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 FRIB - nears completion

Stopped and reaccelerated “ISOL” type beams from projectile 
fragmentation

Stopped and reaccelerated beams at NSCL - pre-FRIB science 
highlights and capabilities

New instrumentation for science with stopped and reaccelerated beam 
capabilities for FRIB user program

Outline
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 Rare isotope production via in-flight technique with primary beams up to 400 
kW, 200 MeV/u uranium

 Fast, stopped, and re-accelerated beam capability

 Experimental areas and equipment for 
science with fast, stopped, and 
reaccelerated beams

FRIB - Facility for Rare Isotope Beams
World-leading Next-generation Rare Isotope Beam Facility
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Funded by DOE–SC Office of 

Nuclear Physics, Michigan State and 

Michigan State University

• Civil construction started 3/2014

• Technical construction started 

10/2014

• CD-4 (project completion) 6/2022

• Project on track for early 

completion in CY2021



 Accelerate ion species up to 238U with 
energies of no less than 200 MeV/u

 Provide beam power up to 400kW
• Highest power heavy-ion 

accelerator world-wide

 Energy upgrade to 400 MeV/u for 
238U filling vacant slots with 12 SRF 
cryomodules

FRIB Accelerator Systems 
Providing Broad Set of Primary Beams
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 Three stage magnetic fragment separator
• High acceptance, high resolution to maximize science

 400 kW beam power beam capability
• Rotating multi-slice target 

• Rotating water-filled beam dump

 Provisions for isotope 
harvesting 

FRIB Rare Isotope Production Facilities
Intense Rare Isotope Beams For Science
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Water-filled rotating 

beam dump

Multi-slice rotating 

graphite target



FRIB Project on Track for Completion in 2021
Linac Commissioning Underway and Remaining 

Technical Construction Being Completed
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Linac segment 1 commissioned - Ar9+

beam accelerated to > 20 MeV/u
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FRIB Rare Isotope Beams
High Beam Rates Maximize Science Reach

G. Bollen, ISOLDE WS 2019

FRIB fast beam rates for 

400 kW beam power
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Power ramp up over a period of 5 years

Rare isotope production via in-flight technique with primary beams up to 400 kW, 200 

MeV/u uranium



Fast, Stopped, and Reaccelerated Beams
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 Fast beams via in-flight separation following nucleon transfer, fusion, projectile 

fragmentation/fission (Fragmentation)
• 400 kW beam power will provide rare isotope beams with rates up to 1012 pps

 Beam stopping converts fast beams into low-energy “stopped” beams
• Linear gas stoppers, cyclotron stopper, solid stopper (future)

 Reacceleration of stopped beams
• ReA3 in operation, ReA6 under construction

 Under development: harvested isotopes for stopped and reaccelerated beam 

experiments – will enable multiuser operation

ISOL 

Sister 

Beams



Fast, Stopped, and Reaccelerated Beams Available 
at NSCL for Pre-FRIB Science

G. Bollen, ISOLDE WS 2019

Harvesting 

SOLARIS
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 Towards higher intensity beams for 
reacceleration, higher purity for precision 
experiments

 ANL gas catcher in operation 

 Cyclotron Stopper installation nearly 
complete

 Advanced Cryogenic Gas Stopper (ACGS)  
in operation

 He-jet system isotope transport tested
• Step towards multiuser operation

 Solid stopper/ion source development next
• Needed for highest intensity beams for ReA

• Plan to perform release studies for catcher 
materials

• Solid stopper staff engineer hired (Yuan Liu, 
ORNL)

Stopped Beams at FRIB/NSCL
Multi-facetted Approach Maximizes Science Opportunities 

with Stopped and Reaccelerated Beams
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 Novel geometry and ion-surfing technique on all-metal planar wire carpet – fast 
transport – increased rate capability

 Cryogenic operation – reduced beam contamination

 ACGS successfully in operation since one year

Stopped Beams at FRIB/NSCL
Advanced Cryogenic Gas Stopper (ACGS)
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A. Villari

