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Rare isotopes production with next-generation in-flight separators s v ey

Investigations into physics of exotic nuclei in laboratories worldwide  Marek Lewitowicz R
Why? Where? How? Long-term scientific program of RIB research at JINR Leonid Grigorenko

Fragment-separators for high-intensity primary beams Haik Simon )

) N

. . LISE** package
Some aspects of RIB production with 100 MeV/u beams Excel
LISE for Excel
J

/"Production of Fast Rare lon Beams“\ / “How to Make Rare Isotope Beams at Home” \
Rare Isotope Beams at Home” )
Lectures at the Euroschool on Exotic Beams 3 Theatrical Release poster
including examples of how to use the LISE** code ;

FRIB/NSCL :

STAFF INFORMATION TALK

Introduction to production of
Fast Rare lon Beams

WEDNESDAY, APRIL 4, 12 P.M.

Production Area
Separation

Identification

Production of new isotopes
LISE**: Utilities

- Radioactive beam |
K physicist task / K



http://aculina.jinr.ru/pdf/DERICA/RAS/Presentations/2. DERICA_RAS_Dubna_281117_M_Lewitowicz_s.pdf
http://aculina.jinr.ru/pdf/DERICA/Workshop 02.2019/2. Grigorenko-dubna-linac-2019.pdf
http://aculina.jinr.ru/pdf/DERICA/Workshop 02.2019/20190209-DERICASeparator-HaikSimon-shown.pdf
http://lise.nscl.msu.edu/paper/2013_Euroschool.htm
http://lise.nscl.msu.edu/paper/2018/2018_StaffInformationMeeting_v5.pptx

Optimum energy
for Intense RIBs



Functions of energy : Projectile Fragmentation & Abrasion-Fission | MICHIGAN STATE

99 UNIVERSITY
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O.B.Tarasov@ExoticNucleusWorkshop.Crete; 22-23.08.19
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%7 Functions of energy : Projectile Fragmentation & Abrasion-Fission (linear scale) Se MILHIGAN STATE
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O.B.Tarasov@ExoticNucleusvvorksnop.crete; 22-£23.Us..1Y
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Rare Isotope Beam cost as a function of energy Blseluniversity

M$ / pps MS / pps e w
_beam=1el4 pps
1LE01 |_beam=1ela pps ' CE*04 1500 76Ge (I=1e14 pps)
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Fragment production
rate factors
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Fragment production rat AT
NSCIL \\FiR|B ragmen pro uc On ra e Se ULMNIVERSITY

N(A, Z) number of events for a given fragment was extracted separately

do /dp differential Cross-sections - g

d, target .thickn.ess --------------------------------------------------------------------------------------------------------------------------------- TT

! "E"‘"? ntensity Dependence from
At duration of measurement, beam energy

LIVE live time ratio (as well pile-ups)

c the transmission efficiency through a fragment separator (ang. & mom) .. T*

Ap denotes the momentum opening

N, Is the Avogadro number and

M, the atomic mass number

Closs loss due to reactions of primary beam and fragment of interest in material ~ ‘l"l'

Cesecond gain due to production of fragments of interest in secondary reactions = -----------eeeeeees 0

Ccharge charge state faCtor = oo 0 * Fixed thickness target

N(AZ) = (do/dp) Ap At M, /N, di I ¢ R, Csecond Closs Ccharge

From the presentation @ NuSTAR meeting (10/10/09, Dubna, Russia)

138Sn factors
F-RIB RIBF FAIR F-RIB RIBF FAIR ‘ny A 2009: RIBF @ RIKEN

CENTEN 238 345 MeV/u, 2pnA
Energy, MeV/u 200-250 350 1500
Thickness, g/cm2 0.34 1.3 7.4 1 4 22
Cross section, mb 6.00E-09 6.00E-09 6.00E-09 1 1 1 FAI R 2014*; ‘Slﬁ]l ;rgia:e;orlac;gf ?r;%ﬁ:'?: 107 pps

Q Q Q (* - Cristoph Scheidenberger, ,NuSTAR work:shnp at Dubna)

Primary beam intensity, pps 5.00E+13 1.30E+10 3.00E+11 3846 1 23
Secondary reactions coefficient 3.06 9.29 54.71 1 3 18

-
Loss due to reactions in material 0.9 0.7 0.12 7 6 1 ‘ 2017: F-RIB @ MSU
Anglular and momentum acceptances 0.7 0.5 0.8 1.4 1 1.6 200-250 MeV/ u , 400 kw

FRIB

Charge states 0.5 0.72 1 1 1.4 2.0
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Charge state factor Blseluniversity

Probabilty of 90% full-stripped ions after a Carbon target

90

80
N 70
2 * ‘Reasonably pure’ 100
E 60 MeV/u RIB can be obtained
= up to Z=40
E 50
&? «  High-Z experiments will be
& 49 discussed later
S
o
o
s 30

20

10

10 100 200 400 1000

Beam Energy, MeV/u



http://lise.nscl.msu.edu/paper/2019/FissionVelocity%20v4.pdf

Ax [Lab-mrad]

Ax [Lab-mrad]

132Sn fragment kinematics (expected final)
238 => 132gn(1375n*) + ©¥Mo(19"Mo*) (Projectile Energy : 100.00 MeV/u)
Q reaction: 160.12 MeV (Excitations 30.0=>26.5+24.5); Ang.Distr.(CM): Isotrop
Rectangle Ang.Acc.(mrad): H = +-3000.0(0.5); V = +-3000.0(0.5)

50
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10}

3.6 3.7 3.8 3.9 4 4.1 a2
Brho [T*m]

132Sn* fragment kinematics(excited)
238|J => 1325n* + 106Mo* (Projectile Energy : 50000.00 MeV/u)
Q reaction: 174.76 MeV (Excitations 0.0=>10.5+15.2); Ang.Distr.(CM): Isotropic
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http://lise.nscl.msu.edu/paper/2019/FissionVelocity v4.pdf
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130Sn fragment Kinematics (final) !
238y => 1305n(1328n™) + 103Mo(106Mo™) (Projectile Energy : 100.00 MeV/
Q reaction: 174.76 MeV (Excitations 30.0=>25.5+30.2); Ang.Distr.(CM): Isotrc

