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Fragmentation 1501 mods
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Table

Reactions and producton models implemented in LISE++

Reaction Production cross-section model Ref.
Projectile fragmentation EPAX 2,15, 31 [17]

LISE++ abrasion-ablation [27]
Fusion-residues LisFus model [27]

PACE4 (manually) [28]
Fusion-fission LISE++ package [29]
Coulomb fission LISE++ package [30]
Abrasion—fission LISE++ 3EER model [31]
Two body kinematics EPAX 2.15 (temporary)

References:

[17] K. Summerer, B. Blank, Phys. Rev. C 61 (2000) 034607; K. Summerer, Phys. Rev. C 86 (2012) 014601
[27] O. Tarasov, D. Bazin, Nucl. Instr. and Meth. B 204 (2003) 74.

[28] A. Gavron, Phys. Rev. C 21 (1980) 230.

[29] O.B. Tarasov, A.C.C. Villari,, Nucl. Instr. and Meth. B 266 (2008) 4670-4673.

[30] O.B. Tarasov, Eur. Phys. J. A 25 (2005) 751; Tech. Rep. MSUCL1299, NSCL, Michigan S.U. 2005.
[31] O.B. Tarasov, Tech. Rep. MSUCL1300, NSCL, Michigan State University, 2005.
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The program LISE** is designed to predict intensities and purities for the planning of experiments with in-
flight separators, as well as for tuning experiments where the results can be quickly compared to on-line data.

O. B. Tarasov and D. Bazin, Nucl. Instr. Meth. B 266 (2008) 4657

Exotic BEaM PRODUCTION WITH FRAGH

NT SEPARATORS.
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The LISE** package which includes also the PACE4, Global, Charge, Spectroscopic calculator codes
can be downloaded freely from the following site: http://lise.nscl.msu.edu.



http://lise.nscl.msu.edu/

Example ofiset-ups in LISE:
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what is about
FMA? ©
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Utilities | 1D-Plot  2D-Plot  Databases  Help

LISE++ for Excel

CODES : Charge, Global, PACES, etc.
Radicactivity, decays

Reactions utilities

Plots: Energy loss, Ranges, Straggling, etc.

¢ = 100% <4 O hotelinEastwood Towne Center | &

= <4+ Automatic Zoom
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ISOL yields @ LISE"" preata

s H
-

MNSCL / FRIB /ISOL rates

NSCL/ EuropEfRﬁEN primary beam lists
Set-up utilities

Range optimizer (Gas cell utility)

Gas pressure optimization for gas-filled dipole

CATCHER utility (ISOL, Fusion-Residual)

Rate & transmission calculation: batch mode

Stripper foil lifetime

plot: NSCL PAC35 rates
plot: NSCL PAC35 beams
link: NSCL PAC35 rates

plot: FRIB rates (v.1.07)
plot: FRIB beams (v.1.07)
link: FRIB (v.1.06)

Location of "FRIB" isotopes

plot: ISOL rates
link: ISOL rates features

w W =1 O ;N I W

10.
11.

1 Tarazov, East Lanzing, 05:30520 4 Assuming only fission of target nuclei !! 1

P (70 MeV, 1 mA) + 238U

Extraction 10 ms, Efficiency 5%

culate a range of protons, define number of atoms

pling inverse kinematics, set p-target thickness
(using the same number of atoms)

Appling inverse kinematics, set Beam characteristics. No charge states
Set Abrasion-Fission as production mechanism

Load settings for 238U+p Abrasion-Fission

Insert “Delay” and ‘“Faraday cup” blocks after the stripper

Set values in the “Delay” block *

Calculate isotopes production

Plot calcium isotopes yields, Save yields infile

Results

How to use (and plot) with other|SOL parameters
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The LISE** fusion-fission model [1] has been developed to estimate secondary beams
intensities based on:

U The Bass algorithm to estimate complete fusion cross section [2],

O The fast analytical evaporation model LisFus [3] to calculate a fission channel value and de-excitation
of fission fragments.

U The semi-empirical model of J.Benlliure [4] which describes fission properties of a large number of
fissile nuclei are a wide range of excitation energies.

> = = [1] O.T. and A.C.C.Villari, NIM B 266 (2008) 4670.
z
[o] o &
[o] ° o

[2] R.Bass, Phys.Rev.Lett. 39 (1977) 265.
[3] O.T. and D.Bazin, NIM B 204 (2003) 174.
[4] J.Benlliure et al., Nucl.Phys. A628 (1998) 458.
Fusion - Fission °
A0+ A1=A2 °

Main features of the model:
* Production cross-section of fragments

» Kinematics of reaction products

» Spectrometer tuning to the fragment of interest optimized on maximal yield
(or on good purification)
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Advantages of in-flight fusion-fission to explore
neutron-rich 55 < Z < 75 region are comparing to AF & CF:

+ the heavier fissile nucleus competing with abrasion-fission (Z < 92),

» the higher excitation energy of a fissile nucleus competing with
Coulomb fission of the 238U primary beam.

Using low energy fusion-fission beams:

» Several tens of new* isotopes are expected to be produced in the
region 55 < Z < 75 using a 238U beam with light targets according to
the LISE** Fusion-Fission model,

» Properties of these new nuclei allow to test nuclear models,
in particular to understand the r-process abundance patterns,

* Reaction mechanism study.

Open Questions:

* What is optimal conditions, for example the energy of primary beam,
the target material, thickness and so on?

* How reliable are simulations? Intensities, purification?
* What are contributions from other reaction mechanisms?

« Separation, Identification, Resolution?

*in 2008

Protons (Z)

80

70

MICHIGAN STATE

@ - - - - - . : :
O Towards the neutron drp=-liNEViet EUSION=HISSION IR ARA

1y 1 D AR

238 2 COMPOUND NUCLEUS > ©
U (24MeV/u) + Be (20mg/cm?) PRIMARY BEAM — > U

Neutrons (N)

Fig. Two-dimensional yield plot for fragments produced in
the 238U (20 MeV/u,1pnA) + D (12 mg/cm?) reaction and
separated by SISSI + Alpha

A experiment to show separation and
identification of fusion-fission products
has been performed using the LISE3
fragment-separator at GANIL.
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@ Fusion-Fission experiment in inverse kinematics @ LISE separator "' ' '"

O.Delaune,? F.Farget? O.B.T.., A.M.Amthor,? B.Bastin,? D.Bazin,® B.Blank,® L.Caceres,? A.Chbihi,2
GAN I L e547 B.Fernandez-Domnguez,* S.Grevy,® O.Kamalou,? S. Lukyanov,> W.Mittig,%¢ D.J.Morrissey,” J.Pereira,*
L.Perrot,® M.-G.Saint-Laurent,? H. Savajols,?2 B.M.Sherrill,»¢ C. Stodel,? J. C. Thomas,? A. C. Villari®
1 National Superconducting Cyclotron Laboratory, Michigan State University, East Lansing, Ml 48824, USA
. 2Grand Accélérateur National d'lons Lourds, CEA/DSM-CNRS/IN2P3, F-14076 Caen, France
SpOkeSperson- O.TaraSOV 3 CENBG, UMR 5797 CNRS/IN2P3, Université Bordeaux 1, F-33175 Gradignan, France
4 Universidade de Santiago de Compostela, E-15782 Santiago de Compostela, Spain
SFLNR, JINR, 141980 Dubna, Moscow region, Russian Federation
mi i . 8 Department of Physics and Astronomy, Michigan State University, East Lansing, MI 48824, USA
Prellmlnary arxiv.org. 1302.1981 7 Department of Chemistry, Michigan State University, East Lansing, MI 48824, USA
By O. Delaune, F. Farget’ et al. 8|PN Orsay, CNRS/IN2P3, F-91406 Orsay, France

9 Facility for Rare Isotope Beams, Michigan State University, East Lansing, Ml 48824, USA

*  A?238U beam at 24 MeV/u with a typical intensity of 10° pps was used to irradiate a series of Be & C targets
+ The beam was incident at an angle of 3° in order not to overwhelm the detectors with the beam charge states

* Preliminary detectors calibration with the primary beam, then particle identification has to be proved by gamma from
know isomers

58+
28y Targets © &
24 MeViu Be 01 mglcm o o ©
Be 10 mg/cm? 2 @ 2
Be 20 mg/cm? @ - N
Beam ¢ 40 uglcm: Q
inclination €10 mg o ® (= 2 I II"m
on target 3 P @
3 degrees 2L
5 Gallete 62 Si telescope
X,Y,T) 65 um

65 um

1 mm
L 1mm
Z - Al (3 mgicm?)
: degrader
50 B * The experiment demonstrated excellent resolution, in Z, A, and g.
E * The results demonstrate that a fragment separator can be used to
40 - b produce radioactive beams using fusion-fission reactions in
: ] inverse kinematics,
30 - ] * In-flight fusion-fission can become a useful production method to
10 20 30 A-2Q identify new neutron-rich isotopes, investigate their properties and

study production mechanisms.

09/02/15 --- OT @ ECT.Trento.ltaly 12
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Elemental distributions of fission fragments

——238U(24AMeV) + Be Preliminary!!!
——238U(24AMeV) + C
14 2By 24 24
Energy AMeV AMeV
12
C Target  Be C
10
Be
[ <Z> 48.01 45.75
X 8
% 6 d<7Z> 0.22 0.21
<
a4 sig(Z)  6.03 6.40
2 d(sig(Z)) 017 0.6
0

28 31 34 37 40 43 46 49 52 55 58 61 64

z
Two light targets (A=9 & 12) at the same beam energy,

but why so different distributions?

We need a fast analysis of partial cross sections!!

09/02/15 --- OT @ ECT.Trento.ltaly 13
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See details @
LISE* Update of Fusion reaction - I

mechanism Fusion -> Fission
http://lise.nscl.msu.edu/9 10/9 10 Fusion.pdf

|{§} Evaporation seftings | [Z380(24.0 Mev/u) + 955 > 2470 [E:<=2D1.?'fe\a"] 8% Fission properties |

— Fusion properties
— Transmission probability for a one-dimenzional %antial barrier— | 1 Muclear potential —Calculatiop————————
. ' ig=0] = £7
FUSIIOH Or_ - Classical ¢ Quantum-mechanical ﬂ " Bass formalism [Bh-s- 0
Quasi-Elastic? " o : # ‘WoodSanon Lciical= | 75
_omega - Curvature parameter l—
of the parabolic potential describing I ] heyf il = T vy,
the barrier [default value 3 Mev] - L difect [@ Rint]= | 85
RO=| 1.2 frm
— max [grazing] =
Compound or - — Probabilty for compound nucleus formation P_{CN} ‘r a=| 0.5 frn (grazing) 333
Quasi-Fission?  [T™ Lmax (LISEl= [ 1003

Take into account the Probabilty for compound

W rnucleus formation P_{CH} according to _ Fusion I 1 .
W Zagiehaey & W Greiner, PRC7E, 034610 (2008) Lediffuseness = —lsmw Dl b ES £l |

Capture or = —
FasfFission’) Pleeles Bean vERE h Partial Cross Sections h_ Bamier properties as f(L) |
) ¥ Take into account the Fission barrier wanishing with /
& 0-"Barfit" - & Sierk, PRC3I1986)203 b, potentde v =f{H]'A' | [, Bass Fuson CS & Bamer |
FUSiOﬂ-EV&pOI’&tiOI’] 1 -"FisRiot" - 5.Cohen et al An P 821974 - uT.PCN.dExchan EEf{L’LEﬂ 2D: Barer VSR L) & dVAR |

or Fusion-Fission?

