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Mass and binding energy

Mass is one of the most fundamental properties of particles which reflects the binding
energy of a bound system and can reveal information about its properties.

Nucleus < Separated nucleons

(smaller mass) (Greater mass)

E=mc2
The mass of a neutral atom:

M = [(Z X mp) + (N X mn) — Buucleus + (Z X me) - Batom]/cz

Z: number of protons/electrons

N: number of neutrons

my, and my,: mass of free protons and neutrons
m,: mass of free electron

Brucieus: binding energy of nucleons

Batom: binding energy of electrons

c: speed of light
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Mass Measurement in Nuclear Physics

Nuclear
Structure

Fundamental symmetries

Astrophysics and interactions
e Evolution of shell * Nuclear Synthesis * Physics beyond
closure and sub- models: Standard Model
shell r-process e CKM matrix
* Nuclear S-process elements
deformation rp-process * Neutrino Physics
* p/ndriplines * Double beta decay
* Decay properties * Abundance of * Interactions
* Halo nuclei heavy elements e Etc.
* Etc. * Etc.
om/m = 10°% - 107/ om/m = 107 om/m = 10-°
MR-TOF-MS MR-TOF-MS Penning Trap
Storage Ring Storage Ring

e

.
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Nuclear Structure and Astrophysics

» Studying nuclear structure and astrophysics within the r-process path
» At the limit of facilities or beyond

> Need for continues developments and upgrades

Hl Stable nuclei
] Experimentally identified nuclei

[_] Bound nuclei (Not in reach yet)

Protons

Neutrons

Ali Mollaebrahimi TRIUMF Science Week 2023-07-31



RIB beam at TRIUMF
ISAC-I and ISAC-II Facility

Programs in

* Nuclear structure &
reactions

Nuclear astrophysics
Electroweak interaction
Studies

Material science

Life science

RFQ

TRINAT

A3 "
Target Stations 500 MeV _
Frotons Cyclotron
ISOL facility with highest primary beam @ TRIUME

intensity (100 uA, 500 MeV p)
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TITAN and Yield Station at ISAC/TRIUMF

EMMA

ISAC-I and ISAC-II Facility

TRIUMF’s lon Trap for
Atomic and Nuclear
Science

TIGRESS

* High-precision mass
measurements
Yield measurements

Low-energy beam/

transport Cyclotron

Mass / ! &I‘[
Separator 500 MeV %ﬁ
R™2500 protons

ISOL facility with highest primary beam
intensity (100 uA, 500 MeV p)

(
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Yield measurements at ISAC |

T )
TITAN to MPET i N,
A A T R
! MR-TOF-MS T m&& AT
RFQ Cooler ! IR i |l
& Bc:mcher (R ~ 200 000) L ,;,.;j‘.:».\}‘ I '
-
ISAC Mass
Separator
D)
O : 9 A (R ~ 2500)
\dSGAY;SPeCi0SCapy) 7 Laser lonization
Target ~/Pre-Separator
Station ‘05 (R ~600)
(west) M.P. Reiter et al., NIMB 463 (2020)
» RIBON, RIB OFF
2
b Decay spectroscopy
10‘5.'.
10°F

L sl aliay aanadacaal ."~.. | IPUPRPRP B TR |
0 0.5 1 1.5 2 25 3 35 4 45
Time [s]

[ S—

P. Kunz et al., Rev. Sci. Instrum. 85 (2014) .
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TITAN ion traps

 MR-TOF: ) MPET:

Mass measurements
Beam diagnostic & yields

\_ RIB beam purification )

Penning trap for
mass measurements

om 5 1
JUSTUS-LIEBIG-
m ,
@gPElggERslTAT qBTRF\/ NlOTlS
isobaric / EBIT. \
purified ’ )
Charge State Breeding
and

@ | decay spectroscopy )

». cooled SCI

/ \ - _b»
RFQ: bunches QTRIUMF
Accumulation, SOUHEET 6
cooling, and RFQ cooler-buncher A &) CALGARY
\ bunching y Z McGlll v

J. Dilling et al., NIMB 204 (2003) 492,

C. Jesch et al., Hyperfine Interact. 235 (2015) 97
hot RIB M. P. Reiter et al,, NIMA 1018 (2021) 165823
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Low-energy beam transport to MR-TOF-MS

MagneTOF JUSTUS-LIEBIG-

UNIVERSITAT
W GIESSEN

— @Gas filled RFQs:

* Beam re-capture
and cooling (1072 mbar)

