! Identification of MNT reaction products
Super-FRS EC from slowed down beams Super-FRS EC

* program for production and study of heavy (A=160-260) n-rich 1sotopes
* generate RIBs inside the (HADO-)CSC 1on catcher via MNT reactions

* staged approach:
e proof-of-principle with stable slowed-down ***U beam at FRS-Ion Catcher
* measurement of new n-rich actinides with the same configuration
* exotic n-rich isotopes with radioactive slowed-down beams at Super-FRS-
Ion Catcher
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Super-FRS EC

Heavy (A=160-260) n-rich region:

— MNT has much larger cross section than fragmentation

Identification of MNT reaction products
from slowed down beams )

Heavy n-rich isotopes via

Proton numberZ
B D
o o

N
o
T

@
o
T

Large yields: high performance ion catcher
— high acceptance — in-cell target

— high efficiency — ion transport by electric fields

— high separation, broadband — MR-TOF-MS

P. Constantin | ELI-NP / IFIN-HH

uper-FRS EC
MNT

B stable isotopes '

N=126
B radioactive decay chain
B light particles
B fusion/transfer
B fragmentation

40 80 120 160 200

102 Y.X. Watanabe et al., PRL 115 (2015)
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. * Identification of MNT reaction products
Super-FRS EC from slowed down beams Super-FRS EC

KISS @ RIKEN FRS-Ion Catcher @ GSI
Worldwide leading MNT RIB facility Multiple-Reflection
Y. Hir ayama et al., NIMB 317 (20 13 ) Time-of-Flight Mass Spectrometer

gas inlet

l] Si Detector

Calibration

" lon Sources ™

Laminar flow ||
|

r Recapture

-
e System System

{to be added)
9Rn Source DC Cage RF Carpet
Cryogenic Stopping Cell .
RFQ Beamline + i T{I)F Si Detector
Diagnostics Unit naiy

B
stop pinﬂ TCQiDT'I L L J Isochronous

for reaction products i SEM

Exe

LaSer  tmeeebed :, —
gas outlet - ¢1mm 0O 5cm

— high beam intensities — high beam intensities
—room temp — laser ionization — very selective — cryogenic He operation — broad isotope production
— extraction with Ar gas flow: — extraction with DC&REF fields:

7~300ms, £~0.1% T~7ms, £60%
— mass separation with magnet — m/Am~10° — mass separation with MR-TOF-MS — m/Am~10°, tof~10ms
Upgrade program at RIKEN: KISS 2 ~2027

— (almost) same technologies as currently at FRS-IC: Other developments:

target in cell; He gas; ion transport by electric fields; _
MR-TOF-MS IGISOL @ JYFL, N=126 factory @ ANL

P. Constantin | ELI-NP / IFIN-HH NUSTAR Annual Meeting 23-27 February2026



X

Identification of MNT reaction products

Shpr-FRS EC from slowed down beams Shpr-FRS EC
MNT program at FRS-IC

Exploratory program: in-cell MNT reactions with slowed-down **U beam on targets inside CSC
1) proof-of-principle measurements: **Bi target, performed in May 2024
2) new n-rich actinide isotopes: ***U target, scheduled in December 2027 — rescheduled?

Expected challenges:

— slow-down of relativistic beam to Coulomb barrier + fine focusing
— space charge effects in the gas cell

— high-density, high-purity gas cell

RFQ ¢ Cryogenic
(E~eV) ok StOPDIng
beamline

o

1 VIR-TOF-MS
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Super-FRS EC

Space charge effects

Ion transport with electric fields: £60%, 1~7ms, broadband

_=~F . :1ion loss by neutralization
induced applied

...drop in extraction efficiency of stopped fragments!