— Partrer zite

ake default

o General reaction characteristics | Fusion |
Capture or
Deep-lne|aStiC? v oK | X Cancel ? Help | 0 Fusion information window | m Fission |

Projectile Fragmentation and Abrasion-Fission are dominated reaction mechanisms in LISE** for rare
beam production, where we are developing our own models

Do not hesitate to use Low-Energy reaction computing centers as NRV for more sophisticated
solutions with Channel Coupling, Langevin equations and so on

09/02/15 --- OT @ ECT.Trento.ltaly 14
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Fission Barrier Vanishing as f(L-)
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Fusion -> Fission
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RS TR SR Partial Cross Sections Barier properties as (L)
¥ Take into account the Fission barrier vanishing with . ] Cross section msed in caleonlations (beginning of target)
- {n Poteniais vi=1R) | i Fusion CS & Bamier | - S
* 0-"Barit" - AJ.Sierk, PAC33(1996)2039 Fusion-Fission 2.167e+03
€ 1-"FisRiot" - 5 Cohen ot al An P 82(1374 ﬁTFCN,dEﬂﬁanFEHL} ] BaNR.L}&dVdH | Use this factor for rates 0.723
I N\
i~ Partrer site
ke default —r
[/ Gl e o General reaction chafactenistics | Fusion N
v oK | X Cancel | Y s | o Fusion irrfonﬂatiol window | Fission |
J . .
Partial cross sections
% 238(24.0 MeV/u) + 9Be -> 247Cm* (Ecy=208.3 MeV);  [with Pcy, Penetration@M]
Cross Sections[mb] : Intr=3.69e+03; Comp=1.66e+03; QF=1.54e-07; FA=4.16e+02; DIC=5.36e+02; QE=1.08e+03;
. Leit=75; Lmax®7=99.9; L max'SF=100.3; Lg_s=0=67; Verticalical lines correspond to Leiit & Limax
Potential energy plot: Total T 7 7 T irtermcton
238(24.0 MeV/u) + 9Be -> 247Cm* (Equ=208.3 MeV) :g::mg:m
Leit=75; L max®22=99.9; L ma'SE=100.3; Nuclear potential: WoodSaxon; WS params: 105.0,1.12,0.75 |l—Fast Fission
Vertical lines correspondto (Cp+ Ct) and Rinteraction , Right horizontal line to Ecm 80 - p Inelastic
T | T T [—V total at L=0 = $ :E;:;;:;DE
| |—Vtotal at Leit Tl - =
| |—Vtotal at Lmax & g 5 .
|—Vtotal at L=10
260} | ’m::\ :: L=20 70 gl -'I - =
| otal & a !
|
220} | T 60
7777777777777777777777777777 é
> c
() o
180 =
E. g 50
3 )
5 [’}
@
£ 140| | @
w | o 40
s | -
= ©
S 100} ! £
2 | & 30
o | o
3 \
3 !
= ‘ — 20
T
20} | }
| 10 =
|
-20 | |
| | . .
I | 0 40 60 100
60} | | Angular momentum [hbar]
7 9 1" 13 15 17

Distance between centers, fm
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Output channels in the e547 experiment : 2°°U (24 MeV/u) CIRLLXRRY

Partial cross sections
2381(24.0 MeV/u) + "Be -> 247Cm* (Ecy=208.3 MeV); [with Pcn, Penetration@M]
Cross Sections[mb] : Intr=3.68e+03; Comp=1.66e+03; QF=1.54e-07; FA=4.16e+02; DIC=5.36e+02; QE=1.08e+03;
Lert=75; L max®2=99.9; L may'5E=100.3; Lg 5s=0=67; Verticalical ines correspond to Lerit & Limax
j i j j j===|nteraction
e Compound

j==Quasi-Fission
(==="Fast Fission

80 t===Deep Inelastic

- ela
— =] jm—=Dlirect+QE
= @ Elastic
[ £ S e
& < o e

70 c 4 El
- ]

60

\

50

T N —— oo

Partial cross section [mb]

30 e fooeeee)

20 e — _—

40 60 l 10
Angular momentum [hbar]

Compound fission ~100% Sequential fission after DIC Partially go to fission
Fissile Z =96 Fissile Z< 92 Fissile Z~92
High Excitation Energy High Excitation Energy Low Excitation Energy
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%0 ' : \ iteacion average for 17-24 MeV/u range
\ o o
2381J(20.6 MeV/u) + °Be | iy
% } i Targets
|
| Fission
‘ Barrier Reactions Be C
g Vanishing
F DIC+FA 19% 42%
8 Sierk Fusion-Fission 56% 29%
123
g QE 25% 29%
;_: DIC+FA 8% 29%
& Cohen Fusion-Fission 66% 41%
QE 25% 29%
; s HMomentum (hbar)
40 n -
Angular momentum [hbar] L thl E_D }
L critical
’ | B [ [—iteraction L direct B Rint
238U(20.7 MEV/U)+120 } [ Guasission . T
|
} L max (grazing) 90.5 118.%8
} L max (LISE) 91.0 118.5
|
i) | 50
% | 8 (~21 MeV/u) Bf-"
° 10 v
gG c
@ _
@ ]
5 =
g 2
E o}
o o
120
3 3 5 Carbon target.. 50% split... Why?
3 20 20 & This is due to difference of moments of inertia between
Angular momentum [hbarl C+U and Be+U just above where fission barrier go to zero
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e547 experiment: results interpretation

ection [mb]

Partial cross s
5 8 8 8 B8 8 3 8

238(20.6 MeV/u) + Be

w0 EJ
Angular momentum [hbar]

Yield (%)

12

average for 17-24 MeV/u range

SR R Targets
10 Fission
4 \ Barrier Reactions Be C
s ‘,{1 \ Vanishing
]
DIC+FA 19% 42%
6 «’E e \ sierk Fusion-Fission 56% 29%
4 / aE 25% 29%
/ DIC+FA 8% 29%
2 ’/ Cohen Fusion-Fission 66% 41%
0 o 13 25% 20%

28 31 34 37 40 43 46 49 52 55 58 61 64

QE-channel partially goes to Low-excitation fission
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238U(20.7 MeV/u) + 12C

& El
Angular momentum  [hbar]

Preliminary!!!
Be-target C-target
14 14
® Y-Be OV
- . : : ¢ ~FA
- f:L » Three main channels with earlier *? b 14 e
0 en discussed parameters were used in fitting 10 el
. " . —-LE-R
8 FF = Reaction positions and widths were used 8 e
78% FF sum the same in both case during fitting
6 process except FF positions (48 and 49) 6 60% DIC
4 = From fitting results it follows, that Fusion- 4
fission dominates in the case of Be-target,
2 and sequential fission in the case of C- 2
. target o
30 35 40 45 50 60 . . . 30 40 45 50 55 60
. = New LISE** partial cross section analysis 7
fairly describes experimental results
10 = Significant  distinction in  elemental 10
distributions of fragments produced with
two different light target is explained by
larger DIC component with C-target due to
fission barrier vanishing . 30% FF
1

3% DIC

Fusion-Fission mechanism is
responsible in both cases for High-Z
isotope production (Z>60)
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Sophie’s talk TR

( @ Partial cross sections E@g
Partial cross sections
43Ca(5.6 MeV/u) + 248Cm -> 236 v* (Ecy=224 .8 MeV); [with Pcy, Penetration@M]
Cross Sections[mb] : Intr=7 69e+02; Comp=5_.73e+00; QF=2 03e+02; FA=2 81e+02; QE=2 80e+02;
Lert=179; L max®a2=97 4; L maxSE=102.3; Lp re-0=53, Vertical lines correspond to Lo & Lmpax
—
16 3 —uasi-Fission
= Fast Fission
—Direct+E
= Elastic
14|
2 5 |
Iﬁr IEI 12} |
E S |
o
at 6 10}
_| o
A w
,;? w
g E 8}
[
[ 6|
E
4 o
|
2} QF I \
0 e |
020592015 12:09:58 0 20 40 60 80 100
LISE (C-\Program Files\LISE\fies\8Ca_248Cm o) Angular momentum [hbar]
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3. Abrasion-Fission



3.1 Abrasion reactions:
models
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Abrasion reactions : LLISE de=excitation chanmnels IRILEI

[i--

NSCL e 1S I

.*ﬁ.:.

Abrasion - Evaporation

> O - @ -0g
(=) . L
% Abrasion - Fission o 0 @

[=]

@LI = = %50

®

Abrasion - Breakup

De-excitation Collisions Reaction = ——
Channel | - - -Final Abrasion-Evaporation Residues
10% L - - - - Break-up deexcitation channel
F ——— Fission deexcitation channel
Abrasion — peripheral Projectile 2
Evaporation fragmentation g 10 F
Abrasion — Ablation g :
W
g 10° b
. . . . . o
Abrasion — peripheral In-flight fission
Fission Projectile-fission [ .-
10" - 238U+Be
Abrasion — central Multi-
Breakup fragmentation 20 40 60
Protons

Nuclear charge yields for different de-excitation
channels after 238U(1AGeV) abrasion on a Be-target.
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Details on Abrasion-Ablation AR

abrasion ablation
° ,.r"
e 0@
> .
Projectile Target Initial Final
prefragment fragment
82Ge °Be
68Ti* 54(:a

The LISE** AA model is initially based on the version of J.-J.Gaimard and K.H.Schmidt, NPA531
(1991) 709

The LISE** AA model is analytical, that allows to calculate low cross sections of very exotic nuclei
The Abrasion-Ablation approach meets three principal difficulties
a. Determination of Excitation energy parameters (models) for each reaction

b. Plenty of other parameters

c. Suggesting negligible contribution of dissipation processes during abrasion
(it can be true at high energies with light targets)

Four excitation energy models are implanted in the code
The Ablation step (Evaporation cascade) uses a mass table to obtain separation energies



d(CS)/d(E) [mbiMeV]

&

Example : 2k, E*=50/MeV, =1 harn ==°Bj

206Bj excitation distributions
EVAPORATION - Compound nucleus 2'°Fr

Excit. Energy: 50.0-51.0 MeV; Fus.CS: 1000.0 mb; Fus.Barrier: 10.82 fm; h_omega = 5.0 MeV
NP=64; SE:"DB0+Cal1" Density:"auto" GeomCor:"On" Tunlg:"auto" "Bar=#1 Bar™==1.00 Modes="01 1000110

MICHIGAN STATE

UNIYERSITY
[ -

B ni
-y sy, ..
Lo 1 S A

1e+2 E g — sum_n [ . — tn-caugnte (%
_ finput parent distr. i | QUtput daughter distr. 4=
eTE — g
1e+0 = le+l
te1 |
E ; Te-1
le-2 [}
E =
3 o le2
1e-3 k £
i p
teaf W e
i z
1}5é \ a 1ot
1esf ©
i \ 185
le-T E
1}3 186
] 4 3 12 18 20 o4 0 2 4 8 10 12 14 =
Excit.energy [MeV] Excit.energy [MeV]
) —— gum without break (Y - " - — in-partich () ¥
e Xc.nucleus — =2t Emitted particle energies 3 b=
ie0f 2 T -
1e-1
le-2
1e-3 le+l
1e-4 =
1:2 % Tet
167 E
1g-2 -« E 1e-2 5
1e-9 R d =l "
1810 es' ue o e )
18-11 o t‘:'
1e-12 o .
1813 = Te-4 8 Y
1e-14 t n
= Section . " x
18-16 i ~
1e-17 |
1e-18 leg k.‘ *\‘
] 4 3 12 18 20 4 0 4 12 16 20 24
Excit.energy [MeV] Particle energy [MeV]
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Abrasion-Fission AR -

- al
PV

- @"/@
6. . ®-96. 2.

