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Unusual : UM &  UND  collaborating rather
than competing.

Football in particular…(US football )



UM-UND collaboration began with installation of a UM DoE-surplus 3.5 T
solenoid at ANL* in 1984-87 for use as a small-angle spectrometer following
design of similar (but two solenoid) device at Orsay*

*UM PHD thesis project of Ms. Robin Stern [RSI 58(1987) p1682 ]

*(Schapira et al..but ran as single solenoid spectrometer due to a destructive
quench of the second solenoid )

UM had a second
solenoid..but no room for it!

( Whatever happened to our
collaborator  D. Kovar?? )



Did not work well as small angle spectrometer e.g. for 18O on Ni
to study 4n transfer (R. Stern PhD) . Too many “background”
particles I.e. “garbage”..like 15O,18F,18Ne..but these are
desirable secondary radioactive beams!

And as we know, one persons garbage is another’s treasure…

RIBs



Device moved to U N Dame (1987) as collaborative NSF-UM-UND
funded effort between  UM (FB) and UND (JJKolata) to establish a low-
energy RIB facility based on an upgraded  UND FN Tandem.

Included installation of SNICs source to increase primary beam intensity.

Became LilSol , one of first operational LE RIB facilities* in USA (and
world in fact )

* Part of UM PhD project of Mr. W. Liu (PhD, 1990)





Solenoid: Simple ion optics so unwanted primary beam and other beams can
be blocked to a large extent via simple apertures”



Intense,scattered primary beam can be brought to a focus and easily
blocked while RIB of interest as  ( in a ring  image ) passes around the
aperture and can be brought  to focus on a secondary reaction target :



At focus

Off focus
(Blocked areas
due to entrance
aperture
supports. Note
rotation of image
of those)



Among first experiments:

Measurement of   8Li(d,p)9Li and 8Li(d,t)7Li cross sections

(motivated by astrophysics and missing mass problem of 1980’s)

Studied LE 8Li (d,t), 8LI(p,alpha), 8Li(p,n)
etc with LilSol



But first paper on 8Li(d,t) including description of apparatus to
make useable high-intensity  LE RIBs, submitted to Phys. Rev.
Letters ( 1988 or so) ..and rejected!!!

Referee comment: Topic too specialized and such RIB studies
would not likely ever be of general interest to PRL readers.



Of course in the next ten years several PRLs /PRCs etc based on LilSol
and research at other RIB facilities were published (with better statistics
etc of course)..including a later PRL (with OSU) on 8Li(d,t) and 8Li(d,n)
(but similar results as first UM-UND experiment):

(Since we are
at LE using
inverse
kinematics we
are near astro
CM energies )

8Li(d,t)

Ex fnt

8LI(d,n)

Ecm 1.5-3.5 MeV



So as Yogi Berra (or it might have been Casey Stengel..a NY Yankee in
any case) once said:

“Its hard to make predictions, especially about the future”

A prediction
made in
1954 on
how a home
computer of
the future
(1970)
might  look
like:



LilSol used to demonstrate production of a
useable isomer RIB:



18Fm isomer made using highly
selective 12C(17O,18Fm 5+)11B
reaction :

Which we used at NSCL at higher
energy to measure 18Fm+p elastic
scattering via gamma tagging etc:

18Fm 5+  needs x5 p+18F VSO??



Caution then: HE heavy RIBs made via fragmentation or transfer
reactions may not be in g.s.,  rather an isomer (yrast trap of
course)..even some ISOL beams

At NSCL majority of 18F made was in 18Fm (which we wanted in
this case)

…but need to know state of beam one is using (has that always
been done?? If not data are mixed g.s./isomer data ??)

Relevant to RIA fragment beams…



After many years of successful operation (1987-1997) a proposal for a larger,
twin-solenoid multi-mode RIB/Spectrometer system was proposed to NSF and
was funded NSF-UM-UND for construction in 1995. And was built and
operational in 1997. Included UND FN upgraded with chain system and SF6
insulating gas for higher voltage.  (LiLSol then used for beta decay
expts.A.Garcia et al)



Not to be confused with website
of French rock group:



See next
slide



6 meter long= flight path

      TwinSOL: RNB production

                facility
±5.5° entrance



Ray-trace simulation, two helium isotopes of the same Bρ are focused by the first 
magnet onto a carbon foil. The more massive, yet less energetic 6He ions lose 
disproportionately more energy in the foil and are subsequently separated from 
the alpha particles using the second magnet.

6He 4He

Carbon foil

As in dipole RIB systems , we can use an absorber between magnets to
get better RIB purity (+ ToF if needed using a pulsed beam )

In order to better purify the RIB :



Unique (??) feature: magnets generally run in persistent mode..I.e.
power supply turned off (stable,  reproducible  focus ..and scales
linearly.).Uses very little LHe so no LHe liquifier needed .

..and nice when running in Indiana in the spring and
summer storm season..magnets stay on and set !



