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Experiment with the newly-developed °<Se

NSCL
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Phys. Rev. C 87, 054612 (2013) : New isotopes, cross sections, momentum distributions,

subshell closure at N = 34 around Z = 20
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Momentum Distributions : Target thickness scanning method AR

NSCL

New method:
Brho = const
Target thickness variation

“Classic: way:
Brho scanning
thin target

A number of simulations have been
carried out in order to illustrate the
sensitivity of the momentum
distribution characteristics to
varying target thicknesses.
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6Ge(130MeV/u) + Be : Momentum distribution

MICHIGAN STATE
UNIVERSITY

-

al’
] " el el

Run|Fragment Magnetic rigidity, Bp(T'm) Target |Stripper|Wedge, | Ap/p| Time
of interest | Bp1,2 Bpsas Bpser Bpso Bpioi rrlggfﬂ:rnf?,2 ﬂflg,.l,f":rm2 Kapton (%) hour
1 439 4.3233 4.3233 4.3134 4.3036 4.3 | Be 9.8 - - 0.1 | 0.98
2 Be 97.5 - - 0.1 | 2.03
3 Be 191 - - 0.1 | 1.98
4 Be 288 - - 0.1 | 1.85
5 Be 404 - - 0.1 |0.94
10.4_ S - 63 i ’,- B -\‘
E .r.__.- }_.‘:| Cr ,‘/ -
} ..x_‘. _g ' \
— 10°+ ! £ ;[ ) \
g -' | 2y 3 i
— 10°; | [ ] ; L\ 1.
_ED : 1 T T T T T I _'_'ﬂ & Experiment i ! )
J - 3 LISE++ [deduced fom fig) i i
i. 10-4_. ? "!"l P EOK J E 10 I = = LISE++ (gelsu) '
E ‘ Py .H.\\ ] E 10° ,"_ ‘.1-::‘___ BDK - -:;::: ]
- s - . il N
N BN 7 o
107 : 1 > 10 - R
+ ] 4 vy
I N T N 1 v I M I -\ N | ] 1ﬂﬂ \\ ‘i III E
096 098 1.00 1.02 1.04 1.06 0 200 400 10 100 -

w’vﬂ

O.Tarasov@FragmentSeaparator2013.RIKEN.JP

Thickness (mg/cm’)



MICHIGAN STATE

UNIVYVERSITY

. 1 S EW.

Comparison of momentum distribution meastrementmetiods

Characteristics Bp scanning Target scanning
Thickness =const Bp = const
Fragment separator tuning for Yes No

each measurement

'Particle identification for each |
measurement

Number of measured distribution
points

Number of measured isotopes

Measuring exotic nuclei (smallest

Cross-sections)

Contribution of energy loss in
thick targets

Extracting longitudinal
momentum distributions

Applicable energy region

At least should be
verified
Large

Large
Difficult

Small
Straight forward

No restrictions

PID is constant

Small

Small

l Straight forward

Large
Difficult

Constant cross-
section region
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Momentum Distributions : Revision of Target scanning method

1075 / A ®Cr - 6Ge : 5 targets (max 3 isotopes for one
f element)
s 1073 ; 82Se : 7 targets (max 8isotopes for one
= . + element)
;o 10 3 -
2 e —i— 50 8G lysis (2009) :
= 10" + e K - | e analysis ( )
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NSCL

52Se (139 MeV/u) + Be : Momentum Distributions— /vy

f* Calculation - & [.Barrel et al., 2. PrhsA314(1983]191] Borrel

" Calculation -B [F.Fami et al, NPA 444[1985)349)

f* Calculation -C [0.Tarazow, HPA F34[2004)536] convolution
" Calculation - D [from two-body reaction]

£+ Calculation -E [D.Momiszey, PRC 39(1989)460] DIM
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@ 82Se (139 Mev/u) + Be : Momentum Distributions —\Widths 505"

NSCL
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Momentum: distrioutions analy/SISiresults RIMALL

|, A
s o

Number of isotopes

velocity - DIM - peak

velocity - DIM - mean
Velocity - Borrel

(no fit, only for plot)