O ABRABLA : Abrasion-Ablation Monte Carlo
J.-J. Gaimard, K.-H. Schmidt, Nucl. Phys. A 531 (1991) 709.

QO PROFI : semi-empirical fission Monte-Carlo code

J. Benlliure, A. Grewe, M. de Jong, K.-H. Schmidt, S. Zhdanov,
Nucl. Phys. A 628 (1998) 458

O LISE* 3EER Abrasion-Fission model (analytical)

O.T., Tech. Rep. MSUCL1300, NSCL, Michigan State University, 2005
http://lise.nscl.msu.edu/7_5/lise++ 7_5.pdf



http://lise.nscl.msu.edu/7_5/lise++_7_5.pdf
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© - - - S - UNTVERSITY
o Abrasion-Fission : ocean offissie nuciel PUALLY

NSCL v

Abrasion-fission
A3"+ A4'< 238

85}

5

65}

55t

45¢

Protons (2)

35

25

15 i L > L4
Fission channel cross-sections
ABRASION-ABLATION - 238U +H

10 30 50 70 90 110 130
Neutrons (N)
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o> Abrasion-FIssion : ocean of fissile nucler = L. 5

NSCL by 4 w2 L

Abrasion-fission
A3"+ A4"< 238

85|

75¢

65}

55|

a5t

Protons (2)

35¢

25¢

15}F

Average fission excitation energy
ABRASION-ABLATION - 238U + H

10 30 50 70 90 110 130
Neutrons (N)
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Three-excitation-energy-region model AR ..

x
I 2380 [750.0 Mev/u) + Be — LISE ++ &brazion-dblation calculations to estimate excitation energy regions
é? Calculate *
— Energy region definitions
Excitation energy region [ LOW | MIDDLE | HIGH A use AL hirts in code |
Choose a primary reaction & - - L0 | MIDDLE | HIGH | EM fizzion
LISE++ kit far the fizzile
Perfarm transmiss_iu:un calu:ulatic_uns ~ W v nucleus fram excitation energy I 238U I ZATh I 2134 I 238U
for this energy region Excitafior erergy (Mev) [ 193 [ 527 | 2218 | 158
Choose FISSILE nucleus 238U | 226Th | 220Ra | Ciosssection(mb) | #19r | 6461 | F32 | 75
Excitation ernergy [Met] | 235 | 100 | 250 L+t+H L+td+H+EM uge i code | use in code I uze in code |
1184 1191.5
Cross section [mb) | 200 | 500 | 50 P -
Restore previous setlings I Crozs sectionz sum [mb] I 1050 Fission barrier < LOW < 40 Boundary energies for mean walues of prefragment
IT < MIDDLE IW excitation energy distributions bo gplit law, middle and
igh energy regionz. Fecommendation: 2.3 * dE= . where
2 |oad Fission, E ration, Excit.En Son1 === fromiGl dE « iz excitation energy per abraded nucleon. Default
= ad Fission, Evaporation ergy Region settings from file 180 < HIGH values are eoual to 40 & 150 Mey
Fission properties
% ;12 EZEHE? in code coef for £b = I n.e 01 < coef < 0.9; recommendation: 0.75
@ Evaporation settings 3. Plot determing low 2 [element number] where Abrasion-Ablation stops.  Zztop = coef * Zheam
Prefi ent enocit .
) Prefragm b [ Make defaul 5 takes shout 05 - 1 minute = - Low-ewcitation Abrasion-Fission and
: EM fizzion resulkz will be uzed together
 OK | X Cancel 7P Help |

Splitting 1000 fissile nuclei on 3 regions based on their excitation energy,
Getting mean A,Z,E* values based on their cross sections
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FISsIon EXCITAtIONSCINCHONS iy,

i
- al .
R KT

: : . | ] | ] .. | ] : . _Ll:"“'l .ﬂ'F
5 Fission excitation functions —— Middle a7
_ ——Hig
L1000, 0Merfa) + Pb —— EM Fission
71 —— Sum
Te+2 |-
55 Lo I MIDDLE I HIGH I Er figzion
= ] LISE ++ hirit for the fissile
% nucleus fram excitation energy I el I =31Th I <TeAL I 38U
o 21 E ucitation energy [MeV) I 2848 I 926 I 2E3.9 I 154
"E' Cross section [mb) I A03.5 I 510 I E73.4 I 1342 4
E Te+1 |-
™) -
o :
o
0
0
o
s 2
i
O 1e+0]-
5 |-
2 -
Te-1|-
51

0 100 200 Exeitation energy (MeV) 400 500
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Abrasion-kission & 3 EER MGoGE! RIS

Fission channel cross-sections
ABRASION-ABLATION - 238U + Pb Excnt Energy Method:< 2 >; <E*>:13.3%dA MeV sigma:9.60

| ' Y _ f Iillll RN .
a0} 238U, 1337 mb IIIIIIIIIIIIIII )
U AE ENEEEREREE
currAANNEENEEEER
ST [ []] l,._;i g .l |
26} 5-0-0 '......l... l ‘ :
EEEE R .l...l......-. _,ﬁ__. [ 1] .
sanunn D [ [ [ [ P17 e TITT T11] [SISENN
T [ - i rEEEEENNEEEE L TLIT [T EISISia,
s2b - - ; T ~ HNPEEEEEER ‘ ‘ | [ | PR
= . WREE ll...l.....l HNER .-.....l.llll
Cv oaauan © anEEENE (TP (T B
e s xR EES ] | ]| | I L] | | [ISISIl IR
N : rsean S-HEl (T 11 < B BECETT . a
@ ‘s sxmEN SRS | SARRERNY DR EEEEEEEs e i
o sEaun B 111 ]] EEENENERmEEER u
§ v TRamBESN AuENNRER ENEEEEEEEEE AR
o N R SENEEN DEENREEENE 0 e
. e N RSy | BEREEREREREREREN EEEs= Y
L N7 4 BN A EEEEERNENNREER EEmN
fimEnnE EEREENN ERis
70 SRS ( L N B-E-R-ENE-
.o . LI 1B ERER e en
231Th,474mb. .l..l:::l:llllll i llll::::..
66 ..... 8- -5 EEES EEEE SRS DS BN B BN B
" 216Po, 817mb
95 105 115 Neutrons (N) 135 145

Describes well intense final fragments



3.2 Abrasion fission:
experiment



Reaction mechanisms & EXpErmEntV/SHCalCUlAtiOnEay L

Nuclear Instruments and Methods in Physics Research B 317 (2013) 756-768

Production cross section measurements of radioactive isotopes
by BigRIPS separator at RIKEN RI Beam Factory

H. Suzuki**, T. Kubo ¢, N. Fukuda ®, N. Inabe“, D. Kameda“, H. Takeda, K. Yoshida?, K. Kusaka“,

Y. Yanagisawa ?, M. Ohtake ?, H. Sato“, Y. Shimizu ?, H. Baba®, M. Kurokawa?, T. Ohnishi “, K. Tanaka*,
0.B. Tarasov ”, D. Bazin ", D.J. Morrissey ”, B.M. Sherrill °, K. leki ¢, D. Murai ¢, N. Iwasa ¢, A. Chiba ¢,

Y. Ohkoda“, E. Ideguchi®, S. Go®, R. Yokoyama®, T. Fujii ¢, D. Nishimura', H. Nishibata ¥, S. Momota ",
M. Lewitowicz ', G. DeFrance', I. Celikovic’, K. Steiger"
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In-flight fission of 238U with Be and Pb targets BRIy
Abrasion fission Coulomb fission
238U + Be (7mm) at 345 MeV/u 238U + Pb (1.5 mm) at 345 MeV/u
et X
\‘Q(Q _ (Qe’ —
X2 Bp =7.249 Tm ?\0’\’5 Bp =6.992 Tm

2.3 24 2.5 2.6 2
Courtesy of T.Kubo (BigRIPS, RIKEN)
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Production rates by <°U + Be(7mm) at Bp=7.249 Tm > '

NOCL 15 1 S A

. . . . . 1 setting, no energy degraders used
LISE™ : Cross Sections & Kinematics & Separation Bp=7.2Tm=1%

Fairly good reproduction

Bp=72Tm By LISE++ l
10° I 34 |36 38I Exp. data i
< 10 40 | —— LISE++: Abrasion-fission L
g " 42
& 10 !
o h
=y
= 10
©
-~ 10 B
=
.2
b5 1
5
< 10"
o
10
10°
= 4
g 10
£ 3
2 10 i
B
= 10
©
> 10
=
2
5 1 -
3
g 10"
~
107

PR (S Y S S AN SR SO SR SO NN TR TN TR S NN SN ST ST S (NN SR N SN SO SN AN SR N S NN SR SN SN T A S SR SR S SN SR S T 5 6 7 8
50 60 70 80 950 100 110 120 130 140

Mass number
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on Search region of: the new ISOIOPE Search EXPERMEnL JUINALEELN

- oJ ¥
R Ly I Ca

2 settings: 181Pr setting and 8%Er setting

(O Selected isomers for isomer tagging among new isomers in 2011
Known isomers used for isomer tagging in 2011, 2013

My | 1Ty 179y Il o2y | 183y 181y 192y | 193y | 194y | 195y | 196y 197y

. ' 7T, | 17T, 78T, 1787, 1821, 5 1857, | 1867, a2 a2 a2 5 1917, | 197, | 1937, | 1947
165¢ 1665 1675 188f 18947 1T0Re Tiye (e ﬂ fr “ﬂﬂﬂﬂ 1By 1827 184y 185
u

164, | 165, | 166, 167, | 168, 8, | 170, u | 72y 3y | Ty, BECTEBECYE 7l | 78 u | 180, | 181, u | 18,

u L
NN ﬂ - - ﬂ . -- E :

62Ty | 1637y 164Tm | 165Tm | 166Tm | 167Tm  168Tm My | Tm | Witm | T3Tm | T4Tm | 5Tm | 176Tm e

i

wig S e r 169, Mg | Mg | Mg | Mg g r | g

180Er setl
o | 60y | 161hHg o o o | 168Hg  168Hg | MOho | 1T1Ho | 1T2Hg | Mg | 1Mpg o | Hg r De[[lng