— RFQ Switchyard:
* Merging of calibrations ions

RF Injection

RFQ

Switchyard e Redirection of cleaned ions

— RFQ Trap:
* Prepareion bunch

Beam from s
TITAN RFQ ‘ C. Jesch et al., Hyperfine Interact. 235 (2015) 97

Cooler Buncher M. Yavor et al., Int. J. Mass Spec. 381 (2015) 1-9
: T. Dickel et al., J. ASMS 28 (2017) 1079
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Multiple-Reflection Time of Flight Mass Spectrometer

MagneTOF TOF analyzer

MagneTOF
Detector » Measurement of mass-to-

1 charge ratio by measurement
of time-of-flight:

~
I | E —mv- = qu

' 2
®
lf
» Isobaric separator and beam
purification for itself and
— ] other traps

RF Injection

lon mirror 2

m
= — x TOF?
q

lon mirror 1

> Yield Measurements

Beam from
TITAN RFQ

C. Jesch et al., Hyperfine Interact. 235 (2015) 97
Cooler Buncher

M. Yavor et al., Int. J. Mass Spec. 381 (2015) 1-9
T. Dickel et al., J. ASMS 28 (2017) 1079
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Multiple-Reflection Time-of-Flight Mass Spectrometer

MagneTOF TOF analyzer
MagneTOF
- Detgmr ) » Measurement of mass-to-
o 1 2 34 5 JH—
i i i i 133Cgl+
129 g1+ . . T
1071 i i 129|n1+§ é E
| 9Bl N
1 1 1
£ 102 | {1291+ .
= ] I }+ S
e i |
2 [ :
g 101__ ! ! ' J
2 1 & : 4 ' ""' o AW T L 4 TYI TTT'.LT '. ‘:I.':&:' h S 4 1 1a *l'Y 4 ! i c fa il 3 ﬁTl 1 A
Powerful tool for yield measurements with

100

isobarically-resolved peaks

Beam from
TITAN RFQ
Cooler Buncher

C. Jesch et al., Hyperfine Interact. 235 (2015) 97
M. Yavor et al., Int. J. Mass Spec. 381 (2015) 1-9
T. Dickel et al., J. ASMS 28 (2017) 1079
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MR-TOF-MS complementary to the yield station

« Non-scanning and Broadband (RIB beam profile) m

* Fast measurement cycles (~10s ms)

MagneTOF

« Background handling ~1: 108

* 3-4 orders of magnitude more sensitive than yields station

* Monitoring stable species as well as RIB isotopes (resolved peaks) and
radioactive molecules

* Yields determination without relying on decay scheme for radioactivity

* Optimize RIB delivery through magnet separator for species-of-interest or its

ratio to contamination (isobar sensitivity, low-intensity species)

* Live laser tuning and monitoring only the isotope of interest (not

Beam from
TITAN RFQ
Cooler Buncher

channeltron/FC)

Complements the present capabilities at ISAC for yields determination and beam delivery

Yield station is well suited for high-intensity species through their radioactivity
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P2n target commissioning

Conventional ISAC vs Converter targets
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Water-cooled
copper brackets

UC, Target &
Ta Container

Tungsten
converter

L. Egoriti et al., J. Phys.: Conf. Ser. 1067 (2018)
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Win-win game (Yield and mass measurements)

Water-cooled
copper brackets

UC, Target &

2021 (take 1): Ta Container
Cs, Rb (yields)
Zn, Cs (masses)

2022 (take 2):

Sn, Rb, Cs (yields) sl
Sn, Cs, Ba, Ga (masses) " L. Egoriti et al., J. Phys.: Conf. Ser. 1067 (2018)
&MIn isomers-to-ground- state ratios ‘""I:E-"ﬁ

- ) IﬁTlfrf:E 126

Ba 10 new mass

Primary Decay Mode

= mhe measurements
2p- Hr

Win H2p

W2n a

| e-capture i Fission
e+

[Istable Unknown
Estimated
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First mass measurement of neutron-rich Sn isotopes

