced from fragmentation of 14 GeV *°Ar beam at
Fragment Separator ,GSI, Germany.

6.3 g/cm? thick Be production target

(a) Setup for Charge-Changing
Cross Section Measurements
FRS provides fully identified 1TPC TPC TP%
— exotic nuclei i

SC 21

Primary beam 1
“OAF (14 GeV) SC Music Vet°T music >°

ToF

Carbonreaction target
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@ Particle Identification Spectrum
A_cBp
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Mpzpy — SUF4)

Magnetic rigidity, Bp = Bpcentrai (1 — i)
B

Detector Measurement Purpose

Time Of Flight,
velocitiesp ‘

TPC Positions, Bp
Particle Identification
MUSIC Energy Loss Charge, 2

N

Multisampling lonization Chamber
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@ Particle Identification Spectrum
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@ Z identification after the target
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Energy loss spectrum in MUSIC detector after
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y Results

Charge Changing Cross Section (mb)

o.. of O isotopes

~, Preliminary

16 17 18 19 20 21 2 23 24
Mass number of Oxygen isotope

» An increase in o, of 180.

» The o, of 1210 shows flat
trend.

» The o, of 2?0 decreases
followed by an increase for
230).
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R, of 160 and 180 from the occ

Glauber Model formalism

o = / db P, (b).

Pdlr(b)_ 1 —exp (2 Z /f ds dt T;)Ir)o T}g)g)

N=p,n

x ReT',n(b+s — t)),

where T(p)(s) = [~ dz ,o(p)(r)
Proton density
and Taw(b) l —ia b>
= — O \yn¢EX
NN anp (WP T og
N 26

(NN cross section) (finite range parameter)




R, of 160 and 180 from the occ

Glauber Model formalism 275
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x Re l_‘pN(b + 5 — t) ’ Mass number of oxygen

where T"(s) = [ dz ,o(p)(r)4 R, for 10 and 80O Agree
Proton density with e scattering experiments.
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»

»

»

»

»

6. measurement 1s a new method to determine R, of neutron-
rich 1sotopes.

R, determined from o for '°O and '*O are consistent with
electron scattering experiment.

The first measurement of R, for 1*-*O is underway.

The measured Rp will be used for first determination of
neutron skin of O 1sotopes.

The measured Rp will also verify various newly developed
models.

28
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> Particle Identification(PID) for 230

e
PID after veto rejection
1op 10
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53— sf—
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Spurious events Nz

Veto Detector—> Plastic scintillator to reject
particles hitting at the edge of target
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y Glauber Model and acc

Glauber Model applied successfully to Boron 1sotopes

800
P = e 2 :
WD = gp OWERPL T g a3
. . o 760 | Y
where «a is the ratio of the real to the imaginary = : i
. . . 740 [
part of (onN ) scattering amplitude in the forward g F i
direction, Q 720 - A
(O‘tot) is the pp (pn ) total cross sections, © 700 ;% A % _
pn /680/'- { A Occ
f is the slope parameter of the elastic 660 [ 0 g {fple- scatt

scattering differential cross section.

640 L—1 1+ 4 444
9 10 11 12 13 14 15 16 17 18

14 Q'I%N fot Mass Number A

8.\:'——0',-
o 16w PN

(A. Estradé¢ et al., Phys. Rev. Let.113, 132501,(2014)
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: Limitations of 1sotope shift

Isotope shift: change in energy of atomic levels of different isotopes.

Svpn = 8Vl + Kpsd(r)y

Limitations e e ] 3

e Mass Shift
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» low energy and good intensity beams difficult
to produce for all neutron rich 1sotopes.
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> Mass shift term dominates for O.

Isotope Shift Contribution (GHz)
3
IN

» Many body calculations complicated
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Atomic Number

K.Blaum et al.Phys. Scr. T152 (2013) 014017
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9@ Multisampling Ionization Chamber(MUSIC)

-
1 L |

cathode

ounting Gas -CF4
ressure- 1 bar
mensions-200 x 80 x
00mm

____________

Bethe formula for enerev loss
_ A 72 2\ 2 2
b _ ey (e ) Z,N, (1112’”;"‘ —111(1—,82)—,82>

ds m.c2(32 \ 4meg

Geometric average of signals from each anode gives us the energy loss

1/8
dEraw2(81'82'63'64'65'86'67'68)
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. Calibration of MUSIC Detector

MUSICT
J

okl L e e e A A |
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Points correspond to mean of the peaks obtained from gaussian fit of each peak in MUSIC energy spectrum
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Calibrated MUSIC spectrum -




—

@ Time Projection Chamber

mylar strips

e

movable
calibration

w 60 mm (80, 100, 120)

Y = Waly T Yorr

X =Wt — t,) T Xy
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¢ TPC Detector Calibration

10 -
12mm . 12Zmm .
- » | -t
sk
£ - 1
£ € E
("= §, a
£ ! s =
£ o E
0 . - 10—1
_5-— E
Schematic of scintillator fibres B T TR o M 107
used for calibration of TPC TPC4 x(mm)

2 dimensional position spectrum showing structure of grid
using stable beam.




‘.@ Plastic scintillator

Scintillator:Energy deposited —— light.
PMT: Light ~electrical pulse

Each scintillator (at F2 and F4) had photomultiplier modules on

both sides which gives two measurements for each detector.