K. Lund



 Beam stopping in gas in a magnetic field
• Optimized for stopping of lighter beams 

which have a long range in gas

• High beam rates

 Off-line tests completed and system 
installed in final location

 First on-line beam tests end of 2019

Stopped Beams at FRIB/NSCL
Cyclotron Stopper Installed in Final Location

G. Bollen, ISOLDE WS 2019

S. Schwarz

D.J. Morrissey
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 Harvesting of unused rare isotope beams in separator focal 
planes – key to multiuser operation

 Stopping of ions in high-pressure gas cell, transport with aerosol, ionization, 
and delivery as low-energy “stopped” beam
• Helium-Jet Ion Source  Chalk River  ORNL  MSU

 Moved to NSCL, installed, and first tests

Stopped Beams at FRIB/NSCL
Helium Jet Ion Source – Step to Multiuser Operation

G. Bollen, ISOLDE WS 2019

May 2019: 

Operation of the 
helium-jet circulation 
and isotope transport 
demonstrated by 
delivery of 70As from 
the A1900 to the 
helium-jet enclosure 
on the roof of the N1 
vault, and the 
measurement of its 
decay with an 
efficiency of 4(1)%

R. Zegers, 

A. Stolz

, Slide 13



Stopped Beams at FRIB/NSCL
Isotope Harvesting for Broad Benefit
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 Many rare isotopes are produced but only one isotope delivered to single user
• Often 1000 other isotopes are produced that 

could be harvested and used for
experiments or applications

 2015 Long Range Plan for DOE-NP
Isotope Program recommends investment 
in infrastructure for isotope harvesting at FRIB
• FRIB has provisions for isotope 

harvesting incorporated in the design

 Collect by-product radionuclides for 
use in off-line experiments
• Batch mode beams from ion source

 Tests at NSCL for isotope harvesting 
in water successful

HRS high-bay

Isotope

handling

facilities

J. Phys. G: Nucl. Part. Phys. 46 (2019) 100501

Greg Severin



 Measurements for nuclear structure, nuclear astro-
physics, fundamental interactions and symmetry tests

 Recent Accomplishments
• Mass measurements for rp-process

» PRL 120 (2018) 032701, PRC 98 (2018) 065803, 27P, 24Si

• Mass measurements beyond N = 40 of 68,69Co
» PRC 97 (2018) 014309

• Mass measurements at N = Z 
» NPA 989 (2019) 201-213

• Test of IMME
» 36Ca, 44V

• Offline Q-value measurements of exotic decays
» PRC 100 (2019) 014308, PRC 96 (2017) 044321

• Isomer separation of 70Cu for spectroscopy with SUN

 Developments in progress
• Single-Ion Penning Trap (SIPT) 

» Mass measurements using a single detected 
ion with FT-ICR

• Phase-Imaging Ion-Cyclotron Resonance 
(PI-ICR) for improved sensitivity and precision

Experiments with Stopped Beams
Mass measurements with LEBIT

G. Bollen, ISOLDE WS 2019

LEBIT facility

R. Ringle
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 The 23Al(p,g)24Si is one of the most influential reactions on the x-ray 
burst light curve

Energy uncertainties of important resonances have been highly 
reduced and now the Q-value uncertainty (~ 20 keV) dominates

Q-value uncertainty reduced to <5 keV (preliminary)

Mass Measurements with LEBIT
Pinning Down Nucleosynthesis in Stellar Explosions

G. Bollen, ISOLDE WS 2019, Slide 16

24SiOH+

T1/2 = 140 ms

R. Ringle

2 weeks ago



 Test of the Isobaric Multiplet Mass Equation (IMME) at A=44 

 IMME coefficients are determined by fitting experimental masses and are used in 
constructing shell model Hamiltonians1

 The previously unresolved ground and isomer states of 44V lead to an improbable 
negatively valued c coefficient for the A = 44 multiplet

Mass Measurements with LEBIT 
Improving Shell Model Hamiltonians

G. Bollen, ISOLDE WS 2019

1Y. H. Lam et al., Phys. Rev. C 87, 054304 (2013)
2Y. H. Zhang et al., Phys. Rev. C 98, 014319 (2018)
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 Static properties of ground and isomeric states using laser 
techniques: Nuclear spins (I), moments (Q, m), mean-square 
charge radii ( 𝑟2 )
• Systematic measurements of 𝑟2 address evolution of nuclear 

structure toward driplines and nuclear matter

 Three successful online experiments on K (FS), Ca, Ni (radii).