N=82

Ali Mollaebrahimi

131CS 132CS 133CS 134CS 135CS 136CS 13TCS 138CS 139CS 140Cs 141CS 142CS 143CS 144Cs 145CS 146CS 14TCS 14SCS 149CS
0 MaV 0 MaV O MaV 0 MaV 0 MaV 0 MaV 0 MaV 0.01 MaV 0 MaV 0.01 MaV 0.01 MaV 0.01 MaV 0.01 MaV 0.02 MaV 0.01 MaV 0 MaV 0.01 MaV 0.01 MaV 0.4 MV
130xe 131Xe 132xe 133xe 134Xe 135Xe 136xe 137xe 138xe 139xe 140Xe 141Xe 142Xe 143xe 144xe 145xe 14Bxe 14?Xe 148Xe
0 MaV 0 MaV 0 MaV 0 MeaV 0 MaV 0 MaV 0 MaV 0 MaV 0 MaV 0 MaV 0 MaV 0 MaV 0 MaV 0 MaVv 0.01 MaV 0.01 MaV 0.02 MaV 0.2 MaV 0.2 MeV
129 120 131] 132) 133 124] 125 135 137) 123 120 140 141) 142 143 144) 145) 148 147
0 MaV 0 MaV 0 MaV 0 MaV 0.01 MeV 0 MaV 0 MaV 0.01 MaV 0.01 MaV 0.01 MaV 0 MaV 0.01 MV or-"— - T S o N 0.3 MaV 0.2 MaV
Penning t CPT. JYFLTRAP TITAN MR-TOF-MS
128 ennlng rap ’ 35 138 127 138 139 i 145
Te . i . . . . Te Te Te Te Te e e o rTae o ooTae - e Te
0 MaV 0 MaV O MaV 0 MaV 0 MaV 0 MaV 0 MaV 0 MaV 0 MaV 0 MaV 0 MaV 0 MaV 01 MaV 0.4 MaV 0.5 MaV 0.5 MeV 0.3 MaV 0.3 MaV
12TSb 1288b 1298b 1 b 131Sb 1328b 133Sb 134Sb 1358b 1368b 1378b 138 13QSb 14OSb 141Sb 1428b
0.01 MeV 0.02 MaV 0.02 MaV 0.01 L 0 MaV 0 MaV 0 MaVv 0 MaV 0 MaV 0.01 MaV 0.05 MaV 0.4 MaV 0.6 MaV 0.5 MaV 0.3 MaV
1269 127§ 128§ 12°Snp 112°Sn 12779 138G | 120Sn 1498 7=50
0.01 MaV 0.01 MaV 0.02 MaV 0.02 MaV 0 MaV 0.3 MaV 0.4 MaV 0.4 MaV 0.3 MaV
250 2815 270 2In 2In Il 2l %[N RIn 24N ®BIin ®In | ®7n
0 MaV 0 MaV 0.01 MaV 0 MaV 0 MaV 0 MaV 0 MaV 0.06 MaV 0.2 MaV 0.2 MaV 0.3 MaV 0.3 MaV 0.4 MaV
12404 13Cd 'Cd '7Cd '2Cd '°Cd | *°cd | *'cd *2Ccd '**Cd '**Cd  *Cd
0 MaV 0 MaV o MaV 0.01 MaV 0.01 MaV 0.01 MaV 0.02 MaV 0.02 MV 0.06 MaV 0.2 MaV 0.3 MaV 0.4 MV M
ass Excess error [MeV]
123 124 125 126 127 128 120 130 131 132 133 0 0.501 1
Ag ™Ag ™Ag ""Ag "'Ag ™Ag| ™=Ag|™"Ag "'Ag ™Ag ™Ag
0.03 MaV 0.25 MaV 0.43 MaV 0.2 MaV 0.2 MaV 0.3 MaV 0.4 MaVv 0.42 MaV 0.5 MaV 0.5 MaV 0.5 MaV
Long-lived
122Pd 123Pd 124Pd 125Pd 126Pd 127Pd 128Pd 129Pd 130Pd 131Pd g
0.02 MaV 0.79 MaV 0.3 MaV 0.4 MaV 0.4 MaV 0.5 MaV 0.5 MaV 0.6 MaV 0.3 MaV 0.3 MaV EStImated
121 122 123 124 125 126 127 128 Unknown
Rh Rh Rh Rh Rh Rh Rh Rh
0.62 MeV 0.3 MaV 0.4 MaV 0.4 MaV 0.5 MeV 0.5 MaV 0.6 MaV 0.3 MeV
oo = = = =R = J. Hakala et. al, Phys. Rev. Lett. 109 (2012)
Ru Ru Ru Ru Ru Ru
0.2 MaV 0.4 MaV 0.5 MaV 0.5 MaV 0.5 MoV 0.3 MaV J. Van Schelt et aI., Phys. Rev. Lett. 111 (2013)
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Neutron-rich Sn isotopes

1 33Cs 1 37CS Il Lasers unblocked

. . . . ] B Lasers blocked

» TRILIS Laser ions source (ionization of -

Sn isotopes) ]
> Laser Block/unblock for identification 3 o

, § 1373,

» Cs and Ba as mass calibrants (surface ]

ionization) :

; |
136.83 136.86 136.89 136.92 136.95 136.98
m/q
138Sn

133Cg 1385 138(g

E2]

E1]

2023-07-31

I 1 1 HLIIIH
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Nuclear structure beyond N=82

1
AD(N)= SISn(N. Z) = Su(N = 1.2)]

LBV 2y 4BV —2.2) 2BV —1.2)]
Sp=M(N—-1,Z)—M(N,Z) + M, 2

|
= E[S2n(N~ Z)=1285,(N — 1, Z)].