@
o

" S - 1 e st (ot " 4

16Ty | 16iTR | 16ITR oy | 1 Th | 8STp | iTOT | 1Ty | 7T | 168Gd (2 )
ﬁ ﬁ wod| o wed o Nies  Woa o Be m, Bpy; = 6.950 Tm
en | e eS| | e | We, e e o ey | on e, [ ) 161pr (2011)
s BOPTLSOUIN G200 sy 4 |_"' Be 4 mm, Bpy; = 7.306 Tm

.
19pm | 15%pm | 1%pm | 15%pm Pm| 15%pm | 160pm )

Z =60 (Nd)

161pr sefting (2014)

D New isotopes observed at RIBF in 2011 (26)




Based on GSI & RIKEN experimental data
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Fission channel cross-sections
ABRASION-ABLATION - 238U + Be
Excit.Energy Method:< 2 »; <E*>:27.0*dA MeV Sigma:13.00; No Intrinsic Thermalization

NP=32; SE:"DB0+Cal2" Density:"auto" GeomCor:"Off" Tunlg:"auto" FisBar=#0 Barfac=1.10 Modes=10101000 110

- - 92 “U 225U 226U 221U ZZBU 229U
New Reaction Mechanism e02 45602 11601 23601 46601 8401 .
Settings for the 2014 bPa ipa Hipa )
. e02 19%-01 40e-0
experiment oolTh ZoTh 2iTh .
e-02 25e-01 7.8e-01
'Ac  222Ac  2BAc .
e-02 28e-01 56e-01
gg|Ra #'Ra 22Ra .
e-01 27e-01 6.5e-01
& 9Fr 220y 22Fp .
“;" e-02 22e-01 43eM 0
s 86|Rn 21%Rn 220Rp . 21Rp | 232Rp
"6 e-02 97e-02 28e-01 57e-01 . ! 6.5e-01 | 1.4e-01
|
o TAt 21 BAt 219At mAl . ZMAt 231At
e-02 4802 1.2e-01 26e-01 ] ! : 2.9e-01) 5.1e-02
84|Po 2P0 2Bpo 2190 220pp 221Pg ' ' ! 2pg 228pg 229pg | 230pg
e-03 16e-02 40e-02 9.1e-02 22e01 40e-01 7.9e-01 5e+00 1.5e+00 1. 71e01 37e-01 99e-02 |1.7e-02
i 218gj 207gj N8gj 219g; 220g; 221gj 22p; 20pg; |24 25g; 226g; 227g; 228g; | 229p;
- 02 29e-02 63602 1501 22e-01 41e-01 36e01 46e-01 44e-01 23e-01 10801 28e-0242e-03
el B ad o e P, o4 Tl
| BT ~LISE -+ Abrason-blation caleulsors (o esinate exshaton energy egians b 217pp 28pp 21%pp 220pp 221pp  22p 22pp  24pp  25pp  226pp  227Ph
e o | B celster ,Jegponsiménfdtf'immegymductinn 03 1.1e-02 25e02 51e-02 7.2e-02 13e-01 17e01 14e-01 13e-01 6.7e-02 3.7e-02 7.3e-03)1.3e-03
C:::SI:E:D:”::;QLSS:S: L:,W MIiDLE HfH 1 :;'ﬂlgh::::,sl:mzwllﬁmﬁll thT :Mahrgft 1 2167 277y 2187y 2197y 2207 217y 2227 2237 247 226T) '| 227
e i b e F — 03 5903 80803 19602 30802 29602 39602 2802 25602 1302 7303 1.4e-03 |25e-04
forthis energy region Exctsion snergy et | I I I
Choose FISSILE nuceus Cioss secton(mb) | [ [ f g zm Zm ATHg  218Hg 219Hg 220Hg 221Hg 22Hg 2‘ 2‘ 225Hg | 228Hg
scitation eneray (Me use in code | use in cade | use in code |
e n 136 138 140 142 144 146
Fetmlbariz € L7 ¢ @ Bounday energies for mean vakes of prefiagment T L Neutrons (N)

Flestore previous settings | Cross sections s (mb) [ 10907

srcitation eneray distibutions ta spit low, middle and

40 <MIDDLE <

160

high energy regions. Fiecommendation: 2.3  dEx , where

Ii Lnad Fizzion, Evaporation, Excit Ensrey Realnn sttings from 160 < HIGH dEx is excitation enerqy per abraded nucleon. Default
walues are equal to 401 & 180 MeY/
Fission properties
4| b B:';”‘jh Noode coefforZb=[ 08 01 < cosf<0.3; recommendation: 0.75
{9} Evaporation ssttings determine low Z [element number) where Abrasion-Ablation stops. Zstop = coef = Zheam
responsible for production
P ey | ke st P P I
of veryiietit'on 1i¢h |sotopes.un tesuls will b2 used tagether
W OK | X Cancel | 7 Hel | of High Z (2>55)




of  6ipy

No attenuator,
|1=10-15 pnA
PID plot for 161Pr Setting
Accumulation of runs:
1023-1037, 1043-1092
Total : 54.8 hours
PRELIMINARY for 2014

New Isotope : 13 nuclides

BigRIPS group
courtesy
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AV
Z38() (345.0 MeViu) + Be (4 mm): Settings on %'Pré#*- % Config: DSSSWDSSMMMODMWSMODMMMMMSH...
0p/p=6.00% ; Wedges: Al(1.38 mm), Al (1.4 mm; Bho(Tm: 7.5270,7.2092,7.1733 7.1733,6.8117...

constucied from TOF and dE meastrements ™
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3.3 Competition between
A-Fission & P-Fragmentation



Abrasion-Fission
VS.
Projectile
Fragmentation
(Abrasion-
Ablation)

Abrasion-Ablation

Protons {Z)

Cross sections (Abrasion-Fission (Low+Middle+High))
-— Final CS — 238U (345.0 Me\//u) + Be (4 mm) > N=0-200 Abrasion-Fission (Low+Middle+High)
231AF Ex=196MeV CS=0mb — 234Pa* Ex=58MeV CS=602mb -—- 227Ra* Ex=218MeV CS5=489mb
Fission => Odd-Even corr.: Yes; Post-scission emission: Yes; Shells: {83, 0.70)4{90,-3.80,0.15}  HEEAFRHEH
75 - HHH
65
s
n
c
7]
2
3]
HE §
35 u
25
15
5 [FHH Neutrons (N)
10 30 50 70 90 110
90

80

70

60

50

40

30

Protons (Z)

u " 20 3
uf = ] LR}
C { Projectile F tati ' 1 s d R t i 4 B t t
e e st o s . -Ablation + Secondary Reactions in 4 mm Be targe
Excit Energy Method < 2 >; <E™>:27 0°dA MeV Sigma 13.00; No Intnnsic Themalization
.hNE’l:ZzQ; SE:"DB0+Cal" Density:"auto" GeomCor:"Off" Tunlg:"auto” FisBar=#0 Bar2c=1.10 Modes=10101000110 Neutrons (N) Neutrons (N)
0

Total number of SR coefficients = 4721;

Reduced cross sections

238() (345.0 MeV/u) + Be (4 mm) -> H  (NPsec=16)
Number of reduced CS = 4719 (0ad1=0 bad2=121 ba

10 30 50 70 90 110

130

20 40 60 80 100 120



© . . . MUELAE AR STETE
O Projectile fragmentation : Z=76 fragments R -

NSCL

Cross sections (Projectile Fragmentatmu)
238 + Be -> Z=T6
Excit. Energy Method:< 2 >; <E*>:27.0"dA MeV Sigma:13.00; No Intrinsic Thermalization
I'P'BZ' SE: "DBUJ:CHZ" Density: *autd” GeomCor:"Off" Tunlg:"auto” FisBar=#0 Barfae=1.10 Modes=1010100011¢ _

=} - Albragion/Ablation v.6.4

——1-EPAX 1.00: K.Summerer et al..Phys Rev.C42{1900)2546

- = -2« EPAX 2.15: K Summeser el'al.,Phys Rev.C61{2000)034607
- 8- EFAX 215 * user mn{iﬂuainm

MaTEm2e L Mass number (A)
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Projectile fragmentation : Z=76 fragments L

Cross sections (Projectile Eragmentation) - J.Kurcewicz et al.,

- PLB 717 (2012) 371 1 o-i

Excit.Energy Method:< 2 >; <E*>:27.0°dA MeV Sigma:13.00; No Intrinsic Thermalization
NP=32; SE:"DBO+Cal2" Density:"autd” GeomCor:"Off" Tunlg:"auto" Fi= Fa s =1010 1000 110

"

P77

Should be the
200 T plateau in
e experiment!!

Reduced cross sections
Jsinivtiuduniu b
238U (345.0 MeV/u) + Be (1.6 glom?) -> 159Pr  (NPsec=16)
Total number R coefficients = 4721; Number of reduced CS = 71 (bad1=0 tad2=0 bad=0)

) AA+SR .

Reduced cross sections TetdE - - -
© 280 (45 0 NeWiu) + Be (4mm) > H (NPsec=15)
Total number of SR coeicients = 472¢;  Number of reduc 4719 1ba

0
60
8
ore
Q
2
°
2
o
k(

Wleion + Sonday Reactons 4 mm Be e

Neutrons (N)

0 2 40 60 80 100 120 140

We need primary cross sections with thin target!! E9063 @ MSU
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Comparlson LISE* A_F& AA cross sections RS

|, R
L WS A

- ss'sections (Abrasion-Fission (Low+Middle+High))
- Final CS — 238U (345.0 MeV/u) + Be (3 mm)-> N=0-200 Abrasion-Fission (Low+Middle+High)

37U* Ex=25MeV CS=200mb — 235Ac* Ex=75MeV CS=1mb -— 232Rn* Ex=120MeV CS=0mb
ssion => Odd-Even corr.: Yes: Post-scission emission: Yes; Shells: {83,-2.65,0.70}&{90,-3.80,0.15}

17 1 1 1 me 10
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WTm 16fm 1@“ 1

68

MHo 1MHo
6.76-06 82206
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12605
A R

66
1 Mo s T

956-10 13&1{1 23043 12614 181 _ Y

~ v EF4 ragmentation
19011 1712 G5et4 15014 _

mEy MEy
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= |
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g Aeng 15”‘1 135'qd 165Ng
100 79611 ?Ge f2 Gbe-t4 295

106 ' 110 114 118.
“'(P‘ \\ Neutrons (N)

\

For what reaction producté do you-tune your separator??
Very different kinematics of PF and AF
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4. Projectile Fragmentation
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Projectile fragmentation AT

Projectile fragpmentation . : } - —
O Cross sections for projectile fragmentation &)

I Fragment velacity | Momentum distibution ;| Cross section, Excitation energy and etc _.r

~ | B25e(140.0 Me » EPAX parametrizations [1] based on

e fragmentation data

— Crosz Sections

» LISE** Abrasion-Ablation model (analytical) [2]

- EP2: 3.01: K. Summerer Phys. Rew. CBE[201 2)07 4601

- BbragzionAtblation 6.4 o e . . .
-EP#X 1.00: K. Summerer st al. Phys Rev.C42(1990)2546 > Possibility to input cross sections manually via file

- EP&x 2158 K Summerer et al. Phps Rey CE1[2000)034607
- P& 215 + uzer modifications
- EPA 3.01: K. Surnmerer Phys. B ey, CBE[201 2)071 4601

~ [EET= e

O ABRABLA : Abrasion-Ablation Monte Carlo [3]

QO COFRA : a simplified, analytical version of

References: . .
ABRABLA, which only considers neutron
[1] K.Summerer, B. Blank, Phys. Rev. C 61 (2000) 034607; evaporation from the pre-fragments formed in the
K. Summerer, Phys. Rev. C 86 (2012) 014601 abrasion stage [4].