ENEES——————————— (Ellipse Ang.Acc.(mrad): H = +-50.0(0.5); V = +-30.0(0.5})
E’] nematics calculator (1 90 H H i H H H H
- Feaction: A Beam 70
o+ Heavy ion " Meutron - -
R L e — Transmission 14.7%
reaction Parti a;w—;[-r;m—m:] C_final fiagment plot) ————————————————————— 50
(| | Angulsr Acceptance ngle, "/ - veloci it
¢ SCATTERING B[A CoalD=g || |, || "o ZOmem o f ii%ﬁ’m'iﬁc; — i Ao
. Clenec s B Hlipse & C Roctanghe et g ks 30
. - . —
BREAKLF ragment (C4) | 1320 | 2549 due Variance Momenium acceplance
+ [FSSION] R[4, D) Aot [ [0~ b | )L P o s || oo [T 1o =
[gamrma-emissior) Ce Qevalus Mev) [ 17476 MeV verical £ [ 30 [ 05 mad hoceptances [ 3 % s 10
N £
) Cfnd [TIBn 53 <o [ 208 - = H
Fizsion [breakup] Batch mode ol [ TR STE ;ni [ : EXD;::;”:E‘ Take into account a targs ~ Inial j -10 L4 Wlth O ut C h arg e State
———— el w @ @ e <
TKEICM) fiom ealevlations [~ 17088 T e R Energy . [0 Meviu < 30 facto r
L. . aferthe eaclion [~ 01 MWy g
LISE** relativistic : ; B s |
klnematics Calculator I Vot CELn C Biho (g2 LA € Ve tirne if this value is mare than 0 . IWMEVM -50
vzt CEube @ BmGZEE | | O Vetva
I‘ c \/zLAxy CELby C Biho E:i;LA: el AmAyy RoiS Do CH) ° An g u Iar aCCe ptance
Covathy O oVzRphi O pxgdy O mdophi % Cancel ISOTROPIC . .
' e e A |
nguliar acceptance dominates in the case
9037 35 36 3.7 38 3.8 2 a1 a0 2 of thin target
Brho [T*m]
130Sn fragment kinematics (final) : issi
. ; * Less 10% transmission
132Sn fragment kinematics (expected final) 238 => 1308n(1328n*) + 103Mo('®Mo*)  (Projectile Energy : 100.00 MeV/u)

238 => 132gn(137Sn*) + 9¥Mo('°"Mo*) (Projectile Energy : 100.00 MeV/u)
Q reaction: 160.12 MeV (Excitations 30.0=>26.5+24.5); Ang.Distr.(CM): Isotrop

=>255+30.2): __Ang.Di . Isotro
EILiEse Ang.Acc.(mrad): H = +-50.0(0.5); V = +-30.0(0.5); Momentum Acc.: +-3.00 % @ Brh

Rectangle Ang.Acc.(mrad): H = +-3000.0(0.5); V = +-3000.0(0.5)
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50} 50
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[ o
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- | >
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-30} 50
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» Fission fragment yield and transmission at DERICA B so]UN 1 VER ST

1 FRIB

rojectile 23892+ E - - ANGULAR ACCEPTANCE
|E 1:!0 Meviu 700 KW H'ITII:II'I'IEI"ItUI'I'I[/o] —sh Charge States Calculation
lit/dizpersion] e

LowEx 24Mev 236()° [slit/disp ¢ Regterge | L3 N € & v
WidEx: 100 Mey 226Th ™ & i o 2%
HighEx: 250 e 220Ra " botal | 5.95 Elipsd
ragment #5nS0+-50 mrad <-> deg
Target 9 :Ee i Horizontal £ IT rmrad

. = Wertical + a0 rrad
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Secondary reactions Else|UNTveRsiTY

. ) Secondary reactions coefficients for transmission calculations
LISE™ : O.Tarasov and D.Bazin, NIMB 266 fmj 4657 ‘ Coefficients for fragmerts with NONZERO primary production cross section

LISE Sec.Reactions: ) Bazin O.Tarasov et. al, NIM A482 (2002) 307 (3 (140.0 Meviu) + Li (1507 1 mgfem?) -> 'H (NPsec=512)

Total number of SR coefficients = 270, Number with nonzero primary cross sections = 269

LISE™ calculates the addition to each 2
product nucleus by considering the
contributions from ALL of the intermediate
nuclear reaction steps.
The effect is expected to be largest for the
most exotic products.

Parent nuclei: multistep production probability

825e (140.0 MeV/u) + Be (443,61 mglem?) -> B4Ti

16

12

Protons(Z)

N

% : e 00 4 8 12 16 20 24 28 4]_
3 Neutrons (N)
E oy

5 Still there is not a publication to prove large

experimental impact of secondary reactions
) 60Ca RIKEN experiment :
e 62Sc — good candidate (charge-exchange reaction)?




Secondary reactions factor : Ge — %°Ca AR SRR

Optimal target plot Transmission for optimal target plot

78Ge (800 MeV/u) + C (18943.5 mg/cm?2); Settings on 0Cg20+. 20+

76Ge (800 MeV/u) + C (18943.5 mg/cm?); Settings on 80Cg20+-20+

| [ B 20 20 o,
Te+0 F With Sec.React — 8Ca All states & reactions %o
—‘_”Cam‘-m‘ + Second.react. 1e+5}
—— %Ca All states & reactions + Second.react. F
1e+4 3
“‘dead” target : beam
- stops in a target
o 1e+3}
P F
@
14
1e+2 5 'D
[ @ad; a
[ Ot
Te+t ; muﬁ:n?megglaence -_\
20 5000 10000 15000_ 20000 25000 30000 35000 5000 10000 15000 20000 25000 30000 ARNN(
Thickness (mg/cm2) Thickness (mg/cm2)
SecReact * Survived
MeWfu mg/fcm2 35
Ener C-target Secondary Survived SR* Survived 30 » Target thickness has been optimized for
& thickness Reactions  in Target 5 Secondary reactions
a0 101 1.5 0.99 1.5 20
100 460 15 0.95 33 - » Losses due to reactions in wedges were
200 1994 12.5 0.83 10.3 not taken into account
400 6560 46.4 0.53 24.4 1o
600 | 13000 120.7 0.28 3.7 : « Fragment-separator settings correspond
200 13006 202.6 0.15 311 5 to DERICA FRS
1600 30510 452.5 0.05 22.2 0 200 400 600 800 1000 1200 1400 1600