One neutron separation energy Neutron paring gap
—— AME20|
- —— Z=50 (Sn) I - Sn (Z=50)
_ «— Z=51 (Sb) 1600 -
—— Z=52 (Te) .
. ——Z=53 (I) 1400
2 «— Z=54 (Xe)

<

Z=55 (Cs)
Z=56 (Ba)

i‘v/'\\%\

%1200
& Z=50 (Sn) TITAN|| =
C 31000-
o fo
;800 -
600 - =
400 -
2""""""""#"" r -1 -~1 1 T 1 T T T " T T T "™ T
79 80 81 82 83 84 8 8 87 88 89 48 54 60 66 72 78 84 90 96 102 108 114 12
Neutron number (N) Neutron number (N)
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Nuclear structure beyond N=82

1
AD(N)= SISn(N. Z) = Su(N = 1.2)]

LBV 2y 4BV —2.2) 2BV —1.2)]
Sp=M(N—-1,Z)—M(N,Z) + M, 2

|
= E[Szll(N‘ Z)=2S,(N —-1,2)],

One neutron separation energy Neutron paring gap
—s=— AME20
- —— Z=50 (Sn) | - Sn (Z=50) * TITAN
_ «— Z=51 (Sb) 1600
——Z=52 (Te)
. - Z=53 (1) 1400 4
/2 «— Z=54 (Xe) .
- 7=55 (Cs) ~ j B /V\L
~— Z=56 (Ba) 3 1200~
= * Z=50 (Sn) TITAN|| =
L x Q 1000 4 .
~— ,’ (YI)
c ©
w =
3 800 -
_ 600 #
34 ] o Q
Preliminary w04 Preliminary
2""""""""#"" r~r1r 1 1 1T "~ T1T T T T "~T T T 71"
79 80 8 82 8 84 8 8 87 88 89 48 54 60 66 72 78 84 90 96 102 108 114 12
Neutron number (N) Neutron number (N)
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Nuclear structure beyond N=82

1

;[Sn(N Z) - SII(N -1, Z)]

=%[B(N.Z)+B(N—2,Z)—ZB(N— 1,2)]

AD(N)=

Spn=M(N—-1,Z)—M(N,Z) + M, :
= E[Szn(N. Z) =2S,(N —=1,2)].

One neutron separation energy Neutron paring gap

—=— AME20
_ * TITAN
o —— Z=50 (Sn) Sn (Z=50) -~ FRDM12
«—Z=51 (Sb) 1600 - - HFB21
——7=52 (Te) - -~ - Skyrme-HFB (2022)
. ——Z=53 (I) 1400
2 ~— Z=54 (Xe)
=55 (Cs) S0 r
- 7=56 (Ba) 3 7 P AN
= * Z=50 (Sn) TITAN|| = AV RN
O ’ d Vot \. .
2 n ? 1000 - O |
g ‘ - C‘? / I/-/\‘ |‘\l 1' 2
»w ] A 2 i oS o !
5 il 8 800 7] ‘\ Iﬂ‘ lI /l-\ \‘/5// \VI ; Il \‘\
p :\ '| lll ] . Jl \\ ,'
% 600 - # ". CN
31 o Q : \‘f ll// \\\ l” "\1
Preliminary w0+ Preliminary :
2 1 ) ] & 1 ! T 2 ] X 1 s ] L] # ] o |l | L ! I ! I L | T I L LA | L LA | ! | L I
79 8 81 8 8 8 8 8 8 8 89 48 54 60 66 72 78 84 90 96 102 108 114 120

Neutron number (N)
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Nuclear structure beyond N=82

1
AS(N) =518, (N, Z) = S,(N = 1, 2)]

=%[B(N.Z)+B(N—2,Z)—ZB(N— 1,2)]

Spn=M(N—-1,Z)—M(N,Z) + M, :
= E[Szn(N. Z) =2S,(N —=1,2)].