[2] O. Tarasov, D. Bazin, Nucl. Instr. and Meth. B 204 (2003) 74.
[3] J.-J. Gaimard, K.-H. Schmidt, Nucl. Phys. A531 (1991) 709. | |Q Intra-nuclear Cascade Models, e.g. ISABEL [5]
[4] J. Benlliure, et al. Nucl. Phys. A 660 (1999) 87.
[5] Yariv and Fraenkel,Phys. Rev. C20 (1979) 2227.
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Production cross sections — Q- systematics ety | |

T T T T T T T g T T T g l T 48C8(140M€V/U) + W,Be
a C ®
- (a) ;?: 3 ::'{5 | (0 .0 s.,l'vv |
100 K Vs — .=40 Yis —
= v ! meck Zvs | Asimple systematic framework
S 103 Ta ol 1 was found to describe the
§ w % 1 production  cross  sections
@ e/ TT~-a_ -_ 1 based on thermal evaporation
8 10 + "+ from excited prefragments that
$ L2125 s work 1 allows extrapolation to other
= Z-16 T 1 weak reaction products.
109 M Dus 1 O.T.etal, Phys.Rev. C 75, 064613 (2007)
| | | Il " | " ] " | "
I : 18 (l:i) ' ' ' ' : ' J Compilation with data from M. Mocko et al.,
Phys. Rev. C 74, 054612 (2006)
* 3™ 2k ot/ & W |
a 40 i 2 :I?‘
E 0% i » T ® a3 Vae
\E i Ly 35 41 i
e - 31 36"z Y7 i
8 10-3 B == Mocko et al. v i
3 . “4 v, @
8 Mocko et al. Be T
S) A e s T 1 Q.= ME(Z =20,A=48) — ME(Z, A)
e e this work T il
® Z=12 + .
e Z=14 -
= Z=16 | < 1
10 o7 v Z=18 _L g =
' 1 1 1 | | L | | | | |
100 -80 60 -40 20 O  -80 -60 -40 -20
Qgq (MeV) Q4 (MeV)
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6Ge (130 MeV/u) — new isotopes, CS, momentum distributions MICHIGAN STATE
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Qq systematics — Possible new island of inversion ?

“Calcium anomaly”
50C|, 53Ar, 55.56K , 57.58Cgq, 5960615 : -KT-W- T T T~

. * |
62,63T , 65,66V’ 68Cf, OMn O HFB-17 51 /*
10°} B FRDM qé i
» AME 2003 (measured) 52 /7 4
< AME 2003 (extrapolated) #

Cross section (mb)

70 60 50 40

Q, (MeV)
Enhanced cross sections might be the
result of increased binding

o0 “ L - . present work
b’ N, |} measuedprod. L NSCL (2007) This region (around 62Ti) was previously
' 0 ommdsy, == KTUY predicted to be a new island of inversion
B. A. Brown Prog. Part. Nucl. Phys. 47 (2001) 517
OT et sal., Phys.Rev.Lett. 102, 142501 (2009) : New isotopes, Evidence for a Change in the Nuclear Mass Surface
OT et sal., Phys.Rev.C. 80, 034609 (2009) : Set-up, cross sections, momentum distributions

OT et sal., NIM A 620, 578-584 (2010) : A new approach to measure momentum distributions



82Se (139 MeV/u) — new isotopes, CS, momentum distributions W

Q, systematics — Confirmation of Calcium anomaly

So, what is “Calcium anomaly” ?

64Ti’ 67V’ 69Cr’ 2Mn

70CI‘ levent & 75|:e levent

N(oy,) =90
N(oge)=330

N(do/dp)=126

Reaction property or
Nuclear structure feature?
Beam E (vevi) | (pna) N/Z
82Se 139 35 1.412
5Ge 130 20 L37E
AN/ AZ=2 [ L]

B2i
5c(0sc[fsc
IwCaksCa
5K
S2Ar|S3Ar |
50,
Cl
T E] NSCL (%2Se)
|| [ ] nscL 2007-2009) measured prod.
4da:
tsi L measured
421434 RIKEN (2010) momentum distr.
measured
M KTUY isomer y-ray
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2013 : Calcium anomaly as shell effects close to drip line

|24 Selected for a Viewpoint in Physics
PHYSICAL REVIEW C 87, 054612 (2013)

S

Production cross sections from %2Se fragmentation as indications of shell effects in neutron-rich
isotopes close to the drip-line

0.B.T. %" M. Portillo,> D. I. Morrissey,l’?’ A. M. Amthor,? L. Bandura,” T. Baumann,! D. Bazin,! J. S. Berryman,1
B. A. Brown,"* G. Chubarian,” N. Fukuda,® A. Gade,* T. N. Ginter,' M. Hausmann,” N. Inabe,® T. Kubo,® J. Pereira,
B. M. Sherrill,™* A. Stolz,! C. Sumithrarachichi,! M. Thoennessen,* and D. Weisshaar!
'\National Superconducting Cyclotron Laboratory, Michigan State University, East Lansing, Michigan 48824, USA
2Facility for Rare Isotope Beams, Michigan State University, East Lansing, Michigan 48524, USA
*Department of Chemistry, Michigan Siate University, East Lansing, Michigan 48824, ISA
ADepartment of Physics and Astronomy, Michigan State University, East Lansing, Michigan 48824, USA
SCycIotron Institite, Texas A&M University, College Station, Texas 77843, USA
SRIKEN Nishina Center, RIKEN, Wako-shi, Saitama 351-0108, Japan

The measured cross sections were best reproduced by using masses derived from the full pf* shell-model
space with the GXPF1B5 [17] effective interaction modified to a recent **Ca E (°*, ) measurement [27].

The “Calcium anomaly” can be explained with a shell model that predicts a subshell closure
at N = 34 around Z = 20.

[17] M. Honma, T. Otsuka, B. A. Brown, and T. Mizusaki, Eur. Phys. J. A 25, Suppl. 1, 499 (2005)
[27] D. Steppenbeck et al., Nature 502, 207 (2013)
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Cross section (mb)

MICHIGAN STATE

Q, Systematics, TWO=Neutron separationenergy

;||\||||||||||||||||||||||||||||||||||;

E 29 82 3
[ ¢ Se (139Mmevi) + Be ]
Q 76 3

30 O Ge (130 Meviu) + Be ]
—+— extrapolations 3

32 ]
B @ h
25N
d Z=20 1
1 1
1 3
- 1
- 1
- cross section limift—— — - - ———— - —"—= - — 39— — -3
3 o, 40
F ™~ ]
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82 3
r 24 25 4 “Se (139Mmeviu) + Be
25 27 3

- 2

F 76 E
L o~ O "Ge (130Mevi) + Be
d 28‘% ;
= 29 3

3 Z=19 1
] 1

30 40 50 60 70 80 90

S,, (MeV)

—

15[

10F

sF
.l
-

15 ||

10F
| [ —=—GXPF1B5

5L | - =- AME2012 i
Ll --ae- KTYU
- | — ¢— experiment =
| N
| VO W (G LS S W WA (O Y PO W T T 1
20 25 30 35 40

Neutron Number (N)

Experimental masses:
A.T. Gallant et al., Phys. Rev. Lett. 109, 032506 (2012)
F. Wienholtz et al., Nature 498 (2013) 346
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Global trends 01iCroSs SECHONS JUAELIE

1‘6 \1|7 ‘1‘8 T T ' T T T 82] l T ] L -
320 Se+Be 18 ¢ 3
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Atomic Number (2) Neutron Number (N)
FIG.  Production cross section versus atomic number (Z) FIG. Two-neutron separation energy Sz, versus neutron
for fragments from reaction of ®?Se with beryllium targets. number (N) for elements 12 < Z < 22. Values are calculated
Lines are connected according to constant N — 27, using results from the GXPF1B5 model. Labels in the lines
while labels represent the neutron number. show atomic numbers of nuclei.

No such dump with other theoretical models
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LISE™ Abrasion=Ablation mogel I BT

L 1S B

g
— 10'3 AN @ experiment
c N = AA with GXPF1B5
9 5 . N =O= AA with GXPF1B
o 10 —a--EPAX 3
» 5 a4
@ 10 \
@ y
M 9 ) .
o 10 A\ Different mass models as
» A - HFBY,
10 5 \ « HBF17,
\ ' « KTYU
Z=19 £=20 === L vy
i 1 < AME2003
~ 1} pog A 1 + AME2012
5 | A PR RS 1 - GxPF1B
5 P A TRy 1 - GxpFiBs
7)) ) \ -'."1' A ’i‘w g‘ ~ 2 JIA A \‘\'i"l b .
O a7 g2 SO TP A Ans dATE, R ] were used in LISE**
~ 0 _."" 7 SN S V. S ."; T e ¥ &..@.:5 ....... a3 Ymemimioa Abrasion-Ablation
‘—é | % 2 < o L= </ \ f! { excitation energy
UJO \ v 1 minimization procedures
O I \ A | to compare with the
— N 't‘ $ [ —— AA with GXPF1B5 ‘5’ o ] experimental data
- I | =¢= AA with GXPF1B
87' [ V| A AA with KTYU ]
> \, =&+ AA with AME2012
hy = m«EPAX 3
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Abrasion-Ablation: Excitation energy

1y 1 D AR

82 *E
Se+Be-> Ca

10"t B -4 Experiment
S —EPAX3
10"t | g LISE™ AA
/4 : Ty,
y 4 | L E =12 ey
‘ —O—E,=15uev
-3 \ 7
1077 : g —#—E_ =18 Mev
The best result to \ )

describe the experimental

data of isotopes of 5 L
elements 16<Z<24 has 101 ¢
been obtained with “*

GXPF1B5 (+ LDMO) at
E*=15.0 (6=9.15) MeV

Cross Section, mb

GSil:
10—11 |
40Ar beam:
<E>= 13.3 MeV
NPA 531,709 (1991) e \

238 beam:

<E>= 27 MeV (K.H.S.) L. ST — -455- - A—

Mass number




One-neutron separation energy, MeV

Varying masses for Abrasion-Ablation benchmarks

Increase decrease

decreased [increased]

S,, of Calicum isotopes

—+=ME_60Ca -2 MeV
~B-ME_60Ca +2 MeV

- regular (AME2011+GXPF1BS)