Average weighted

GO DJM
GO _DIJM * gamma

GO Goldhaber
GO0 _Goldhaber * gamma

82Se -asym 76Ge - new*

122 58
6.5&2.4
8&3.4 8&3.3
8 8

75 -11+9 73.1+10.2
83.1

87 -13+9 87.0+ 7.9
98.9

76Ge* -- target scanning re-analysis with weights use [February 17, 2012]
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6Ge (130 Mev/u) + Be, W : cross sections
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Cross section (mb)
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Y& exp (integration)
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52Se (139 MeV/u) = Production Cross SECtion
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Cross section (mb)
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82Se (139 MeV/u) vs. 78Ge (130 MeViu) :

Crosssections: Z=14 (se-target)

Crosssections: =16  (ge-target

Crosssections: =18  (se-target

Be - target
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82Se (140Mev/iu) vs. 'Ge (130 MeV/u) :

Crosssections: Z=14  (w-target

Crosssections: Z=16 (w-target)

W - target

Crosssections: Z=18  (w-target
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UNIVYVERSITY
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82Se (139 Mmeviu) : W vs. Be targets
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Cross section (mb)

MICHIGAN STATE

Q, Systematics, TWO=Neutron Separationenengy.
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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 ofiCr:oSS SECLONS JUAELIE
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No such dump with other theoretical models
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Estimation of: *°Ca production CLOSS SECHON UERLLX R
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Neutron Number (N)
Primary Estimation ¥Ca 80Ca
beam method Cross section cross section
(mb) (mb)
#2Se AA 1.3%9e-12 4.83e-13
82Ge Q. 1.62e-12 3.19e-13
Ge Q. 1.36e-12 2.47e-13
2Ge EPAX3 3.73¢e-13 1.65e-14 AA: Masses calculated

Ge EPAX3 3.68¢-13 1.71e-14 with the GXPF1B5 interaction




Stripper: Momentum OC Stripper: Momentum OC Stripper: Momentum OC
20Ne (170.0 MeV/u) + Be (3196 mglem?); Settings on ""Ne; Config: DDSWDDSA #*Ne (170.0 MeViu) + Be (3198 mgicm?); Settings on "Ne; Config: DDSWDDSA 2iNe (170.0 MeViu) + Be (3198 mglem?); Settings on '7Ne; Config: DDSWDDSA
dp/p=1.00% ; Wedges: Al (150 mg/em?); Brho(Tm): 2.2230, 2.2230, 2.1311, 2.1311 dp/p=1.00% ; Wedges: Al (150 mg/em?); Brho(Tm): 2.2230, 2.2230, 2.1311, 2.1311 dplp=1.00% ; Wedges: Al (150 mglcm?); Brho(Tm): 2.2230, 2.2230, 2.1311, 21311

nat
After, target
2 ; le+9f
1e+8 1e+9
5 N
e o
2 1e+8
= le+7 = _
% E Te+T} E utd
L s E g 1e+7
3 : 3
= 2 = ,—:
Tle+6 |
1e46 ‘ 1646 W
5
1e45 ' 1e45 '
2
1645
2 24 28 32 36 4 44 48 18 22 26 3 34 38 42 46
Brho (Tm) Brho (Tm)
: " 3] Total: All reactions s [3] Total: All reactions (pps)
[3] Total: All reactions (pps) L oo P BS).. opswosA 0N (170.0 MeVIl) + Be (3196 mgem?); Settings on '"Ne; Confg: DDSWDDSA
2N (170.0 MeV/u) + Be (3196 mg/cm?); Settings on 'Ne; Config: DDSWDDSA ip/p=1,00% ; Wedges: Al (150 mg/cm?), Brho(Tm): 2.2230, 2.2230, 2.1311, 2.131- dpip=1.00% ; Wedges: Al (150 mg/cn?); Brho(Tm): 2.2230, 2.2230, 2.1311, 2.1311
dplp=1.00% ; Wedges: Al (150 mg/cm?); Brho(Tm): 2.2230, 2.2230, pln1a1.| f ocC a N=0-200 N=0-200
N=0-200 &
oE 10 10
10
Sz
4sg)
HEE07)
N 9. 7e4+02
515602
- N 8¢ §
N o Pl o=y 0
§ § :
s E :
)
YBE
P
4
ypcE=0Y
5 3 4 5 3
Neutrons (N)
Neutrons (N) .Neutrons (N) leutrons
Default settings: settings: settings:
1Ne / all Ne / all FNe/all a0 (13/9 4)