Beam Energy, MeV/



© (4 - . Bl vicHIC T
¢ Secondary reactions : results with use of low-energy data R = |En N

@l FRIB

LISE++

Analysis from 01/19/2015

Measu- _ - error . . ratio .
— | e T s T + 38Mg & 3°Na points from @ 10/16/2016
BigRIPS, (no 2ndary 64 |BigRIPS/ secondary
12/2014 ———— MeViu | RIPS C'::‘fﬁclf’:m
Be Be ECa+Be @ RIKEN .
Tat t EPAX 2.15 ’
a targe target | target preliminary (OT) 3?Na_.-
31 2.53 0.07 1.16 1.006 001 048 | 53 0.2 3.6 '—H
¥Ne 0.21 0.02 0.53 0.093 0.013  0.04 4.7 0.8 5.8 e
37Na 0.46 0.02 0.34 0.101 0002 005 | 9.6 0.9 9.0
Mg 54.5 0.645 305 35 5 1667 33 05 3.4
Na 127.5 1.275 45.8 90 10 42.86 3.0 0.3 2.7
ok - —_— F 1 | | | | 3 a E Fi
RIPS 64 AMeV: - 4
M. Notani et al., Phys. Lett. B542 (2002) 49 '§ 103 - IF 12 3 % :
= A ] E o 34Ne
EPAX 2.15 Ratio CS(Ta)/CS(Be)= 2.1 % 102 - N=27+2 u;--..._‘__;5 _________ —g g E . L
o 3 o ’
- 101 |k BMg dﬂ — c . '
g S + g
5 .0 [ aeess MAL_ T 0 A
= 100 “FG\“ _______________ ' @ <
Q 3 a
5 0_1 N=2Z+4 ] o _g' ) 31F
1 1£ -
2 vet f\ 53 38Mg,. -
& 107° “'Na -3 5 n ——
! | ! | L] 0 T 3 35Na
20 22 24 26 28 v § e =
Neutron number !
1. We did not have a thin target in the 2014 experiment
2. Data from the RIPS experiment 48Ca(64 MeV/u)+Ta were used with 1
scale parameter (1./2.1) to compare with current data. 1 3 5 7 9
3. Fair agreement is observed in this comparison Experimental Secondary Reaction Coefficient

0O.B.Tarasov@ExoticNucleusWorkshop.Crete; 22-23.08.19
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DERICA Ca & Sn yields vs ...

Li gl MICHIGAN STATE
99 UNIVERSITY

1E+16

1E+14

1E+12

1.E+10

1.E+08

1.E+06

1.E+04

1.E+02

1.E+00

¥ileds per secand

1.E-02
1E-04
1.E-06
1.E-08

1.E-10
36

Calcium isotope production (beams *°Ca,*®Ca,?Se)

—a— FRIBZ200

Prim.React-EPAX2
Sec.React- EPAX2
Convolution model
Winger

Atima

—e— FRIB400 ~
40 44 48 52 Sb 60 64 b8
Mass number
Angular Momentum  Reaction
acceptance, accetance, target
LKW  E MeV/u mrad (ellipse) %4 Factor
MNSCL 0.4 140 120 x 80 3 1.74
DERICA 700 100 100 x 60 - 1
FRIB200 400 200 80 x B0 [ 10 E 3.2
FRIB400 BOO 400 80 x 80 v 10 : 10.2

Due to momentum compression

Yields per second

1E+12

1.E+10

1.E+08

1.E+D6E

1.E+D4

1.E+02

1. B+

1E-02

1.E-04

1.E-06

1.E-08

1.E-10

Tin isotopes production (#*®*U beam)

125

130 135 140 145 150

Mass number

Remember about a Reaction target factor !

It looks like very potential, and exceeding by two order of
magnitude an operating RIB facility

700 kKW at 100 MeV/u is .. Let’s say it difficult...

So there is reserve to decrease a little bit the power
(see the next slide)
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DERICA target requirement (based on H.Simon’s slide)

DERICA characteristics and
Target and Catcher requirements F-\lR beam intensity [pps]

have been implemented

in carbon
[kw] [MeV/u] [MeV/(mg/cm~2)]
type ion power E/m dE/dx P*dE/dx L pps
DERICA linac 40: | 700 100 4;: 33 13%200 el « Enormous value..
Probably it's required a
RIBF cyclotr. U67+ 80 345 25.2 2017.9 MA liquid target
RIBF cyclotr. U67+ 3.3 345 25.2 83.2  2.5ell
FRIB linac U78+ 400 200 323 129152  5.2e13
NSCL cyclotr. Ca20+ 0.54 140 2.0 1.1 3.5ell * Nowadays Target
FAIR synchr. U28+ 17 1500 17.1 290.4  3.0ell technology is a
GSI/FRS synchr. U73+ 0.04 1000 18.1 0.7  1.0e09 weakest place high-
J-PARC synchr. H+ 750 30000 0.0020 1.5  1.5el4 power RIB production
J-PARC synchr. H+ 470 30000 0.0020 1.0
ESS linac H+ 5000 2000 0.0018 8.8  1.6e16
PSI cyclotr. H+ 1400 590 0.0023 3.2 Do not forget about
SNS ring H+ 1400 1000 0.0019 27 flexibility
SNS ring H+ 2800 1300 0.0019 54  1.3el6
High energy =» power deposit moderate 70 kW is more realistic,
fesen goul and then think about a
possible upgrade
H.S Dubna 20190208 modified by OT




Energy domain B T R s

L.Grigorenko’s presentation

Primary beams for RIB production

500 MeV/u (more optimal for RIB) high-
RIBF (RIKEN) 370 AMeV power facility of RIB costs ~ 1 B$

FAIR (Darmstadt) 1800 AMeV Né)olt\i,::?é\l ":O
FRIB (MSU) 240 AMeV “ENERGY &
RAON (S.Korea) 200 AMeV DOMAIN”

_ HIAF (China) 800 AMeV |

Possible strategy of RIB production

Study reactions, stopped beams in 50-

Enjoy the advantages of 100 MeV/u
To focus on the INTENSITY relatively low-energy RIBs: é)
of primary beam for modest - Easier to study reactions in
~energy 100-150 AMeV 2D T0aNIEY EDEtgY tah e But no easy...