50

52

54

56

58

60 62
Mass Number

64 66 68 70

Two-neutron separation energy, MeV

MICHIGAN STATE

UNIVYVERSITY

I ey H
Ly A WD AL

1 ‘\ S,, of Calicum isotopes
9 —=ME 60Ca -2 MeV
~B-ME_60Ca +2MeV
7 ——regular (AME2011+GXPF1B5)
5
3
1
: - e e
3
-5 : : : : : : : : : :

50 52 54 5 58 60 62 64 66 68 70

Mass Number



Influence of de-excitation chain precedent isotopes masses on sedles el

“daughters” production cross sections s 1S Faes

a2 -
Se +Be-> Ca

'- ! ! 1. Separation energy
LISE™ AA (E_= 15 MeV) changes influence
) ' drastically of cross
section close to the
410° drip-line (this 6°Ca
example )

]
—_
(]

-

—>— Mass5 = AME2011 + GXPF1B5
- Mass5 & [ME (*°Ca & all above) + 2 MeV]
--@--Mass5 & [ME (“'Ca & all above) - 2 MeV]

2. Residue cross
section depends
how much bound
are preceding

isotopes

3. Deviations in cross
sections are not just
indicators for local
low separation
energies (as 3!Ne,
3’Mg), but also might

Cross Section, mb

T S . (—— —— — ) | S provide information
The separation energies of these Ny about shell effects
: ; isotopes have not been changed ; close to the neutron
50 52 [ 54 56 58 J 160 drip-line
Mass number Expected

Cross section
changes
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LISE** Abrasion-Ablation: Input channels

3
Te+1} @
¥
1e+0f 2
g
s‘ L: Tige T8ge L[ Blga
L 1e-1k2
e 3
2 9
.E, : E T8ps TIps T8pg 79ps - 867 #pg
@ 1e-2 _§ Z
T [E
Py [ 4
] g
Q 1e3k
N if T8Ga MGa
-
le-4
I
0 20 40 60 80 100 120 140 160 180

Residual cross section is integration of ~ EXcit.energy [MeV]
the excitation function from 0 to the
minimum of separation energy

1. Largest incoming contribution to the Total excitation function is 1n-channel
2. Largest incoming contribution to the Residue cross section
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Oxygen “anomaly”

NSCL/MSU GANIL
48Ca (140 MeV/u) + Ta " 363 (75 MeV/u) + Be
O.T.etal., Phys.Rev. C 75, 064613 (2007) : S +Be O.T;, Thesis 1999,
—_— Phys.Lett. B 409, 64-70 (1997)
14} .
Q0
E 12} . E
z &
=} =
5 3
< S
©] N-22=-8|
3 - N-2z=-7]
] - N-27=-6
sl A ] - -@— N-27=-5
) ; - He— N-22=-4
. < +N-22f-3
¥ 5 - ; | R
o BoJ 31 32 33 ] Nz
Mass to charge ratio A/Q I
Oxygen isotopes are more particle bound Oxygen isotopes are less produced
AME2012
8 CS/ EPAX2
Sln
7
0
6 —
% 0.2
5
3z & 04
E— 4 _y 23
: g o ;
@ 2 008 4
1 -1
6 7 8 g ——N-27=-1
0 ——N-27=0
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Oxygen “anomaly” : no particle-bound isotopes above %40

NSCL ~
AME2012
g — = T1/2 (sec)
| Stn " T- s
5.0e-02 1.1e-02
6 15 43p 44p 4a5p aTp
5 36e-02 1.8e-02 1.3e-02 1.3e-02
% 405 M gj 425j 43 5j 445 465§
= 4 3.3e-02 2.0e-02 1.0e-02 1.4e-02
- 13 37AL
£33 e I 1.1e-02
2] . ~ e
2 /}V N i i
i ~ _ 2.0e-02 7.0e-02
1 m// \\?_,r/rxh/ 11 3MNa 32Na
0 1.7e-02 1.3e-02
28Ne
- ~ 1.9e-02
! 6 7 8 9 10 S 2§|=
z o 2
c 8.0e-02
2
. 9
Oxygen isotopes are o ,
more particle bound,
but less produced !?
5
CS/ EPAX2
0 3
% 02
& 04
— 1
0 06 1 3 4
w 08 Line (N-22)
! N-2z=-1
+ - . - - -
¢ ’ # o » No particle bound preceding isotopes of the same element,
Z So “excitation energy train” cannot be slow down

* Absence of excited bound states?
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S y . .
& LISE* AA: Initial prefragments plot for final residue **Ca

INSCL

4Ca (2.78¢-08 mb

-
N
0
c
]
4
a

< B s
39
Neutrons (N)

More probable prefragments are Ti-isotopes (dZ=2)
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Initial prefragments to produce Calcium isotopes

34 ] L) 8l2 L) I L) L) L) L) I L) L] L) L) I **l L) L) L) l L) L) L) L) l L) L) lBelarlT] L) L) L) l_
] Se > Prefragrament — Ca ]
32 - -
30 - -
Q28 - -
2 ] i
O
o 264 more probale i
. initial prefragments -
24 - -
1 1 Region of interest
22 4 - “Calcium anomaly”
1 residues i
20 - -
L) L) L) l L) L) L) L) l L) L] L) L) l L) L) L) L) l L) L) L) L) l L) L) L) L) l L) L) L) L)
20 25 30 35 40 45

Neutrons



EVAPORATION - Compound nucleus 58Ti

Final Evaporation Residue cross-sections (LisFus)

ExcitEnergy: 149.0-207.0 MeV; Fus.CS: 0.0 mb; Fus.Barrier: 10.82 fm; h_omega= 2.0 MeV
NP=84; SE"DB1+Cal0" Density"auto" GeamCor:"On" Tunlg:"aute" FsBar=#1 Barf°=1.00 Modes="1010 1010010

UNIVYVERSITY
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- 2 NP=64; SE . = 1= |
_ Main channel to residue —
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Probability (dZ=2) 2
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de-excitation by charge patrticles is o3 :
0 20 40 60 80 100 120 140 1RO
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Excitation functions A=48-68 (E', =15 MeV)

1> 1,

y i
L WS A

LISE* AA Se + Be > Ca

10

10™
S

6

S 10
E
Ll
5 10° 3
. 3
©

10—10

10—12 E

] l ) l | ) l L] l ] l ] l ]
0 50 100 150 200 250 300

Excitation Energy (MeV)
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Excitation functions A=48-68 (E;=15MeV )
Zoom
Se +Be > Ca

107 3

10° 4
S\ -
QO 9
= 10 E
el .
£ )
. -
e 10—10_:
'8 E g (8427) + 2t (@ Ex=40MéV)

107"

— T ' 1 ' T

40 50 60 70 80 90 100
Excitation Energy (MeV)
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De-excitation process & excitation energy of daughter nucleus:

Excitation energy. shift

_ 10°
= 11
=T
e
£
= "
w
Z
S
11
10 10
10—~
>
10 GJ
=
e
0
é 10
% 10
L
©
~—
O
©
107
10"

>

-

“Excitation energy train”

-1 beforehand it is necessary to
slow down in order to stop it
on your station

—— GXPF1B5 + AME2011
- - - ME (*°Ca and heavier) + 2 MeV
------ME (*°Ca and heavier) - 2 MeV

09/02/15 --- OT @ ECT.Trento.ltaly
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10 12 14 16 18 20

Excitation Energy (MeV)
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58Ca: do(0)/dE = A

58Ca: do(3.2)/dE = B

1. S,,(°®Ca)=3.2 MeV :
o(S;,)=B is moving to
E"=0 for 5’Ca excitation
function
5’/Ca: do(0)/dE =B

2. Let’'s assume
S,,(%8Ca)=0 MeV, then
in the first rough
approach :

do(0/dE)=Ais the same
value @ E™=0 for °’Ca

57Ca: do(0)/dE ~ A

57Ca: do(2.6)/dE ~ B

67



MICHIGAN STATE

Excitation energy several times shifts by S,

> S,(AZ) = BE, . (Z) - BE (A,2)

Binding Energy
<Database: User's ME file (GXPF1B) + LDMO>
Lets call dBE as Z7=17-23

dBE (A,Z) = BE,,, (Z) — BE (A,2) 540/
500|

BEax (£=20) 460/

I

BV

B
o}
o

BE (A=50, Z=20)

dBE (A=50,2=20)

Binding Energy, M
|93}
93]
o

W
B
o

300/

260/

220

-26 -22 -18 -14 -10 -5 -2 2 A/

09/02/15 --- OT @ ECT.Trento.ltaly N=2Z 68
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Residue Cross Section of neutron-rich isotopes

54Ca excitation distributions: Input parent distr.

ABRASION-ABLATION - #2Se +Be 10° 5 —=
Excit Energy Method:< 2 >; <E*>:15.0°dA MeV Sigma:9.15; Coeflermelization=5 0Qg.22VeV.s DB="GKPFIE" 1 *se+Be —> ®Ca T
NP=64; SE:"DB1+Cal0" Density:"auto" GeomCor:"On" Tunlg:"auto" Fi*Bar=#1 Bar*=1,00 Modes=10101010010 1 e LT
g H T T H | — sum_init 1 “"-.” 7
— - init ] o .-
------ 1 nt o e
Te-1 Separation I 1;;;22”1 -"_.f' ke
<7 energy = a-parent 10—9 4 e P
= — n -
1e-2 g S P
@ -
= - .7
‘o B ’/
1e-3 . 4
\‘\ é 10710_ . .
= . b ,
2 . L o
g 1e-4 \ Ro] ;-
3 N g J .
E | o}
= . Re) Vs .
W e ' 7 7
] ! P / —— GXPF1B5 + AME2011
8 Vo 107 // - - - ME (*Ca and heavier) + 2 MeV
T e e : xcitationFunction( Ex) dEx = S/ == ME (7'Ca and heavier) - 2 MeV
K
i a
[ i
le-7 } Pas G
i 12 res
10" 4——-—V""_"—abmr-ve-r—sy-—--"—-r——--v—-——"
168l /1 gross section / 0 2 4 6 8 10 12 14 16 18 20
of residual / . .
%/ / Excitation Energy (MeV)
1es /
0 40 80 120 160 200 240 280
Excit.energy [MeV]
dBE(Z,N) dBE(Z,N-1)

5 (ZN) = f[ dBE(Z,N), S.(Z,N)] 1. o (ZN)~[dBE(ZN)+a,)]22* S (ZN)

If S,(Z,N) <0, Theno (Z,N) =0,

Sn(2N) minimum separation energy whereas Q, or BE/A systematics show unbound nuclei

dBE(Z,N) difference between the maximum biding

energy for isotopes (Z) and binding
energy of the nucleus (Z,N) Or Using dBE(Z,N-1) = dBE(Z,N) + S,(Z,N),

2. o (ZN)~ dBE(Z,N-1)