EPAX3 AA (15/9.4)
15% )
UP #1, coef=3 ’ UP #1, coef=3.5 9% UP #1. coef=4.0
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Cross sections (Projectile Fragmentation)

“Ne +Be > N=7 Momentum distributions
Excit Energy Method:< 2 >; <E*>:15.0°dA MeV Sigma:9.20; Coeflhermalization=5 00g-22MeV.s 2°Ne (170.0 MeV/u) + Be, Settings on ""Ne
NP=32; SE:"DB0+Cal1" Density:"auto” GeomCor:"On" Tunlg:"auto" FisBar=#1 Bar 2¢=1.00 Modes=10111000110 Velocity: Convolution -> v/v0(mean)=0.993 and Calculation(DJM) -= viv0=0.994
F T T T T 0 AbasionAbRation v 4 Momentum width: "Convolution” & "[1] D.J.Morrissey"; SigmaM=87.0; Correction: Coulomb energy=No; Projectile mas
L — — 1-EPAX 1.00: K. Summerer et al. Phys. Rev.C42(1990)2546 - — Convolution: SOFWHM=91, S0(right side}=86
- - EPAX 215 K. Summerer et al ,Phys Rev C61(2000)034607 - — Gaussian _; SO(FWHM)=108. S0(right side)=108
—-— 3-EPAX 2.15 + user modifications -
1e42 L —--— 4 - EPAX 3.01: K Summerer, Phys Rev C86(2012)014601 tes2f
L Te+1k
Te+t b 1 g
E fes0p
5 I 5
R
E fes0f E =
H E K 1e-1
7] F RN o
® r RN =
] F \x\\ >
o O
= o L
Qo ,!\\\ 1e-2 g
1e-1 E \\\ E 3
i W
[ N teaf
B g
N i
1e-2 E \\\ E -
f R\ =
i W r
L N
h
4 5 6 7 8 9 10 8500 9000 9500 10000 10500
Protons (Z) P [MeVic]
Convolution of Gaussian (Fragmentation) and Exponent (Friction} distributions E
T T T T S E—
l 20Me(170.0 Mevi/u) + Be -> 17Ne Settings for Gaussian distribution
E & FO (MeV/C) = [~ 70004
1 ;
] Ppyt——skift-T P
: L) T WEAD from setlings = l 0,994

2
mexp| — || 1-ferr| ————
Fipl Xp(’t] F ﬁ =y Mo, d\stributiun=| [11 D). Morissey
i . . o= 8 Mevie
A4, AL coef [ -
2 cowy IEMR TR, g JALE o
| o = (0w (B, T o 5 LN oy =[Tra Mevie [

——
=
= |
8 -  Settings for convolution
] ’ PafHM ¢ WiAh
] Separation Energy Es coef shift 239 [ tau Plrmad peak mean
] ¢ Energy from Og [T235 [334 [o1me [1533 [71e64 [9%28 [0s% [oss:
|
L |  Exoitation from dSurface | 137 I 4 I 0143 [ 1434 [1153 | 9334 [ 0995 | 089
A ] © Qg+ dSurface [s7z [zs% [oiss [1%6 [13s [9915 [o0s% [oss
1 et Mevic Mellle  MeWc
iz HE  Mevre |
| g=| 095  Mew/m"™2 [*1 - with Gamma-factor I

-3 2 -1 0 1 2 ﬂPloﬂDl ﬂPIat-Conv.ﬂnalywsl v OK I xt:ancal P Heb | I Maks default
Aplp (%) —_— E———

H. Suzuki et al., NIM B 317 (2013) 756-768
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[Plrojectile  20Ngt0+
53 MeViu 1000 pnA
[Flragment  17Net0+