- Easier to operate stopped RIBs

S




High-Z beams

at low and intermediate energies



Z-q=0 fraction, %

RIB vs Charge state

E12006 : High Brho --- Cross Section results s

100

T ——t— 238)(80 MeV/u) + C @ Brhol
95 } i I :
I 1 ~
85 !
: N
70 ° l
o Experiment
65 ~—Winger ]
-~ Global
60
27 29 31 33 35 37 39 41 43 45 47

v 4
40

M.Bowry, O.B.Tarasov et al., in preparation

Projectile Atomic Number (2)
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Li ¢ MICHIGAN STATE

99 UNIVERSITY

Probabilty of 90% full-stripped ions after a Carbon target

| |
i i
- |
i i
i i
’ - ! [
s, -~ | |
7 —” > ; : —— Global
L 212006 i i 2
P oL NSCLMSU i M | i Winger
” ’ — il | |
> T \ \ - un an w OON
-~ 2% .
o ! .
™~ | |
i i
10 100 200 400 1000

Beam Energy, MeV/u

It's even more pessimistic..

‘Reasonably pure’ 100 MeV/u RIB
can be obtained up to Z=35?



Working with stopped RIBs MICHIOAR STATE

« High-Z Primary and Radioactive beams @ FLNR

* Physics with RI stopped beams

s Half-life

& P,

% Isomers (T,,> 100 ns)

* Beta-gamma

* Production cross-sections (reaction mechanism)
% Interaction and total cross sections (halo study)
s Decay mode

% Search for new isotopes



@ \;R'fé) 238U(24Me\//u) + Be, Li B MICHIGAN STATE

99 UNIVERSITY

LISE3 @ GANIL 1

314 keV |
752 keV/|

742 ke

Counts/4 keV
na

58+
') Targets
24 MeViu Be 01 my/cm?
Be 10 M/m2

slits 51
slits 61

Be 20 mg/cm’

8 ]
£ ]
Hoam C 40 ug;cm: g . m 1 MW ]
3 A % C 10 mg/fcm’ b -
s e o F £ I I "“m 300 400 _ 800 . 800 1000
g S [}
3 degrees 2 \U EY (kEV)
5= Gallete 62 Si-telescope
/ X,Y,T) 65 um

‘?'15 um Camma-ray spectrum observed in coincidence with **Te.
mm

Amm The characteristic gamma lines of 314, 742 and 752 keV
sign the decay of the isomeric state of T% = 370 ns

RS slits 31

Al (3 mgicm?)
degrader

« A 238U beam at 24 MeV/u with a typical intensity of 10° pps, was
used to irradiate a series of beryllium targets and a carbon target.

 The beam was incident at an angle of 3° in order not to
overwhelm the detectors with the beam charge states.

« Fragments were detected in a Silicon telescope at the end of the

separator. Fission fragments produced by inverse kinematics are
identified by AE-TKE-Bp-ToF method.

OT et al., Eur. Phys. J. A (2018) 54. 66

O.B.Tarasov@ExoticNucleusWorkshop.Crete; 22-23.08.19
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Rare Isotopes with Fusion-Fission Reactions

o
"\\’ * .4 ’,:‘
NSCI S

Calculated CN formation rates in reaction of 238U projectiles with
various light targets as function of a primary beam energy

Reduced yield of rhenium (Z = 75) isotopes calculated for fusion-fission
fragments produced in reaction of the 238U ions with a Be target

7 . . . —r—r—r——
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+ thickness corresponds to a 1 MeV/u loss of primary beam energy
* abeam fluence of 108

Complicated secondary bam productions regarding to
charge states (beam and fragments)

OT et al., Eur. Phys. J. A (2018) 54: 66



238U (someviu) + Be @ A1900+S800BL & IR R

NSCL FRIB

E.Kwan, O.T. et al., A,Z,q — separation in the Z=92 region

will be published soon

T Sl A W e
p = Se o - .: N
i K1200 q ol
gl cyclotron Detector setup 1
—7 ” -
; K500 0 HPGe éw/ i
o cyclotron g
T o ﬂ 89. 04 :.
il / ! D1 T N 9 3 .
‘ 87. 0a ks o e o
Production target : : : 4 B 9 1 : ¥
Achromatlc degrader 2 ™
/ = 85. 04
A1900 fragment separator  Siits N’\
FP

595
08, 8 7

'.. - L b 1\' :.., .-.

\ e o P L
D:%‘c 79. Mg R S . 89

$800 analysis beam line v = ; fo

77,04 : e Nk ot S

Timing /
start detectors \

Transport beam line

«  Below primary beam charge states
«  Momentum acceptance dp/p=0.1 % a5 04

«  Double achromatic at the Final Focal Plane 47 4275 0.7 3.5 -3, 75 -4, A 3q 81'-]_ ? 5 . Z q

* No wedge
Thin ToF Sci, no more materials in line

* Long ToF-base (45.5m)
» Non-cooled PIN-diodes (50x50 mm? 0.5mm)
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&1 Working in High-Z region at intermediate energies (o 52| LR R N A
NSC LI =
07 /2019  NSCLE15130

“Search for isotopes and isomers in the Hf region”

« Working between primary beam charge states

Pls: « Try to avoid in-flight detectors (charge state production)

»  Partha Chowdhury (UML) * No in-flight detectors in Dispersive plane (“wedge” property)
*  Oleg Tarasov (MSU) * New “Separator + Long Spectrometer” method

*  Andrew Rogers (UML)

198Pt (84.96 MeV/u) + Be (52.5 mg/cm?)