09/02/15 - OT @ ECT.Trento.ltaly If Sy(Z,N) —0 it becomes incorrect 69



Cross section, mb

Cross section, mb

10™

107
10°*
10”
107
10™"
10

CS ~ a* dBEsn ° 10°

Maodel Allometric1
Equation y=a%x"b 1 01
Reduced 1.44193E-4
Chi-Sar
MJ,?Square 0.99599 10°
Value Standard Error
B a 53627E-18  9.09857E-20 10_1
B b 93 0
10?
2 10°
= 4
g‘ 10
= -5
-8- 10
o 10°
a 7
2 10
| -
O 10°
10”
model GXPF1A - 050
] 10710
10
12
— . ——r 10
10 100
10°
Model Allometrict
Equation y=a%"b 1 01
Reduced 0.05094
Chisar 0
MJ,?Square 0.98528 10
Value Standard Error 1
B a 813561E-19 2 36622E-20 10
B b 96522 0
107
2 107
— e
Z=20 S
2 10°
model GXPF1B5 "g
o 10°
b 7
2 10
| -
O 10°
10°
10"
No two slopes behavior 10
T r — r r — 1072

10 100

MICHIGAN STATE
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Allometrict
¥=a%"b
0.0041
099826
Value Standard Error
a 2.72674E-17 2.821E-19

0

8.91445

Z=19

model GXPF1A - 050

10 100

Allometric1
¥ =a%"b
0.02405

0.98162
Value Standard Error
a 4.28811E-18 1.40117E-19
b 9.34904 0

model GXPF1A - 050

10 100
d BE, MeV



d_BEsn Cross Section Systematic with different Mass Models vs. TCHIAR STATE

82Se Experimental Data

1.00E+0%8 1.00E+09
- . KTYU - model : CS vs. dBE
oosecs d000 - model : CS vs. dBE S R e

1.00E+07 / = 1.00£+07

1.00E+06 /;‘;//7///-_.::‘ 1.00E+06 // / /_‘:.
1.00E+04 ////' /;/' ﬂ 1.00E+04 / //' / %
1.00E+02 / / //' / / /-._\‘ 1.00£402 =22
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// M/ 40
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- * 105
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S d050 - model: CSvs. dBE vt AMEO3 - model : CS vs. dBE
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1.00E+07 /A/'/;'M\ 1.00E+07

1.00E+06 / / / A 1o0Er00

1.00E+05 - 1.00E+05 |

1.00E+04 16/ LOOE+04
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1.00E+03 1.00E+03
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ii:zj /‘7 / / J.92()'///~/./ - 1.00E+01
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e o
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Cross Section, mb

ME value variations

dBE distributions :

ME(*Ca & heavier) - 2 MeV
GXPF1B5 + LDMO

ME(*Ca & heavier) + 2 MeV

MICHIGAN STATE

UNIVYVERSITY

Red.Chi-sSqgr
0.13
0.016

0.39

1 10

100



dBEsn, MeV

dBE distributions in LISE*t: GXPF1B5

dBEsn systematics
Masses : "DB1+Cal0"
Z=16-24 even
dBEsn(Z,N) = max(BE(Z,*)) - BE(Z,N-1) (only particle bound)

MICHIGAN STATE

UNIVYVERSITY

=Tt =TT {: —+—— L B — 16
1 ] Z=24_ —-z=18
e+2 k. B TEL = S S FO Z=20
TH — - —7=22
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Tl
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" Line for last —s i : |L' : o ]
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5| obs 3%] :lh | i | y
| i (T | H
| | i 1 !
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dBE-Systematics ISSUES L

s Deduced, not assumed
s Start energy point
% Unbound nuclei are out of the systematics

% Can be used for other reaction mechanisms, where neutron rich nuclei are produced after
emission large number of neutrons

% No parameters (for dBEsn), the same slope?
% No needs for any odd-even corrections and so on

s Unknown isotopes cross section predictions (mass model dependent) using experimental
CS data

% Indication for particle stability of nuclei from agreement experimental CS data with
theoretical models

*

L)

L)

»  Works only for regions where neutron de-excitation dominates (de-excitation neutron train)

*

L)

L)

» In the case of very small S, the dBE-systematics has to be used instead dBEsn

*

L)

» Secondary reactions vs. dBE systematics (next slide)

L)



4.1 Anomaly observation
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“Calcium anomaly” observation R

Production runs

10° b (5) Q IG((IQ) - 0073

10" £
"Ilﬂ

10°L(b) Z; o(2)

Yield

16 18

T T T T T T T r
L % KTUY 0]
O HFB-17 51 /*
10*| O FRDM 7 i
* AME 2003 (measured) 52,7 4
| © AME 2003 (extrapolated) #
g . = 10*
S =
= 1 E
g 5
b T &
a g 10
72} ] w
@ w
S 8
© S 10°
107
1 1 1 1
70 60 50 40
Qg (MeV)

Atomic Number (Z)
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Another representation of Anomalies

82Se (139 MeV/iu) + Be
Phys. Rev. C 87, 054612 (2013)

Logl10 (Experimental Cross Sections / EPAX 3.15)

log10(CS/EPAX3)
IIN 15 16 17 18 19 20 2 2 23 24 5 % 7 28 1 30 31 3} 3} W 3/ 3 37 3| 39 40 41 42 43 M 45 46 47 48
33 0.06
32 054 013
31 009 052 04 031 036
30 059 037 028 025 02 04

29 038 017 011 002 046 053 069 066 064 0%

28 42 01 001 006 018 052 079 062 D7RDS : b0 67
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26 012 015 006 015 D06 002 013 073 078 056 046 04 032 027 013 044 ONGLES:D
25 017 007 009 014 015 002 004 01 059 063 071 D44 043 02 015 003 006 003 008 001 041

24 007 001 D05 019 014 019 007 032 058 472 054 052 03 029 002 007 011 001 029 034 067

23 005 0.05 005 006 0.15 022 023 D21 049 4075 05 H51 033 D21 011 015 034 026 063 05 102

2 011 009 005 016 021 D37 045 071 066 064 056 043 012 005 004 006 043 043 073

pil 006 013 011 009 -Cﬂ? 0.27 0395 D63 061 063 06 065 03 032 011 -D.EQ 03 029 089

20 017 027 012 006 023 33 047 0564 078 D7 08 -I].EZ .53 0.32'0.7_9
19 £3 005 009 013 023 037 04 039 043 023 016 005 047 028 D44 006

18 .16 015 022 033 043 061 025 027 017 023 005 024 008 041 011

17 062 037 D26 035 037 044 051 002 002 017 033 021 051 031 055 056

16 057 03 032 032 D44 046 027 002 0 026 02 047 046 052 0.44.

15 045 033 D24 036 04 043 018 005 039 04 072 067 107 087 079

14 $19 0 D19 D23 042 042 007 016 054 072 099 033 09
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What is Q, systematics? Just tendency indicator '

Qg systematics (P -> F)

825g -> 7=20
’ ! ' ' ! L ! ’ 56 ’ QOdd-even corrections : neutrons - Yes; protons - No
* KTUY ] —z=20 ]
O HFB-17 51 I/W
10} O FROM o - 0
X AME 2003 (measured) 52,7 4
<& AME 2003 (extrapolated) #
a
.E. 10 5 . -60
c
S .
g ?, -80
7] oD
0 10° 1 S
0 “100 $ - [m(m) - S1n(62Ca)] \
O -(8.0713- 2.1113)
-10
10 -120
Why do we need to take into account ME(n) each time 7?77
M 1 I 1
-70 40 05 ) 34 18 52 56 60 64
A
In Qqq Systematics “this” neutron is
compensated by conjugated products
10“7 -
o »
E e z=20 /,;/"-// . .
£ 01 moseroxeriss Your version (tendency, law) is
g correct if you are getting a LINE!




4.2 Projectile fragmentation:
Dissipation contribution



5 - -
2004 ‘ 6 ‘

3-step projectile fragmentation model

‘ Process Momentum distribution

1 Abrasion 1 (—(p = Poy)
Removal of the part “a” Gaussian W(py) = exp -
(statistics) V2T G, | O

2 Friction - loss of kinetic energy _ o ) = 1 '_ Dy— Dy )
Transformation into the Exponential Pr1-Py) = %P l
internal degrees of freedom. attenuation .
Exchange of nucleons

3 Ablation velocity peak maximum

light nuclei emission, Broadening does not shift
gamma-emission

( O'f,f \ Where 7 =coef -\fA,- -E; / B  and
P—P,+—=—s-1

I 2 P :
f(p)—¢®w—eXp[TJ 1- ferr i

2 2 APF (Ap 3 APF)
G.=DbGC
pf B 0 AP A1

Esis the energy spent to split the projectile (mass difference, surface energy excess)
Apr is the mass number of the prefragment. Three parameters to fit: o, s, coef.

OT, Nuclear Physics A734 (2004) 536-540
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What do we know from experiments?

1. Decreasing the projectile velocity —
increase of production cross-section
of neutron-rich isotopes

2. Increasing target mass — increase of
production cross-section of neutron-
rich isotopes

3. Low Exponential tail in momentum
distribution is due to dissipative
processes

Abrasion-Friction-Ablation

Why do cross-sectionsincrease?
From the AA formalism:

Increasing excitation low-energy tail.

Broadening or/and shift of excitation energy
distribution take place due to friction?

If assume dissipation processes it is possible
to answer on preceding questions:

1. Dissipation Time is increasing

2. Dissipation Time and Touching Area are
increasing due to target size

I

Time of dissipation ~ to beam velocity &
Chord_max

~to Chord _min”2

Touching area is
Target thermal

capacity ~ target mass

30 years of Projectile Fragmentation

LB | T LI i T L B B AN |

200

150 —

Time x Area, fm’/c

100 —

LA | LA |
10° 10°
Beam energy, Mea\/fu
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Projectile fragmentation & Transfer reactions ERALXNY

SSCa 37Ca BBCa 39Ca AOCa 41Ca 42Ca 43Ca 44Ca 45Ca 46Ca 47Ca ABCa 49Ca SDCa 51Ca 52Ca
‘ EMIS2007 | #si oO.T etal., Phys. Rev. C 75, 064613 (2007) ]