Neutron paring gap

One neutron separation energy

—— AME20
_ _ * TITAN

10 —=—Z=50 (Sn) I Sn (Z2=50) - - - FRDM12
- 7=51 (Sb) 1600 |- B2t

- -~ - Skyrme-HFB (2022)
— — ab-initio (EM1.8_2.0)-s1d3hf7

‘ ——Z=52 (Te)

r = Z=33 (1) 1400 - = - ab-initio (EM1.8_2.0)-sdh7h11
Al +— Z=54 (Xe) — « ab-initio (EM1.8_2.0)-pfh9i13
«— Z=55 (Cs)

~— Z=56 (Ba)
*  Z=50 (Sn) TITAN

hd

N

S, (MeV)

800

Delta-3-C (keV)
o N
3 3

600
31 1 Q o \‘1’ V/ \/‘ -
Preliminary w0 Preliminary ,
2 T . T ] 1 R T L ] X 1 s ] S L] s # b! ] o Ll | L —rrTr -1 T 1r " 1 v L DL | L I
79 80 81 82 83 8 8 8 8 8 89 48 54 60 66 72 78 84 90 96 102 108 114 120
Neutron number (N) Neutron number (N)

ab-initio calculations in house: Jason Holt, Takayuki Miyagi
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Nuclear Astrophysics (r-process)

Path-line and abundance
Calculations:

* N capture cross sections
* Decay modes

e Half-lives

* Branching ratios

* Binding energies

Saha equation:

Y(Z,N+1) G(Z,N+1) N,

Y(Z,N)
M.R. Mumpower et. al, Phys. Rev. C 92 (2015)

Ali Mollaebrahimi

2G(Z.N) (kTy2 "

80 T———
; Temperature 5.57e-01 GK :
~ Density: 2.23e+03 g/cm? .

701  Time:2.36e-01s . : =2
G : ; J?'- New|mass

604 i | . measutements —4
e oxsies i

501 SRR N ﬂ‘ ............. . -5

N 401 'J' yil process —6
-ég ______________ alll I .
__________________________________________________________________________________________________ -8

.......................................................................................................................................... _9

50 75 100 125 150
Gabriel Mrtinez and Andre Sieverding

Y(Z,N): Abundance

G(Z, N): Partition function
N,,: Neutron density

kT: Temperature (MeV)

Sy Neutron separation energy

S.(Z N+ 1)
S
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Summary and Outlook

» TITAN’s MRTOF-MS with a complementary role at ISAC | m

MagneTOF

» MR-TOF-MS contribution to p2n target commissioning
» Win-win game (yields and masses)

» Sn isotopic chain got extended including three new
mass measurements

» Nuclear structure (neutron pairing gap)

» Impact on “Nuclear Astrophysics” in calculations (r-process)

Beam from
TITAN RFQ
Cooler Buncher

isobaric “g®
e (A
purified "N <>
b o
beam [

hot RIB
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Thanks!

On behalf of TITAN’s Collaboration
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ISOL beams at TRIUMF

Counts

» Beam composition after the dipole separator (R=2500)

» A/g=65

» UCx target
» TRILIS ion source

Singly charged ions
Doubly charged ions
Molecular ions

E4)

E3.

E1.

65Cu | 49TiO
65Ge 65Fe
§65Ni 66Co |
65Ga

48TiOH

46TiF 130Ba

: 130Sb

: :1308n

65Cr

298iC3 28SiC3H
27AIF2 = 48TICHs
49TiCH4

64.917

64.953 64.962

64.971

64.98 64.989 64998

m/q

Need for a more powerful separation method
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Mass selective re-trapping

o ot
q q
—
TOF analyzer m> Eneg?¥rgepth
K2>O| | P
MagneTOF qu,
Detector m-
— , e -+,
d
Y g Trap Length ; Trap Length
£ :
c
o
" » Use the MR-TOF-MS as its own beam purifier
L wffm . :
» Combined isobar separation and mass measurements
S
=
=
¥1s
c
I s
£

T. Dickel et. al, JASMS, (2017) 28:1079-1090
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Mass selective re-trapping

o ot
q q
—
TOF analyzer 02 Enerfg%/_rDepth
K2>0| f o
MagneTOF qu,
Detector m-
— — z :> K,=0 T2
N N
Y g g Trap Length Trap Length
£ £
c c
o o
" » Use the MR-TOF-MS as its own beam purifier
% m|| - - - _ . .
» Combined isobar separation and mass measurements
M1 11 » Provide isobarically-purified beam for downstream experiments
S S :
= = (e.g., for Penning trap)
= £
A c c
S 9
5
— —:.: O === = H H
VS E ._|_. Boost in dynamic range
=

Improve precision in mass measurement mode

E Selection of High-lying isomer/ isobars

—

Send purified beam
to

MPET, EBIT T. Dickel et. al, JASMS, (2017) 28:1079-1090
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