1e+13

158 TE+ TB+ T+ T+ T8+ T8+ 76+
Te+12 Bifbeam]
1 11 1%8Ptbeam)] 77 7T 7T TTH 7T T [beam] 75+ 75+ 78+ 75+ 78+ 75+ 75+
e+
1 e+1 0 193Pt[beam] TE+ T8+ TB+ 78+ 78+ 7§+ T o8 beam] T4+ T4+ T4+ T4+ T4+ T4+ T4+

Il Il
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Working region
dP/P ~ 0.7-0.9%

Yield (pps/Tm)
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Layout of the e15130 experiment at NSCL /MSU (07/2019):

Li gl MICHIGAN STATE
Se UNIVERSITY

“Search for isotopes and isomers in the Hf region”

Working between primary beam
charge states (Ap/p < 1%)

Distance between the A1900 XFP Sci
& the PIN-diode telescope ~ 46.5 m

PIN-diode area 50x50mm? .. .
Timing Plastic

PIN-diode telescope: Scintillator

1. 140 pym :dE1
2. 140 pm : dE2
3. 500 um : .16 strips . \of
4. 1000 um :implantation s ®
5. 500 pm : veto 0
Kapton wedge
23 mg/cm?
((\
e? ;
Q’q%Q\Q.’ \IQOV\ Production targets
= V‘\eq\‘)‘ Be -23, 47 mg/cm?,
(b(" N1 - 18 mg/em? + Be - 9mg/cm?

Protons (Z)

78

77

76

75

74

73

72

71

70

&*ﬁ
. ..'?’\ Yo ° e
S800 beam line j‘\ ._ =
new optics with momentum dispersion 'm'\ ) 2 E
50 mm/% at the telescope ,§§I& s 3 E
IR Q 2
= 3
S =
o s
= 3
Z =
H A
R S

fispy  167py

1
1850
®Re 1H4Re
I
“

e
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ng‘; + o o it die . L 19505 19605

wl-b 100k A O KA v 194Re 195Re

T
M

13

TR T T T f87Hf

110 112 114 116 118 120
Neutrons (N)



15130 experiment : PID RS ARR

Experiment #e15130; July 2019 @ NSCL/MSU
198p¢ (85 MeV/u) + Be (47 mg/cm?2) -> Wedge -> 189Hf70+

selection Z-q=2 selection Z-q=3

q - T 77.97—
R S
73. 60f D e il - u q u
L i L & Es
e n 75203 SN n 72.7H— n
X _ o S i -2 : k k
I~ 189 Hf 70+ AT 3 e
n : ; A Ee e - ||--189 Hf 70+ ° .
o ThEO—. . . i F oy 0 : .
n S 73.20—,. %% o) / , T )
w = " w - _:'._-: S A *
n 70 = 2 l‘. . g '-' o I ’ —' - .'._r:: ¥ = I:_- ’ -_ e i
n j-'f-f .. s Rz !'«'_J o i 69
- me— - WAL y‘*:,:'w-f“.&j. i s
o | T 30 = - 56 I T 1 S0 5033 50 3T 8-1 550
~38.77 -23.77 -21.77 -19.77 | -25.85 -23.85 -21.85 -19.85 St e Ruaeil e : D A3
unknown o q un nown o q [28] PIp.g_vs_AM39_1 : 2 [-30, -10 : B02) X [60, 85 : ?52] GATED ON : E-GATE_ZHOI {PID.... q [32] PIp.2 vs _An39_1 : 2 [-30, -10 : 502] X [60, 85 : 752] GRATED ON : E-GRTE_SHO3 AD- q
[27) PID.0 V5 _AM39 : 2 [-30, -10 . 302] x [60, 35 : 752] GATED ON : E-GATE_ZHOZ {PID.AM... l[’l] PID.2_WS_AMIY : 2 [-30, 10 : 302] x [60, 35 : 752] SATED ON : E-GRATE_ZH)2 {PID.AMI...

* New isotopes have been observed in the 192Hf"0* settings

« Similar experiment (High-Z beam, working between charge states, dispersion at the FP detectors) will be
held in RIKEN (11/2019)

 DERICA capabilities are very potential to compete in this region for new isotopes in PF and MNT reactions
 DERICA fragment-separator layout should prevent THIS experimental technique



Production of super
neutron-rich isotopes



0Ca: Experimental setup and particle identification at BigRIPS

o
"\\’ '(". ’,!
NSCI S

0Zn beam @ 345 MeV/u
<I> =200 pnA (1.25e12pps)

New isotopes search

 Production cross
section and momentum
distribution
measurement

« Secondary reactions
yield measurement as
target thickness

* New isomers search

PID by TOF-Bp-AE-TKE method: = Z, A/g, Q

BigRIPS TOF(
Target: .
Be, W 2nd stage Plastic, PPAC
S b st : i g
X 7/ 1 .
N J e, B Plgste
m’*";z'}; / xi." A\ g -- .
'f_«;;y% F2 e o PPAC x2 W Slt
F1 ' ’é’;ﬁ-’fm {0 o M 7 o |- {Fems]] =:_;':!.,T.. ’ Plastic M .ﬁ%x! = el
Slit o = R
. F 4
Wedge 1 Slit PPAC edge 2 F7
Thick Fe Plastic
collimator

AE 6 X Si (1 mm)

TKE : Csl
Veto: plastic

B : Plastic, PPACs
(position measurement)

0O.B.Tarasov@ExoticNucleusWorkshop.Crete; 22-23.08.19 TOtaI Experlment . 7 days

New isotopes search : 100.9 h (4.2 days)

Li gl MICHIGAN STATE
99 UNIVERSITY
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8 new isotopes including °°Ca (+5K)

Discovery of ®Ca and Implications For the Stability of "°Ca 7
O.B. Tarasov et al.
Phys. Rev. Lett. 121, 022501 (2018) — Published 1 July 2018

j'_” i "1 Eight newly discovered neutron-rich nuclei act as key ‘ g ; J bl 0 0 éﬁlm
discriminators between different mass models.