T Temz Be

=10 100 mgicm2
Brho

16838 Tm
Be £
210 rgicm2|
Brho

1.3685 Tm

i Si
FE 10 rm
config: Acculinna dpip

option: A1800_2007 366%
version: 8.4.1 loial

Beam
20Ne
20Me
20Ne
20Ne
20Me
24Mg
24Mg
24Mg
24Mg
160
20Ne
24Mg
24Mg

Target
Be
Be
Be
Mi
Mi
Be
Be
Mi
Mi

3He
3He
3He
9Be

Reaction
EPAX2

AA, Rt=7fm
EPAKX2
AA, EERD
EPAKX2

EPAX2
AA, EE#0
FR (20MeV/u)
FR
FR
FR

Cross section
1.39E-01
6.43E-02
4.03E-02
2A3E-01
1.68E+00
8.63E-02
3.08E-02
1.42E-01
1.72E+H00
6.00E-01
1.00E-02
4.00E-03
2.00E-03

result
F.70E-01
3.00E-01
2.23E-01
2A3E-01
1.68E+HD0
4.78E-01
1.71E-01
1.42E-01
1.72EH00
1.62E+H00
1.27E-01
2.08E-02
1.11E-02
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1 2

~ - - . - : {2 - - 1 2
y=-step orojectlle fragmentation rmod:]
3
Process Momentum distribution
1 Abrasion —(Pyr — Popr )’
Removal of the part “a” Gaussian W(Py) = N exp o2
(statistics) 2T Gy Ot
2 Friction - loss of kinetic energy 1 P, — P,
Transformation into the Exponential (P, p,) = ;exp(— T
internal degrees of freedom. attenuation
Exchange of nucleons
3 Ablation velocity peak maximum
light nuclei emission, Broadening does not shift
gamma-emission
Gif Y Where 7 =CO€f - (/Ao - Eg / B | and
P—Po+— —s'T
p T
f(p) =4y =ex( L)1~ for s e (A A)
T \/Ecpf prZBGo A -1

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



Universal parameterization s EXCItation energy
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P

Projectile fragmentation

Convolution of Gaussian [Fragmentatmn} and Exponent (Friction) distributions

—— e .,

l 20Me170.0 Metdfu) + Be -» 17Me

— Settings for Gauzsian diztibution

2

PO [Mev/T] = | 10004

[ Fragment velu:u:it_l,lj' b amentumn distribution ,!' Crozz zection, Excitation energy

Final relation %iA¢b been uszed in the

o]
p—p, +—L—shift -t
T

WS from settings = I 0.994

program far the setting fragment neak =

0.3360

mean= | 09847 [

f(P)%EXp[ ] 1— ferr

— Mean Fragment velocity

Y fragment /% beam = I 1

-& [ Bomel et al., 2 Pyhs A37401353]191]

™ Constant

™ Calculation

™ Calculation - D [from two-body reaction]

— Options
Welocity after rg
[v swelocity from b
dearee]. It iz im

R.Prfaf, D4

W Exclude tP'

Anid, -4
(3“ _ [GE‘,“JE)? F(‘&P—l F)
P

2 Gy
:%f,!ﬂ;-Es

Mom. distribution = I [1] D Morissey
guzl a7 Mt o

0”=| 177.4  Medie 7]

éttings for convalution

AzzUme symme ) FudHI # WiAh
" Calculation - B [F.Famiet al., NP 444[1955)349] v Apraj ;gﬁlmp.:, Separation Energy Es coef shift 2355 7 tau Pirmax]  peak mmean
& Eaiihen TE T o HES 75004556 o Use velocity :H " Energy from Og | 235 | 3344 |o01s8 [1533 [1264 | 992 | 0995 | 0.932