3K | K | 7K 45K | 46K | 4¥ 48K | 49K | SO0K | 1K

|l I 1 1 ! 4 %\
SAr | 44Ar | 4°Ar | 49 Y7Ar “BAr | 4SAr | S°Ar
i *Ca—~Z=14 Trei | =ci | “ci | e[ ¢ | +7cr | «=ci | «ci
10-3 :. -:HS 42g | 435 | Ms \453\ 46g | 478 | 488
vl o LISE* Abras_|on-AbIat|(_)n = i . Jor [ wp [ <p | 4o [\wp [\ep | <p
cannot explain production i= . " +
|} cross section dependences ¢ P e TS | pick-up S| ST ST RS S
H ; e [arget: ~ '
- from target properties (size, -% (o pd t?\is - 2 & | ——> A=A war | al[42arfear
N/Z ratio) and projectile o L o Mocko et al. é i dmglemg|  [omg
energy. 0 --- EPAX 2.15 .
. . 0 % . T |Nay 2002
U No explanation for pickup O [ W(Ta)target: 2 »
contribution O 10°F 4 this work v & X Doo2
& - 4 Mocko et al. : >
| ——EPAX2.15 | l
& [ ! ]
© 1 1 1 1 1 1 L 1
Projectie 36 37 38 39 40 41 42 43 44
ragmentation A
Ao A AD : : e : : : : — . . . . . . ;
=N Ca (140Meviu) + W(Ta) - Z=14 ] ¥ Ca (140MeV/u) + W(Ta) — N=28 / 3
\\ 10 :F E
102 \Xh ] r ¥ ;
1 10"? v/ ]
g o 1 5 . af 3
. £ 107
LISE** Abrasion- = ; { £ 7
Dissipation-Ablation 3 10° ! 1 2 10} ]
3 1 [$] E
model (ADA) /under - | 1 & ¥ 1
. 17,] (7} 10—7: ]
construction/ 8 10° + Ta-experiment E ] 8 §
v W-experiment | O 3 ) . 3
—+— LISE Pickup (v.8.0) | 3 10-95 A/ Z ;I/-\Eli-:;p:r?r;ne?r?tt 3
qg°[ - Abrasion-Ablation (E11,w5) ! E Ab p Ablation (E11.ws) 1
£ - - - . AA+Pickup ! E Wk —»— Abrasion- ation (E11,w5)
' 10" E —+— LISE Pickup (v.8.0) ]
3 : E E! .......... AA"‘PiCkUp ]
1 1 1 1 1 1 1 1 1 ; A
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Error in 41Si mass A Z



5. Secondary reactions
IN target
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Options Q,

Preferences » Applled fOI’ thICk targetS

Production Mechanism

Prefragment Search and Evaporation aptions O In this process, the projectile undergoes a series of

Exditation energy of prefragment

Fisson Barrer successive reactions until the fragment of interest is
User Cross Sections p rOd uced

User Cross Sections from File

Options of Fragment Production in Material (wedge)

S s O For the second and next reactions LISE** always
SLiLpEE . . .
assumes a projectile fragmentation and uses the

EomITE— x EPAX parameterizations to speed up calculations
v uze the contribution of secondary reactions for fragment
output caleulstions [recommended for relativistic energies)
16 | Dimension of secondary reaction contribution distibutions [default 16)
Parent nuclei: multistep production probability
47 Caledlate downto Z=1 | @% Save Reduced C5 | l‘l Reduced C5 plots | 82 p p p2 6 4"
Secoay e [~ . Se (140.0 MeV/u) + Be (443.61 mg/cm?) -> 54T
G (o ey 783 x Clear SR memory | l‘l SR coefficient plots |
- - — 35
r— Production Cross Section for Secondary reactions in target
|3 - EP& 3.00: K. Summerer, Phys. Reyv, CBE[2012)074607 j saSe
82
~ bceleration filers————  FRAGMENTATION made I 33 As
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797N
deaZ [ 5 [Flatoz
<29 78Cu
- Diagonal Filter B
§ 69N
Haow many izotopes to take into account for calculations I—
fram the line connecting Projectile to Fragment 4 E 27 68Co
67TFe
Far theze procedures uge the newt filkers
66
# 0 - Optimum target thickness calculation IComef rectangle or Diagonal filkers j 25 Mn
#1 - Toproduce all secondary reactons coefficients to n " =
be uzed in transmizzion calculations [should be fast) ICumer rectangle or Diagonal fite1s J / 65Cr
# 2 - Secondary reactions plots from this dialog IEnmer rectangle or Diagonal filters ™ 23 Gavs
h' Secondary Reactions Analysis Plots I™ Make default 63Ti
./OleCancalmnppryl?Hapl 21
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Search for the A=3Z+6 nuclei: 33F, 36Ne, 39Na = UNIVERSITY

Determination of existence/non-existence, Neutron drip-line search %

-3
- al -
et R

359 365 37g | 38g | 39g | 40g | 41g | 425 7(8 44g | 45g | 46g | 47g | 48g

27p 28p 34p 35p Sﬁp 37p 38p SQP 40p ‘HF/ 42p ?p 44p 45p 4Sp
31gj | 325j | 33sj | Mg | BSj | BS| | 7S] | BS | FG; %Si agj | 425 | 43 b A )
f =y Nuclear chart from
30A| | 31A] | 3240 | 33A] | 344 | 35A] | 36A] | 3TAL | 38AIF 39A] | 404 | 41 i 1 I T Baumann et al .
_,_‘l am = . '
#Mg|*Mg|*'Mg |**Mg |#*Mg | 3*Mg Mg | **Mg |*"Mg |*® ; '42'\/'9: Nature 449, 1022
) I =
EBNa 29Na SONa 31Na 32Na 33Na 34Na 35 7N : 39Na/ (2007)
I 00 &
ZNe | Ne | 2Ne | **Ne [F'Nel 32 Ne : 36Ne/ T
: 15 == FRDM
21F 22F 23F 24F 25F ZSF 27F 1 I 29 31F 33F
- 1 e B i
200 | 210 | 20 | 20 (240 r / A_3Z+6 = = HFB-8
57 -
o | 2o | 2 | 22 | 25 at RIBF Previously observed
o _19_c iy > B ! \ . Newly discovered
] A=37+4
-——tJ A=37+2

Search for the A=3Z+6 nuclei: 33F, 3¥Ne, 3°Na,
(*2Mg) : determination of existence/non-
existence using an intense 48Ca beam at RIBF

Presented by T. Kubo at

NSCL User Meeting in Aug.

. Oleg Tarasov et al.: Phys. Rev. C75 (2007) 064613 44Si
T. Baumann et al.: Nature 449 (2007)1022 4°Mg and 4243Al
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Results of LISE** simulation by Inabe san

48Ca 400pnA, 2.5 days irradiation
Be 30 mm, D1 8.766 Tm, AP/P=+£3%, F1 degrader 2 mm, F2 £2 mm

With/without 2nd
- with/without
secondary
reaction effects in
the target

09/02/15 --- OT @ ECT.Trento.ltaly

32p) 33p1
31Mg 32ng

30Na 3Na

a1

3Mg

32N

31y,

3641

Mg

3781

Mg

3841 391

mg Mg
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12 ] 39Na
HNa 357"3 ] @ & 36Ne
w0} & @ [0] 33
0 C ’
s ®
N
0 0] @
of @ 0 o
®
%9 3 31 32 33 34 35 38 37 “‘35
AIQ
Yield during 2.5 days with 400pnA(Counts/2.5days)
Isotopes EPAX2.15 EPAX3.01
with 2nd without 2nd (with/without)|with 2nd without 2nd (with/without)
29F 1.7E+06  8.6E+05 20 8.6E+04 2.8E+04 3.1
31F 1.5E+05 2.9E+04 5.1 2.1E+03 2.8E+02 7.5
33F 29E+03 1.1E+02 270 6.7E+00, 2.2E-01 30.0
31Ne 1.6E+04 8.6E+03 1.9 1.2E+03  4.3E+02 2.8
32Ne 43E+05 1.6E+05 2.7 1.9E+04 4.7E+03 41
34Ne 1.2E+05 1.4E+04 8.6 1.3E+03 1.1E+02 114
36Ne 3.8E+03  7.3E+01 524 6.4E+00, 1.2E-01 514
35Na 1.1E+04 2.9E+03 3.6 40E+02 7.8E+01 5.1
37Na 9.8E+04 7.3E+03 13.6 8.5E+02  5.0E+01 16.9
39Na 4 0E+03  7.4E+01 53.5 57E+00, 1.1E-01 524

86



MICHIGAN STATE

Target thickness vs. Secondary reactions S

'NeNs!am& eacm
act

Wlth 2ndary reactlon

fe-2

. —-———

T [42.0mm[ ™=
& e
E \‘*\
(O]
>_- 1e5 -“-‘“‘
Without 2ndary reaction \

2.1193em4

Thickness (i 2084707

‘Target thl%ess (mg/cm?)

Secondary reactions

The RI which produced from target react with target again
and generate different RI.

(Example)

48Ca > 37Na—->36Ne

If the target thickness becomes thicker, this process can not
be ignored.

The first-step reaction of 37Na to 36Ne is easy to produce
with stable. The yield of 48Ca->37Na—->36Ne can not be
ignored because the cross section of the 37Na—>36Ne(1p

removal) is large.
09/02/15 --- OT @ ECT.Trento.ltaly

Effect of Secondary reaction

=
[~

=
=]

=]

[
/

i

&

[}
!
ﬁ
1 8
=
m

Yield(with secondary reaction] fYield(withoutsecondary readionl
=)

Targetthickness{g/cm2)

Enlarge the above chart
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EPAX 2.15 Ratio CS(Ta)/CS(Be)= 2.1

Measu-
error
rement
BigRIPS,
12/2013
31F
*Ne sorry
37Na

**RIPS 64 AMeV:

M. Notani et al., Phys. Lett. B542 (2002) 49

LISE++
Calculation
EPAX 2.15

(no 2ndary
reactions)

Production cross section [pb]

RIPS **

64 MeV/u

Ta target

1.006
0.093
0.101

error o
) RIPS
64
MeV/u
Be
target
0.01 048
0.013 0.04
0.009 0.05

ratio O LISE++
error
BigRIPS/ soconidary
RIPS reaction
coefficient
Be
target
sorry

Neutron number
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Experimental Secondary Reaction Coefficient

We got 3’Na almost one order more due to secondary reactions!



On Secondary reactions Vs. dBE systematics
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Recent proposals: several settings
(different target thickness) have to
be done to study secondary
reactions. It's possible only in
RIKEN (energy + intensity)...

Incoming experiment
60Ca & secondary reactions

« 70Zn (345 Mev/u)+Be
RIKEN

10
10°
10"
10°
107
10"
10°
10°
10"
10"
10°

ross sechion, mb

Cc
=

et
10"
10"
10"
10"

dBE-systematics can be
important tool to study
secondary reactions!!

madel GXPF1B5 + LDMO

So called
Secondary Reaction coefficient
(LISE**)

10 .7
d BE, MeV



6. Summary
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Summary for reaction mechanismimoegadels te T

produce rare beams

Secondary beams production in inverse kinematics
Update for output channels in low energy domain

: .. / - Deformation use
« Fusion-Fission

238 i . . .
U(24 Meviu)+Be,C Fair simulation of intense secondary beams

Poor reproduction of neutron-rich high Z by the 3-EER m
- New algorithm without averaging regions
MC benchmarks (+angular momentum )

- In-flight fission .

238(345 MeV/u)+Be,U

« What reaction mechanism should be used for Z=65-75
region? (AF, PF, FF, MTR)

« In-flight fission vs ~—” . Isthereaplateau in isotope cross section distribution? (or
projectile fragmentation how important are secondary reactions? “Evaporation tail” is due to
238(J(345 MeV/u)+Be,U large target thickness?)

Tool to observe shell effects close to the drip-line
New dBE-systematics of neutron-rich products

- Dissipation to describe pick-up contribution
More sophisticated and accurate models

- Projectile fragmentation +—>
6Ge, 82Se (140 MeV/u)+Be,W

- Secondary reactions « Observation of Secondary reactions contribution
48Ca, 9Zn (345 MeV/u)+Be « Fair reproduction? Should be and will be checked
What model to use for the secondary step? EPAX2, EPAXS or other?
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