:l_ L\j ] 50 : ; . | Sdes 2 | 56¢ 2 | 580 | 99 | 60es ey

i T Al

« Cross sections are still under analysis Y o | | | g | | S | S i, @,
« Production of $2Sc is -9p, +1n
 Pickup is suppressed at these energies PO # ]
« Two-step reactions through a charge-exchange ] s5 | o5 | a5 | 65 EER
channel? —
0Zn(p,n)’°Cu — 7°Cu(-8p)®2Sc or kp | dp | 4p
0Zn(-8p)®2Ti — 62Ti (p,n) ®2Sc
(E] 45 SRS
» Charge-exchange reactions become important 30 32 34 3 3 40 N
mechanism for RI production Green color : observed at the first time

Red color : particularly interesting isotopes
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© & ) ] :
Production of new calcium isotope : past, current and future Else|UNTVERSTTY
FRIB A4

) Be-target, 1*t,
A M of N of ) Energy, Intensity, )
Ca year Reaction Beam thick pps™ Lab Reference
stages wedges MeV/u pps
gfcm2 atons/cm2
24-56 1997 1 0 AF 235 1000 2.00EHD7 1.00 1E+30 (551 M.Bernas et.al., PLB415 [1997)
57,58 2009 2 1 PF he 130 1.25E+11 0.63 GE+33 MSU  OTetal, PRL 102, 142501 (2009)
57,58* 2013 2 1 PF Blcn 140 2.20E+11 0.70 1E+34 MSU  oTetal, PrRce7, 054610241 KW
59,60 2018 2 2 PF (+5R?) 070 345 1.25E+12 2.30 2E+35 RIKEN CTetal,PRL122, 02250 5:2MY
62 »2020 3 2 PF+SR Ge, Pse? >1e36 50 kW
64 »2023 3 2 PF+SR Ge, ¥sa? >1e37 400 kW
66 »2026 >3 >2 AF or PF +SR "5Gg, ¥5e, 57
it =2030 >3 =2 AF+25R 235
70 =2036 >3 >2 AF+35R7? 238 liquid metal target?
AF: Abrasion-Fission FYI:
PF: Projectile Fragmentation FRIB 1.1E+37 400 KW vs 1g/cm2
5R: Secondary (MultiStep reactions) FRIB-400  4.00E+37 800 KW vs 3.5g/cm2

0O.B.Tarasov@ExoticNucleusWorkshop.Crete; 22-23.08.19



Calcium isotopes production at FRIB R

. EPAX2 EPAX?
Calcium Isotopes @ FRIB 1 week run FR1B 400 1 weekrun
: Optimum torgat [02)
LE+O7 + mw?fiiﬁgﬂﬂ LE+07 + foctor 0.1 due to FPAXZ use
1E406 —e—E200* 1E+06 —&— Abrasion-Fission (C-target)
_- FY
1.E+05 =400 1E+05 ——Projectie Fragmentation (C-target]
' B NSCL-2013
1E+04 B RIKEN-2018 1E+04
16403
L 1E08
z o LEs02
= .
* LE2 :
z 1Rl
= o
T 1E01 S
- . . - .
e e e i i i el 1E01
L0 - 64Ca (>10 events) 1E02
1e-m %%Ca @ E200 ~ 1 event LE-03
68Ca @ E400 ~ 1 event
1E-03 1E-04
56 58 50 52 B4 66 68 70 20 28 60 62 64 66 68 70
A A




% LISE** Abrasion-Fission model; Projectile-Fragmentation steps MICHIGAN STATE

NS@l FRIE

3 Excitation energy regions model :  O.T., EPJA 25 (2005) 751; More probable parents of "°Fe
O.T., Tech. Rep. MSUCL1299, NSCL, MSU, 2005. Ocean Of ﬁssile nuclei
v I 238 50|
© - @ - e g Y
® L LN S 2 8n0H0es
° v - = L
Abrasion-fission ° o° ; ‘g 40 - - °
A3+ A4'< 238 E "
75| 30
65 | LR | - \
(0@(\\%.; a0: . 20 |
§ 55| @0 . >0 60 0
N OO Lt OO Neutrons(N)
0 ¢ T 2°
g .| : < _ More probable parents of 7°Ca
e [}
¢ o 20|
35| e More probable path for 7°Ca production is
O L 1. Abrasion of 238U to low-excited 237U
R 81Ga fissile nucleus (E*~32 MeV, 180 mb) < 40 ==
25( SR TR Resign with sequential fission to 81Ga (2e-2 &
T mb) S -
Q =
2. First projectile fragmentation step : ‘§ 30 -
& 81Ga — "®Fe (-5p, ~1e-5 mb) Q.
, 3. Second projectile fragmentation step :
sl Fe — 0Ca (-6p, ~1e-6 mb) . 20 }

70

10 30 50 70 90 110 130
Neutrons (N)

Neutrons(N)



: 0Ca from fission s UN T VERS 1T

@ FRIB
Energy, MeV/u Carbon target thickness, mm
238y 412->0 12.85
412->200 8.37
412->100 11.2

238(412 MeV/u)->237U fission -> 81Ga (peaks 370 & 450 MeV/u)

81Ga 450 41.3
®Fe 450 55
R 450 86

Optimum target thickness to produce 7°Ca is 43 mm

final 7°Ca energy peak ~200 MeV/u, Brho~ 7.7Tm
Energy deposition in the target 800 kW

Carbon target in mm

1 2 3 4 5 6 7 & 9 10 11 12 13 14 15 16 17 18 1% 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 30 37 38 39 40 41 42 43

238U 200 "“I‘“
5164 producton s

76Fe production
70Ca production



Yield / waek

Calcium i1sotopes production vs. target material

EPAXZ
FRIB 400 1 week run
Optimum torget (02)
1.E=7 + foctor 0.1 due to EPAXZ use
1E+&
1E+5
1E+4
1E+3
1E+2
1E+1
1E+D
1E-1 —a—Projectile Fragmentation (C-target)
1E-2 —a— Projectile Fragmentation (Li-target)
—g— Abrasion-Fission (C-target)
1E-3
—g— Abrasion-Fission (Li-target)
1E-4
56 58 60 62 Bd &6 68 70

Li Bl MICHIGAN !