 Planned Developments
• Collinear Resonance Ionization Spectroscopy (CRIS)

• Laser ion source for solid stopper

 Collaborations/users with scientists from TU Darmstadt, 
Augustana U, ANL, ORNL, TRIUMF, JYFL, MIT

Collinear Laser Spectroscopy with BECOLA

G. Bollen, ISOLDE WS 2019

K. Minamisono et al., NIMA709, 85 (2013).

D. M. Rossi et al., RSI85, 93503 (2014).

C. A. Ryder et al., Spectorchim. B113, 16 (2015).
: stable nuclei
: known
: BECOLA
: unknown

P. Campbell et al., PPNP86, 127  (2016).

K. Minamisono
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 Chain of R(Ca) is a “textbook” 
example of how nuclear effect 
emerges in R, and challenging 
nuclear theories:

 R of neutron-deficient Ca newly 
determined at BECOLA NSCL/MSU 
reveal:
• Very compact, much smaller than 

previous theory

• Coupling to the particle continuum of 
loosely bound protons are critical

• Improved theory with proper 
treatment of the continuum effect 
reproduces the overall trend 
very well 

Collinear Laser Spectroscopy with BECOLA 
Charge Radii R of 36,37,38Ca Isotopes

G. Bollen, ISOLDE WS 2019

Charge radii of Ca isotopes

A. J. Miller et al., 

Nature Physics 15, 432 (2019)

previous theory

scattered, large R

improved theory

smooth, compact R

K. Minamisono
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 β longitudinal-polarization-asymmetry correlation provide stringent 
constraints on vector/axial-vector couplings involving right-handed neutrinos
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Search for New Interaction in Weak Decay 
First Polarized 36K β Asymmetry Experiment

G. Bollen, ISOLDE WS 2019

Two β telescopes (L and R)

Two directions of magnetic field

Two orientation of the nuclear 

polarization (driven by the laser 

light polarization)

Form “super-ratios”

“β telescopes”

plastic scintillators located in 

a large magnetic field, and 

readout with arrays of SiPMs

O. Naviliat-

Cuncic

β-particle energy (ch)
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Reaccelerated Beams at NSCL and FRIB
ReA3 in operation and ReA6 underway

G. Bollen, ISOLDE WS 2019

ReA6 ready in 2020

ReA6 Cryomodule

SOLARIS 

ANL, UCONN, 

MSU, et al.

EBIT Charge Breeder

First experiment with ReA3 in Sep 2015 – 28 experiments since then

EBIT 

Charge 

Breeder

Stopped fragment 

beams from the 

A1900

SECAR

JENSA

General 

Purpose Line: 

ANASEN

CFFD

JANUS

ReA6
ReA3

A. Villari
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First RIB Barrier-Energy Coulomb Excitation at 
ReA3 with JANUS

• Low-energy Coulomb excitation complements intermediate-energy Coulex by giving 
access to transition matrix elements beyond the 2+

1 state and quadrupole moments 
including their sign (prolate vs. oblate shape)

• Angle-integrated cross sections per angle bin were measured and first transition 
matrix elements and moments were deduced from coupled-channels fits

72Se, v/c=0.08

• Se isotopes are known for shape 
coexistence and shape transitions. 
70Se 2+ was shown to be oblate 
deformed, and for 72Se the same was 
predicted [PRL 100, 102502 (2008)]

• Result: 72Se 2+ is strongly prolate
deformed, precision of our Q(2+

1) 
moment excludes oblate deformation!