MNT in INCREASE has two sources:

1) primary space charge

— by penetrating U beam: between target and beam dump
2) secondary space charge

— by MNT products: whole volume

J.W. Zhao et al., NIM B 547 (2024)

lonization rate (He;"/s)

1011 1012 1013

1010

Identification of MNT reaction products
from slowed down beams

Super-FRS EC

INCREASE: remote controlled target wheel (6); space
charge containment; shorter DC cage (faster extraction)

i

e

23BU

Entrance port

MNT reaction
fragments

Stopped
/ in CSC

MNT reaction
target

A. Rotaru et al.,, NIM B 512, 83 (2022)

28 beam rate (ion/s)

-_—

o
n

4 gt Y

¢ short DC-cage

| Experiment II, %8U:
e 94 Vpp RF carpet

® 40V, RF carpet
e 28 Vpp RF carpet

Previous investigations, 2'*Fr and 'Ac:
B Experiment O Simulations

Normalized extraction efficiency
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©
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No impact in INCREASE at least up to 2-10° ions/s
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Simulations: no impact in INCREASE up to ~10° ions/s
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Identification of MINT reaction products

Siupr-FRS EC from slowed down beams Shpr-FRS EC
G-22-00117 experiment (May 2024)

76 m
Fragment Separator (FRS)

< 4m »>

500MeV/u #*U slowed down by variable degrader at S4 to ~12MeV/u
on **Bi target inside INCREASE } N
— MNT TLFs identified by the MR-TOF-MS: ) primanyBse
— proof-of-principle MNT reactions with slowed-down beam
— intensity on target 10°-3-10° U/s without FRS-IC efficiency decrease:
— rate capability realized
— S4 degrader thickness scan: energy scan for MNT reactions _
— primary beam of 0.2pA on target is sufficient to generate and identify ) < N
secondary RIBs =
— (G-22-00179 (A. Mollaebrahimi et al.): °U at FRS TA on **Bi target
successful MNT with secondary beam

Inner (cold) chamber
B of the prototype CSC

In-cell reaction system INCREASE:
Reaction module + new DC cage
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. X Identification of MNT reaction products
Super-FRS EC from slowed down beams Super-FRS EC
G-22-00117 experiment (May 2024)

Upgrades:

1. Degrader optimization:
vacuum at S2, thinner S4 degrader

decrease beam energy: 500MeV/u—200MeV/u

— both beam energy spread and spot on target decrease by ~50%; less radiation at CSC (~1/3)
2. HRU (Helium Recovery Unit) operational:

— increased gas purity and density
3. CSC shielding: high radiation levels in S4

— avoid electronics failure and radiation alarms

Higher MNT rates:

—smaller 6, 6,

— less FRS matter: higher beam transmission, less radiation
— larger target and beam dump
—up to ~x100
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Super-FRS EC from slowed down beams Sup

High-purity He gas

Identification of MNT reaction products
er-FRS EC

— method developed for 252Cf:
independent fission fragment yields IFY(N,Z)
— for an experiment at non-optimal gas purity,
the extracted the chemical efficiency C<10%

HRU (Helium Recovery Unit)

— gas recirculation and purification

— maintain and control a high gas density and purity
over extended running periods

1. Mardor et al., EPJ Web of Conferences 239 (2020)
Y. Waschitz et al., EPJ Web of Conferences 284 (2023)

Ce (Z=58) | Nd(Z=60)
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Super-FRS EC

Identification of MNT reaction products

from slowed down beams
232Cf s.f. mass measurements

Several offline runs with »*Cf (20kBq):

— broad-range simultaneous direct measurement of 64 masses:
51 1n a single setting, 13 first direct, 4 improved accuracy

— studies of the N = 90 shape phase transition via S,, systematic measurements

Extensive offline experimental program (10MBq)

600

400 -

Counts per 1.6 ns
> 8 o

o

A. Spataru et al , Phys. Scr. 99 (2024)
A. Spataru et al., Phys. Rev. C 111 (2025)
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Super-FRS EC

Min&max degrader thickness: T=1691&1730mg/cm?
MR-TOF-MS spectra of identified TLFs in #*U+**Bi
with A=211: sudden rate drop