99 UNIVERSITY

‘0Ca @ E400 & Liquid Li target

~ 1 event !!
Beam Target
AZ Energy Intensity thickness
lell 1le22

MeV/u pps mm atoms/cm2
FRIB E400 B825e 520 1170 C-65 74
FRIB E400 825e 520 1170 Li-298 137
FRIB E400 238U 412 509 C-43 60
FRIB E400 238U 412 509 Li-245 113

0.3 m target thickness

from the realm of fantasy...

settings



High-Power Beams
Separator Requirements

(Moved to the FRS presentation)



Li B MICHIGAN STATE

“1 Requirements for Separator for High-Power Beams Else/UnrverRsiTy

By
i@l FRIB

« Smart planning for future updates: energy, intensity, ISOL

« 3 stage separation (combination of 2 stages — high resolution
and 3 stages - high purification)

« Super Conducting device, Compact
« “High-Z disperse” mode

« Momentum compression mode

« Angular emittance cut device

* Multi-user FRS approach
 |sotope harvesting

 Flexibility: target (more than one target thickness), fragment-
separator (not so complicated tuning) and so on

« Beam inclination on a target??



What we have to know working
at the new generation facilities?

Some non-prevented difficulties...



@ (CA _ _ i K&l MIC ~ T
“i Separator for High-Power Beams : BigRIPS B VA T

By
i@l FRIB

« Smart planning for future updates: energy, intensity, ISOL No

« 3 stage separation (combination of 2 stages — high resolution Yes-No-Yes
and 3 stages - high purification)
 Super Conducting device Yes

[ . . ” ’7 Will be checked:
. “High-Z disperse” mode Yes" i

« Momentum compression mode No

« Angular emittance cut device Yes
* Multi-user FRS approach Yes
* Flexibility: target (more than one target thickness), fragment- Yes

separator (not so complicated tuning) and so on
 |sotope harvesting No

« Beam inclination on a target?? Possibility exists



Working at BigRIPS e
new generation facility

* Reactions in the 1st dipole beam-dump

« High-order aberrations at the wedge selection plane

« [9Zn] Huge background of light particles @ F3 (first detectors of the 2"d stage)
« [’9Zn] Huge background of light particles @ F7 Ge-detectors

« No momentum compression foresight

 Beam-dump is far from a focus plane

« 18t SC segment: NMR-probe

« High-Z Abrasion-Fission production cross sections

« Angular emittance cut device

* Quality optic reconstruction

« Very precise RIB tagging by A/q (e.g. 132Sn%* beam)
* Advance diagnostic and fast in-flight detectors



Li ¢ MICHIGAN STATE

© . . .
Reactions in the 1% dipole beam-dump G R

V-shape internal beam-dump 1804 b for 33E 36Ne 39N
. a beam for *°F**Ne,**Na

Target 2nd stage isotopes search
1st . . 'I&r;lrgg gnetxpected_yieldt(r)]f )
_ g=o I1SOtopes using a tnic
stage . P wedge
i A slit
F2 At #ﬁ‘ﬂ _ « Two peaks vertical distribution
= ﬁﬂ'{iﬁiﬂﬁﬂﬁ}tﬁﬁ,ﬂq _r*r.,}{*ﬁ-[ at F2 & F3
Wedge 1 Slit -3 Wedge 2 F7 - Distance between peaks
Thick Fe depends from fragment Z
collimator
Beam profile at different dipole angles F3trigger F3trigger
O Reasons : 12Be 15B
% Reactions in the dipole Pl T ] | A DG
beam dump g -
% Lightest particles
passed slits -
QO Troubleshoot ]
% Thick Fe (~0.5m) - ‘

collimator @ F2

I
E ] & -]
FiPPAC2A Y

EISE
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180Er settings

Rates :

Beam (15 pnA) : 9.4e10 pps
LISE** @ F1

(189Er) : 4.6e8 pps

Experiment: ~ 1e8 pps

F3-rate
LISE* : 1e3 pps
Experiment: 2e5 pps

F7-rate
LISE* : 2e2 pps
Experiment: 5e3 pps

Background

a. Reactions in wedge?

b. Primary beams?

c. Bad first order Optics?

d. High order optics contribution?
e. Energy straggling?

f. Coulomb scattering?

Special settings for Wedge to work between charge state blops

Run 1227 28 (345.0 MeVi) + Be (7 mmj; Setings on €A™ 6. Config: DSSSWDSSHA -
Vv oy i cllo 5 dp/p=6.00% ; Wedges: Al (1 mm}; Brho(Tm}: 6.3110,6.0110 e o
55 Cooenndiol el O triqai -
BeaTs3 12 F7-trigger ~ cZ Yedetecor F3PLscit* dE: F3PLscint-H10C9 (200 ym) z ‘
S| g2k . °°D For 180Er - -
= =" @ Q=42 dQ=H dQ=0 Q=4 dQ=2 o
~ Vi - o de=01-Q2 \
— 2 p \
= ; 200 \ y
] 1 i
S, W ]
c
H
S g ! om
=
N s
= :
25 )
0
1 Fw
1
S
| 100
60
.......... %
73 20
=l | HEA WA | (£33 o N L1l L a
0.T. 01/8/2015F ast Laing i 53 g 8 E 120 & 40 0 40 50 20 24
L I 4 154570 maaitine famt
F2 position

dEX

o BigRIPS high order optics in LISE**

2" order >
acnpusm
£

oo o 0528
Anghccass OV Boumde O Conk O

Segmented configuration with COSY maps

o 2w X Teta) e
(E ST

o F XTTowte) e

1
opIEE- QTEAKEN 180/ 0alrs rr iy wosoriwoaes 10

Not 15t order gaussian tails..