TOFrr = |Thig — To1R|
TOFrp = Ty — To1r

TOF — (TOFRR —+ TOFLL)

2
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o
A\ o{Calibration of TOF from Scintillator Detector
Time of flight is calibrated using stable - |
primary beam with three different velocities. 800,00
5
'g 11600.00
Hane 4 - = 143497x - 113462
beta *tof =Flight path +beta*tof offset 11200.00 ~
tof offset = 143497 B e aves o on awn ain ows own obs

beta

flight path =113462
beta= flight path

TOF-TOFoffset
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!‘g; Chiral effective field theory

2N Force i 3N Force ' 4N Force
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Fragment Separator GSI

N

Primary beam

41
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L
9@ Charge Radii1 Relation to Point Proton Radu

Root mean square charge radius Ic 1S glven by

hz
2 2 2 2
rce) = (rp<) + (Rp“) + = (Rn®) +
(re?) = (rp?) + (Rp?) + 5 (Rn?) +——
1p 1S the radius of point proton dlstrlbutmn of anucleus
R, and R, are the charge radii of free proton and free neutron

last term is so called Darwin—Foldy term

Matter Radii Related to Point Proton Radii and point neutron radii

(rm?) = %(rpz) + %(rnz)

I. Tanihata et al. / Progressin Particle and Nuclear Physics 68 (2013)215-313
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on optics of Fragment separator
FRS working as an achromatic system

O with a dispersive mid-plane
T o
L[] . < e /a\ (ao\
I/ Y n
e A e ST |V M| W
S i o S S0
\517} \5170
Magnification +—/(zlz) (zla) 0 0 0 (z]o)\—=> D
(alz) (ala) 0 0 0 (a|d)
M—=] © 0 (¥ () 0 0
I 0 (bly) (Bp) 0 ©
(s|z) (s|a) 0 0 1 (s]d)
\o o0 o 0 0 1

a—j—x b_d_y
5 ds
5p:P—PO
Po




s Focal plane location using position from TPC

10: T T 10: 1 1 1 I 1
8F 8F lso
6 6
af af T°
® 2F 8 2F 40
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© - [ -
_4E -4F 20
-6 -6
-8 -8f 10
_10" L L 1 L 1 _10: L L 1 L 1 1 1
=50 -40 -30 20 -10 0O 50 40 —30 0 10 20 30 40 50
X (mm) X (mm)
10: 1 1 1 1 1 Ll
8E '60
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4F '
g 2F
£ C
2 OF
2 2F
© E
-4F
-6
8F
-10t

1 1 1 1 L L 1 1 1
-50 40 -30 20 -10 0 10 20 30 40 50
X (mm

The x-position at the image plane is independent from the incident angle of the beam.
44
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¢ Nuclear Density distributions

Fermi1 or woods saxon form
p(r) = po/(1 + exp((r — ¢)/2))

c 1s the radius of distribution to a point where density falls to half
and z 1s diffuseness related to thickness of surface region.
Harmonic oscillator density
p(r) = po(1 + alr/a)*)exp(—(r/a)?)
a= apap/(a’+ 3 aoa®- ag))
ag=(a*—apA/(A—1)
a0=(Z-2)/3; a;=35{""Yproton

where a 1s the size parameter.
45

H. de Vries,C. W. de Jager and C. de Vries Atom. Data Nucl. Data Tables, 36 :495, 1987




@ Proton Radii from occ

Glauber Model

(R. J. Glauber:, 1959)

= 1-T db
At high energies R f [ ®)]

» Nucleons follow straight lines trajectories .
» Interaction of projectile and the target governed by individual
nucleon nucleon cross section.

Probability of interaction [p(b)] ©¢Gnn, pr(r,z) and p1(r,z)dz




- Proton radii measured from occ l

Glauber Model applied successfully to B and C 1sotopes

3.2
. [ ) rmex
Boron 1sotopes sH 4 e J
[| m p™ -
(A. Estradé et al., Phys. Rev. Let.113, 132501,(2014) og [l --- rmAMD i’/
[ - AMD R

I'p/m (fm)

> A thick neutron skin of 0.51+ 0.11 fm 26 [ —
was observed in 17B. i % /%

SR =0.15 + 0.04 fm for 295Pb .,
( ) P

Proton radii from electron scattering
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(b) 8 10 12 14 16 18
3.2 _ } Mass Number
30}
28} ’ .
=7 P2 Carbon isotopes
E 2.6 - § R. Kanungo et al. Phys. Rev. Lett. 117, 102501 (2016).
24 P 4 -
- ﬁ/z/g/r{\\ Proton radii consistent with 3N
22F ™
S forces
2ol ey
10 12 14 16 22
Mass Number (A) . . 47
Proton radii with NN forces
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Charge changing cross section (mb)
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180 Sigma CC variation with different NsameZ gate
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P Nuclear Structure from Nuclear Radii

For Stable Nucleus

15

Proton Drip line

OoOOOOOQQIOQR’
0000 QQ.‘

Neutron Drip line

(Rm] ‘ms - 1-47) fm

ooOO

Neutron halo 1 o 05 1 15

R e e e B T e e
Y / 5 10 5 o 25
6 I. Tanihata, R. Kanungo / C. R. Physique 4 (2003) 437-449
(R = 3.5 fm)

R#1.2A"
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PID for 240

Ib_veto && musicd1_tpcd && musicd1_ascd1 && musicd1_tpcS5 && scdiirt_musicd1 && Toflivstofrr
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