(& Ercttation from dSuface | 137

[ 3

[ 0143 [106 | 865

[Tomz [09% [0sss]|

| | | © 9o+ dsuface [Fmz [zs% [o1ss [ises [78e [wm18 [oss [ossz]
\ " Calculation -E [D.Marrissey, PRC 39(1989ME0]  coooeee s dEdda= | \U, e ey Rthe  Detiis  bsthe J
m= -
Widvh= | 0334 e = I 095 Med/m™2 [¥] - with Gamma-factar
1 ?\
N [ & - v.Banel st ol Z Pyhs. A314(1383)191 fo, Pt 1D | {7, Pt -Conv. mawgl 7 0K | XK Cancel | P Helo | [~ Make defaul
I Shift of WA/ relation I_D
Vg +h By (A—Az) velocity (2] p——-— ———— =
— =5 R = 0936
E nergy necessary ho I_
Ve AF EP ablate one nucleon [Bn) ¢ |Weigeiaal ]
—B - F.Ramietal, HPA 444 [1935)349 |nfarmation [only for simple target] —
vF o Wi AvVh g [Mey/ ) I 0.35 Whag Abeam fram 11054
—=1- 095 bwo-body reaction :
Ve A E, | M) 137 Angle [deg)] [ 0.0
Prefragrment
N V' use prefragment aption Mass | 173 f of C.M. / Vbaam | 0.689
—C- convolubion——————— [~ Make defaul
_ Wt £b [peak] By Wiite distibution
zettings 1.936 = parameters to file ¢ 0K x Cancel ? Help




Universal parameterization s EXCItation energy

Excitation Energy of prefrag

Prefragment

Element 2 /' 'I;\?:cl:\;do;

A
Ne 10
[W [N 10 ——g=—F
| Beta+ decay & 1 =
Reaction l 20Me + Be

Excitation Energy in the code = I 39,90 el

~ Models

a Lwiwilzon, LWw. Towsend, F.F.Badavi, NIM B18 [1386) 225-231 -- geometrical model

Excitation Energy = l 1370 Mev D] = I 095 Mevifm™2
Standard dewiation = | 1E.63 el SIgmﬁ:l 36 " d_abr “(0.5) [Mev]

— Excitation Energy Tranzfer [friction)
E_frichion = coefl * Cp + coef2 *Cp = Ct

Cpiz the length of the longest chord in the projectile
Friction surface interface, Ct iz the chord of intersection

E* = (‘}r : f : &S)geom + E

— - Corection Factor of Surface distortion excitation coefl = I E5 Cp=| 551 fm
f=1+coefl *d_abr £ Ap + coef2 *[d_abr / Ap]"2 coef2 = | 0 Ct= [ 383 fm

A LW wilson et 4l MIM B18 (1387) 225-231
B, J.-J.Gaimard and K.- H.Schmidt, NFAS31 [1991) 700

 C. Parametrized Gaussian distribution

¥ Use LISE++ comections for Geometrical A-4 model

Apply thermalization for Excitat. energy according to
J.-J.Gaimard & K.- H.5chmidt, NPAS31 [1931] 703;

o= 18 c2-| 25 f=[12

™ Use Friction

E_friction = I ey

~B. J.-JGamard and k.- H.Schmidt, MPA531 [1951] 709 -- convolution of triangle distributions

Hale depth
e Cen tean Excitation Energy = l 4032

Mev) <E% = 1336 *d_abr [Mev] Mel/
I 4n sigma=| 343 *d_abr "(0.5) [MeV] Standard deviation =| 15,87 b

zee Equation 3.4 /

[ Make default

I ot |
o OK | X Cancel

Ap iz the projectie mass
d_abr iz the number of abraded nucleons

?Helpl

for model "C**
< Z boundary =<

region ar region
L < A boundary =< H

— L.  Parametrized Gaussian distibution -- zimplified combination of K- H.Schmidt et al. NPATT0 [2002] 157-173

& doMNOT use region "'L" [as model "B") Mean E xcitation Energy = I 3390 eV
€ wseZ to ssparale regions Standard devition = [ 1663 MeV

" Lze & to separate regions

— Fegion "L" — Region "H"
I <E*> I sigma l <E*» l sigma

| o a2+ [ m ca e

3 A+ 2 A 142) +

I a “d abr™2 +
I 123 “d_abr +
| i [Mei]

I a *d_abr +
I 96  *d_abr "(142) +
I il [Mew]

[0 Mev] | [0 [MeW]

Should be revision for excitation energy in the
“Universal parameterization”
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Abrasion-Eriction-Ablation URIviRsITy

. 1 S EW.