J. Henderson et al., PRL 121, 082502 (2018) – see also J. Henderson et al., PRC 99, 054313 (2019) for JANUS results on 76Se 

Pb x ray

A. Gade

3000-4000 pps

G. Bollen, ISOLDE WS 2019, Slide 22



 Capture-fission cross sections measured 
for 39,46K+181Ta at ReA3 (39K validated at 
ANU)

 Capture-fission cross sections for the 
exotic 46K + 181Ta reaction are slightly 
larger than those for the stable 39K 
induced reactions at bombarding 
energies near the Coulomb barrier region 
but the reduced excitation functions for 
the two reactions (scaled for the size 
difference between the two projectiles) do 
not indicate any fundamental differences 
between the reactions

Exploring Reaction Mechanisms to Reach the 
Heaviest Elements

• Results were used to explore the potential of neutron-rich K beams at FRIB for 
the formation of neutron-rich heavy nuclei: On 226Ra and 227Ac targets, may 
allow to produce, 0.8 atoms/day of 268,269Bh and 0.2 atoms/day 270Hs, for 
example

A. Wakhle et al., PRC 97, 021602(R) (2018)

Kohley Group, 

Morrissey
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 Four large instruments identified in 2015 Nuclear 
Physics Long Range Plan (NP-LRP)
• SECAR recoil separator (project on track to CD-4), MSU

» Direct measurement of thermonuclear reactions in 
exploding and exotic stars

• GRETA gamma detector array (CD-3a), LBNL
» Exploration of the structure of new nuclei with maximum resolving 

power and acceptance

• High Rigidity Separator (CD-0, conceptual design complete), 
MSU
» Evolution of shell structure, single particle structure of 

rare isotopes, limits of stability

• FRIB Decay station (pre-conceptual design), UT Knoxville
» Structure of most exotic isotopes, site of the r-process

 Additional instruments being installed
• SOLARIS spectrometer (solenoid installed in 

ReA6 high bay)
» Reaction studies with reaccelerated beams

New Instruments For Initial FRIB Science 
Road-map in Place and Instruments Being Built

G. Bollen, ISOLDE WS 2019, Slide 24

SECAR

GRETA

HRS

FDS SOLARIS



SECAR
Installation and Commissioning Underway

, Slide 25

 SECAR recoil separator 
enables direct measurements 
of astrophysical p- and a-
capture reactions

 Project on track for CD-4

 SECAR will enable science 
during A1900 reconfiguration 
with ReA off-line operation

 Multi-institutional effort (FRIB 
+ 12 institutions)

Separator for

Capture Reactions

http://fribastro.org/SECAR/SECAR.html

G. Bollen, ISOLDE WS 2019

H. Schatz

http://fribastro.org/SECAR/SECAR.html


 SOLARIS: SOLenoid spectrometer Apparatus 
for ReactIon Studies
• Single-particle structure of nuclei

• Pairing modes and strengths in nuclei

• Collective features in complex nuclei

• Nuclear reactions for modeling explosive 
nucleosynthesis

• Testing fundamental symmetries

• Stockpile stewardship

 Two modes of operation of SOLARIS: 
Si-array mode and an AT-TPC mode
• Will make use of ReA6 beams

 Multi-institutional effort (ANL, U Connecticut, 
and others)

Additional Instrumentation: SOLARIS

G. Bollen, ISOLDE WS 2019, Slide 26

Solenoid installed in ReA6 area



Start of FRIB User Program with Fast, 
Stopped, and Reaccelerated Beams

 Enable science with fast, stopped, and reaccelerated beams from projectile 
fragmentation – world-unique feature of FRIB and needed for FRIB science 
mission
• Fast beams for experiment at S800

» Experiments with S800, GRETA, and others 

• Stopped beams
» BECOLA, LEBIT, SUN, FRIB decay station, 

• Reaccelerated beams
» SECAR, GRETA, SOLARIS

Fast 

Beams

Stopped 

Beams

Reaccelerated Beams

G. Bollen, ISOLDE WS 2019, Slide 27

High-Rigidity Separator (HRS) 

highbay construction near complete 
HRS



 FRIB is on track for completion –
user program to start in 2022

 Stopped and reaccelerated beams 
from projectile fragmentation are a 
unique feature of FRIB

 NSCL provides a strong and 
expanding pre-FRIB science 
program using such beams

 New developments and 
instrumentation for science with 
stopped and reaccelerated beam 
leverage the beam capabilities 
FRIB will provide

Summary

G. Bollen, ISOLDE WS 2019, Slide 28

First FRIB call for proposals is expected in September 2020 

with proposals due in December 2020