A. Mollaebrahimi et al., Nucl. Phys. A 123041 (2025)

Bi/A
8, A=211 i/At Degrader—1691 mg/cm?
3 (80 minutes)
o
-o w
I z
= =
e 2
= :
. S
64.6 656
g 1- A=211 Degrader=1730 mg/cm?
§ (38 minutes)
o
()]
N
©
£
2
0 e SN N,
64.6 64.8 65.0 65.2 65.4 65.6

Time-of-Flight (us)

Identification of MNT reaction products

from slowed down beams
MNT data analysis

Super-FRS EC

Large degrader scan data set:

1) 28U beam stopping: 7 S4 degrader settings
2) MNT stopping: 7 S4 degrader settings

3) 2*Th source: ***Pb, 28T1, 2!?Pb

A. Shraier et al., to be submitted to Eur. Phys. J. A

1200

900+

600 **

300+

A=210 ZPb

TLFs

A=211

TLFs
208T]

ZIOPO ZIIPO

204

154
10-

0 i

N

Time Of Flight-20,010 (us)

After standard calibrations (TRC)

— FWHM~=30ns from elastic *’Bi channel
— peak integration £30ns around mass

— m/Am~=t/(2At)=20010us/(2-30ns)=333,500
consistent with N=449

— background from peak-free areas (grey)
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Super-FRS EC

Identification of MNT reaction products
from slowed down beams

Super-FRS EC

MNT data analysis
20:a A=210 TLFS 2107, B Unselected region
515_: ! [ Measurement window
7] 210p, 210,
o~ Po
S04 T
£
2 s
<
.
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1b 211p,, 211
Degrader scan results: 2301 A=211TLFs ™ 1
— several identified TLFs in A=210 and A=211 spectra %, | =
— expected rate dependence on degrader thickness g ]
. .. . \/ = 10
— signal significance S=VL reaches12 i
(L=Poisson log-likelihood ratio) 0
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- o X Identification of MINT reaction products ‘,;4.*.
er-FRS EC

Supr-FRS EC from slowed down beams Sup

Ongoing data analysis

_ Target wheel
Mini-cages
Sources

Beam energy dependence:

— convert degrader thickness into beam energy on target

— systematics: small Bi target (d=1cm) + large Bi target (d=2.5cm)
— Geant4: full CAD upload

— fraction of >**U beam stopped in CSC vs. mean E and RMS c¢

— 238 generated at entrance in target; use Ey-E~T (E,:=500MeV/u)

or=0MeV/u og=1MeV/u og=2MeV/u or=3MeV/u

- (a)I e | - Beam dump
0.015_— —
L \ —
: \é : |—|‘ I o |V | | | e | | | |
0.01_— @V o= =' B é .
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& - 8 &, - *
_ LA e
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E;EMev] [ A T :
£ 238U -
MNT TLFs (A=210&A=211) scaled f i v, MNT TLFs
238 1 20981 e A T T T T Eis... B S B TR |
to U with small *"Bi target 2 4 6 8 10 12 14 16 18 20 22 24
E [MeV/u
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Super-FRS EC

Identification of MNT reaction products

208Ra 209Ra 21[)Ra 211Ra 212Ra 213Ra

from slowed down beams
Ongoing data analysis

215Ra 216Ra 217Ra 218Ra 219Ra 220Ra 221Ra

A
QZOFI-

21
N\
N
&
215Rn 216Rn 2 218Rn 219Rn

I EE

213Rn

8
205At 206At 212At 213At t 215At 216At 217At 218At
B+ B+ ax a x a a a a
204p 05pg  206pg o - 217pg
B+ B+ Bt a
ZDSBi 204Bi ZDSBi ZDEBi 21OBi 211Bi 21ZBi 21SBi 4B| 21SBi 21GBi
B+ B+ B+ B+ B- o B- B- B- B-
$3 sz SRE3 " 83
202Pb 203Pb 204Pb 205Pb 206Pb \ 209Pb 210Pb 211f§ 212Pb 213Pb b 215Pb
e- capture e- capture a e- capture a B- B- B- B- B- B-
8 B
r Ll 8
201T| 202T| 203T| 204T| 205T| 206T|