September 10, 2006. 30 years of Projectile Fragmentation workshop, ACS

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

Why do cross-sections increase?

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

Time of dissipation ~ to beam velocity &

Chord_max
Touching areais  ~to Chord_min”2
Target thermal
capacity ~ target mass

dT
-3
Q dx

300 _
48 46

1 Y Ca > "Ar* 1

250 | _

200 - i

150 - N -

. 3
Time x Area, fm’/c
-

W]
=
«Q
o}

] .
100 ~ o i

50 - Teos .

0 —— ey ——re ——
10° 10° 10*
Beam energy, MeV/u



Projectile fragmentation & Transfer reactions ey |

EMIS. 24-29.06.07, Deaville, France —————

g BCa—sZ=14 -
NSCL / MSU 4 4
108 ¢ 7
vl 40Mg, 4243A1  Nature 449 (2007) 1022 2 i ; _
" : :
S » ‘ i y o
44 Phys. Rev. C 75, 064613 (2007) S [ Betarget e T R
B 10°F e this work s : E
2 - o Mocko et al. . o -
g | e EPAX2:15 . i
o) " W (Ta) target: | = 1
. . O 10°F & this work 2 r
LISE** Abrasion-Ablation cannot L & Moike.etil | 1]
explain production cross section 1 EPAX 2.15 : l 1
dependences from target properties 3 : ! . ! E
. . . . 1 1 1 1 1 1
proiects (size, N/Z ra_tlo) and _prolectlle energy. 36 37 38 39 40 41 42 43 44
rojeciie No explanation for pickup contribution
Fragnentation A
A > A2 A3
LISE++ AbraSIOn DISSIpatlon -Ablation model (ADA) /under constructlon/
P “Ca (140MeV/u)+W(Ta) - Z=14 4803 (140M9V/U) + W(Ta) — N= 28 / 1
Y 10'E 1
102 \Xh ) F r & 4
10-1; ‘?"./ 1
= 10%k _ E ]
£ 'g 10° r E
S ~ E pick-up ; g % 3
|4 A i (7] 4 1
S . . 4 ! 2 107} ]
G 107k + Ta-experiment , 8 E ]
v W-experiment | 3 .
—+— LISE Pickup (v.8.0) | 10°F A/ . 3\7:;;;:?;?: 3
1g0f T Abrasion-Ablation (E11w5) E . —+— Abrasion-Ablation (E11,w5) 1
1eKup | 10"k —— LISE Pickup (v.8.0) ]
: E r .......... AA + Pickup 1
1 1 1 1 1 1 1 1 1 ; A
3% 37 38 39 40 41 42 43 44 12 13 14 15 16 17 18 19

O.Tarasov@FragmentSeaparator201 grorin 41Si mass A v 27
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Just ONE

Universal model for

cross sections and

momentum distributions

should be developed...

O.Tarasov@FragmentSeaparator2013.RIKEN.JP 28
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present study ofifragmentation o eEeand 2SeEams

6Ge o New 15 neutron-rich isotopes (17 £ Z < 25)

(@]
o Cross sections and Momentum distributions
o A new approach to measure momentum distributions

o New parameters for DJM momentum distribution model

o Isotopes 64Ti, 67V, 69Cr, and 72Mn were identified for the first time.
One event was registered consistent with °Cr and another one with "°Fe

o The momentum distributions of 126 neutron-rich isotopes of elements with 11 < Z < 32 were measured and
compared to models

o The cross sections for 330 nuclei produced by the 82Se beam were measured

o The experiment confirmed the trend of our previous experiment using a ’Ge beam, where the most neutron-rich
nuclei of elements with Z =19 to 21 have been produced with an enhanced rate compared to the Q, systematics

o The measured cross sections were best reproduced by LISE** Abrasion-Ablation model using masses derived
from the full pf shell-model space with the GXPF1B5

o The cross section for production of 8Ca using a 8Se beam on beryllium has been estimated at 4(x1) x 10"16b

This work was supported by NSF No. PHY-06-06007,
PHY-06-06007, No. PHY-10-68217, and No. PHY-11-02511 grants.