Exponent tails!




[7°Zn] Huge background of light particles @ F3, F7

[79Zn experiment] Huge background of light particles @ F3 (first detectors of the 2"d stage)

With thick Fe collimator @ F2 & Fast F3 detectors (10°)

It's necessary to use 3-stage separation technique.
Detectors should me removed from F3 & F5

Target 2nd stage
" / 1 st F5
stage R
E2 *J T Slit
ot L150e Wghle o) ovs M ous Ja 7y -
F3 Wedge 2 F7

Wedge 1 Slit
Thick Fe
collimator

Li gl MICHIGAN STATE
99 UNIVERSITY

350 (450) MeV/u triton
range in

lron: 0.36 (0.54) m
Air: 1.9 (2.82) km

« ['9Zn experiment] Huge background of light particles @ F7 Ge-detectors

But Rate @ the F7 telescope was < 100 cps

It's necessary to use the 3-stage separation technique,

or construct a wall to get closed from light particles produced at the 15t stage
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Momentum compression foresight B8] 5 D AR TR

48Ca : MC Transmission Plot - Envelope (only passed)

Momentum compression is accomplished by design of a
cut here fragment separator system that has the appropriate
momentum dispersion provided by the dipoles and by
properly shaping the energy degrader.

L. Bandura et al. / Nuclear Instruments and Methods in Physics Research A 645 (2011) 182—-186

T
&

S
SR PR

;

X [mm]

Attempt to find solution for momentum
compression optics using LISE**

e

8

140 . . .
Regular BigRIPS optics compression factor equal to 5/3
180 Length [m] Total transmission results are shown in figure below
0 10 20 30 40 50 60 70
FO-F2 F2-F7  total
regular 63.40% 50% 32%
compressed v4. 49.80% 83% 1%
FO-F1
regular 68.10%

compressed v4. 64.30%

= - - EE—— It means total gain in transmission with compressed optics v.4 (compression factor is equal to 5/3) is
1 equal to 31%.

dP/P [%]
W
A
!

As you can see mainly the transmission loss for compressed optics has place in F1-F2 segment (probably
due to large FO-F1 angular magnification).

For compressed optics version 3 with the compression factor equal to 2 the transmission gain was
obtained even 64% (!!!), but the first quad was overloaded.
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Beam-dump is far from a focus plane Bl s UN I VERSYTY

Moving beam-dump

Target

Slit

Thick Fe
collimator

— [alobal matrix

| o [ o | [10.3737 [mm]

0
024995 [-027885 | 0 | 0 | 0 |500012 [ad]
o | 0 |-aFeizosoeer | o0 | 00 [om]

0

1

0

Serious complications to work between !
primary high-Z beam charge states :
!

0 | 0 |-090737 |0.14243 | | 0 [wad]
05152 |142:.28 | o0 | 0 | | 1416 [mm]
o | o | o | o | |1 [#

Amm] A[mrad] Amm] Amrad] Amm] %]
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Development and improvement of
LISE** reactions models

Cross sections Z=59

Cross scections (Abrasion-Fission (Low+Middle+High))

-—Final C8 — 2% (3450 MeViu) + Be (3 mm) -+ Z=58
236U" Ex=24MeV CS5=1827mb -- 226Th* Ex=100MeV CS=5000mb — 220Ra*

Ex=250MeV C5=350.0mb

Fission == Odd-Even corr.: Yes; Post-scission emission: Yes: Shells: {83 -2 650 70}&{90,-3.80.0.15}

Version 10.1.127

— Ahrasion-Fissian (Low+Misda+High)

— Llser CS file

3 Excitation Energy
Region (3EER) model
settings for production

high Z isotopes

Version 11.0.38

e} Default LISE* T - i
o settings _~"" e S
fe-t g e E LSRN
E / = - =
le2y - 7 -.\ N 1
1a-3 s o LN ey
E / = -
— 15-4! i‘j rlll _\‘
£ resh / mj \ ]
S ) 1
8 1eTf / 7 *Q\l\
L0 F ! N 5
w 1B = E - . \ 1
& of Cross sections from the :
E i . by )
© = mi l,l'll pPrevious experlment + . "\'\ ]
tett} f.‘ If Inabe’s scaling *-.\1 Voo
te12f | A
te13 =ScaI|ng has been used to describe experimental results.
te14p I of Z=59 neutron-rich isotopes production i?JLJ"’” Ry
) e
126 120 134 128 142 148 150 154 158 180

De-05-2014 024329
LISE++ [GARIKEN 201412380 LESEPeoaisiomPealRedl AF usei oo

Mass number [A)

Initial Fissile Nuclei (IFN)

Analyzer

Cross Section, mb

1.E+00

1.E-01

1.E-02

1.E-03

1.E-04

LE-05

1.E-06

1.E-07

1.E-08

1.E-09

1.E-10

136

130

141

146

151

156

161

166

171

\I
145



http://lise.nscl.msu.edu/10_1/10_1_127_highZ_AF.pdf
http://lise.nscl.msu.edu/10_1/11_0_28_IFN_search.pdf
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* Optimum energy for RIB production has been discussed

* Results of Charge state distributions, momentum and angular transmission, target thickness,
secondary reaction factor analysis as function of primary beam energy has been shown

 DERICA fission fragment transmission and yields of Calcium and Tin isotopes were done. It
looks like very potential, and exceeding by two order of magnitude an operating RIB facility

« 100 MeV/u 238U high-power (700 kW) beam makes enormous difficulties for target and beam-
dump construction

* Physics with stopped RIBs in 70-100 MeV/u is multifarious and perspective
* Production of new Calcium isotope is huge challenge in future (> 2036)
« EXxperience of new-generation facilities should be considered

« From DERICA FRS presentation: smart planning for future updates (energy, intensity, ISOL),
3 stage separation, Super Conducting device, “High-Z disperse” mode, momentum
compression mode, angular emittance cut device, multi-user FRS approach