e- capture

199A

B_

199Pt
B

e- capture

Stable

B-

Stable

B-
203Hg . 205Hg
Stable Stable Stable [ B

U4
202_"" \‘ 21(;'“ 21:“ 21?:” 21::T| :Tl
R T X T < R X

206 207 208 209 210 21 212 213
Ho Hg g *Ho g *Hg g
X IR X IR X SR X . X
200Au 201 A 202Au 203 A 204 AU 205Au ZOBAU 207 N 209 AU 210 AU
B- B- B- B- B- B- B- - B—% B- %
200Pt 201Pt 202Pt 203Pt 204Pt ZM 208Pt
B- B- B- B- B- B- - B- %

Super-FRS EC

Large statistics run at

optimal degrader thickness

T=1707 mg/cm?

~ 16 isotopes identified

— MNT production rates
vs.Aand Z

Analysis by A. Mollaebrahimi

x Short lived

Not seen (overlapping
peaks, charge states?)

8 Not produced (zero rate)

Probably not produced (from
isotopic patterns)
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Super-FRS EC from slowed down beams Super-FRS EC

New MNT proposal at FRS Ion Catcher

Identification of MNT reaction products

(G-24-00274 P. Constantin, S. Bagchi, T. Dickel, et al.
Measurement of ~20 new n-rich actinides
Ranked A by G-PAC: December 2027, to be rescheduled?

200MeV/u #*U and 10° ions/s at FRS TA, ~12 MeV/u and 107 ions/s on #**U target — same as FAIR/LEB
— technical run: 3 shifts
— physics run: 15 shifts

Technical run to evaluate upgrades:
1) beam slow-down and focusing: new degrader system

2) gas purity: HRU deploymept e T P r T r N e o
3) radiation level: CSC shielding Am| | ;
Pu 5
Np =
U
Pa|

||||||||||||||||||||||||||||||||||||||||

232 233 234 235 236 237 238 239 240 241 242 243 244 245 246 247 248
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Identification of MINT reaction products

Shpr-FRS EC from slowed down beams Shpr-FRS EC
New MNT proposal at FRS Ion Catcher

J.J. Mendoza-Temis et al., PRC 92 (2015)
Physics run: ~20 new n-rich actinide masses and cross sections S soler rabundance o 3
1) Nucleo-synthesis of actinides: _ G G
data (masses, half-lives, etc.) on n-rich actinide : o
isotopes needed for r-process calculations
2) Shell structure evolution:
masses of n-rich actinide isotopes needed to benchmark
nuclear structure towards the limits of stability

abundances at 1 Gyr

10-7A,|.A.)1A.11A..L1 FRRT TR [ L P Lo

: - 120 140 160 180 200 220 240
Window of opportumty. mass number. A

—upgraded KISS@RIKEN by end of 2027; actinide program soon after T. Niwase et al., PRL 130 (2023)
— MNT needs special HADO-CSC configuration: A R B A

cannot be moved to FAIR early science — [ (c) U (£=92)
— 2% beam at low energy and intensity OR %
lighter n-rich beam ('**Xe/**”Bi) X

S

<

This does not refer to the wider MNT program at Super-FRS

[ @ This work \Neo

- ©AME2020 experimental value \

O ©AME2020 extrapolated value N
. | . | . | . |

146 148 150 152 154
Number of neutron
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Identification of MNT reaction products
uper-FRS EC

Supr-FRS EC from slowed down beams )
SUMMARY

v Proof-of-principle for MNT driven by slowed-down primary beam at FRS-1C

? Looking for solution to run n-rich actinide experiment at FRS-IC

* Building the case for MNT driven by radioactive isototope beams at Super-FRS-IC
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