TwinSol project again part of a PhD thesis (Mu Lee) :

Thesis etc can be downloaded from
TwinSol web site:

www.physics.lsa.umich.edu/twinsol/



__ Accelerator: Upgraded FN Tandem, 10 MV, ~ µA, DC or
pulsed  beam (1.5- 2 nsec pulse width)

__ Radioactive beams: 6He, 8Li, 7Be,10Be, 8B,.. 18Fm… 104-108 /s

     Reactions: e.g. 9Be(7Li, 6He) 10B,  3He(6Li, 8B)n

__ Experiments: LE elastic-, inelastic-scattering ,
                            sub-barrier fusion/fission, RIB break up, exotic

                cluster transfer reactions, fusion-gamma  
    gamma,  n-alpha  , n-  ToF, ……etc

           TwinSOL (Notre Dame/UM)

 



Twin magnets permit many useful modes of operation ( we/ve  run most of
these):

Note we typically
run opposing
fields to minimize
fringe field at
cross over..(recall
reversing field in a
solenoid changes
direction of
rotation but it’s
still a focusing
lens)

Can use
second
solenoid as
small angle
spectrometer



Since we are using
reverse kinematics with
unstable beams we can
use stopped beam
technique with H,D..tgts
to measure excitation
functions e.g. here
7Be+p (Rogachev et al)

Related to solar neutrino
problem. We find a
predicted LE resonance
doesn’t exist:



P-Halo 8B exhibits large
Nucl-Clx interference far
below “classical”
barrier..other RIBS also??
Impacts extraction of BE2s
etc for RIBs



6He(p,n) IAS



Search for
proposed
excited state of
triton (we find
it’s a 3 body
resonance ..not
state in triton
per se)



Recent PRL on
new  technique
using RIBs

(using gamma-ray
doppler-shift
information)



Recently have studied some RIB cluster transfer reactions .

(3He and 4He) and an “exotic  “ transfer , 4H:

Appears to populate 16N “directly” and fit well by DWBA..one or two step 4H
transfer (could be used to measure n rich masses via Qgs??).

16N



Very recent: 12C (7Be,3,4He) 16,15O : A new tool for cluster transfer
studies?? [ Analog to (7Li,t) but different kinematics/OM etc etc..In fact we
know outgoing OM well vs energy ..and can measure incident one easily ]

6+

6+
8+?

2+/1-



Large cross sections: Need per usual, better energy resolution, remove 3He
in RIB.



Extensive work done on sub-barrier fusion (and fission in some
cases) 6He,8Li,8B,10Be,…on various nuclei A=60-210 (see JJK
talk yesterday for one example)

Data from Aguilera et
al..a few weeks old :
8B+58NI elastics to
deduce sub-barrier
reaction cross
sections

8B (proton halo
nucleus) is  non trivial
RIB to make..we use
selective 2p transfer:
6Li(3He,n)8B



We also can focus RIBs thru a shielding
wall to a low b.g. area for gamma ray and n
ToF measurements:



Intense primary beam   production of background radiation  (p,n,γ,..)

•  TwinSol can  used as a long, high-Brho, single-magnet for bending the ions
    of the most magnetically-rigid beams.

•Or, In parallel mode (no cross over) a substantial radiation
   shielding wall  can be built between the second solenoid and the final focal point.

n blocks

Radiation wall (borated water jugs)

RIB

    TwinSOL in Parallel Mode

Particle-gamma array

Gamma-Gamma array

Neutron  “wall” etc





LE 6He+63,65 Cu fusion reaction gamma-gamma coincidence
(LE: Only a few open channels thus selective wrt final nuclei)





Gamma spectra
gated by coincident
gammas in specific
residual CN nucleus:



Able to I.d. and identify new decay branch in 66Zn:

A large coverage HPGe clover array now available at UND (A. Aprahamian )



Recent addition: 2 nd generation large coverage neutron wall in low
b.g. extension(see JJK talk..6He breakup/transfer etc ):



Recent experiment (Dr. Hanan Amro UM): 8Li+208PB  particle -
gamma coincidence study.

Goal: Remeasure 8Li Clx using 8Li-gamma coincidence..try to verify
very large BE2 up we/ve seen for 8LI* from 8LI+Ni inelastic
scattering.

(Example of an RIB where one must measure BE2 via BE2 up
directly owing to allowed M1 down..thus LE RIB preferable)

Deduced BE2 up large..about x5 that of 6,7Li



Two ΔE dets:  start master trigger and TAC
Four BaF detectors:    individually stop TAC

(60o,90o)

  8Li
beam

(90o,120o)

                                                                          7Li+209Pb [Qval=+1.9561]

Secondary Reaction:  8Li + 208Pb
                                                                                   8Li,8Li*
Coulomb  barrier (8Li+208Pb)= 31.04 MeV
8Li beam energy: 28  MeV
 Eloss~0.6MeV  E(8Li beam)=27.4 MeV < Coulomb  barrier (sub barrier )

1.4 mg/cm2 208Pb

ΔE-E 

Particle- gamma coincidence
BaF
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7Li

1/2-

3/2-

477 keV

8Li

2+

1+

987 keV 

E (10 keV/ch)

209Pb

1/2+

5/2+

9/2+

1570 keV

476 keV

 Energies in BaF array gated by
              TAC & Li group

Etotal (10 keV/ch)

7Li*

8Li*Clx
209Pb 5/2+

1n transfer

1n transfer??



            One-neutron removal channel

209Pb

1/2+

5/2+

9/2+

1570 keV

476 keV

7Li

1/2-

3/2-

477 keV

A strong 7Li group was also  observed!!

• Transfer reaction:  8Li + 208Pb  7Li + 209Pb     
• Breakup reaction:  8Li + 208Pb  n +  7Li + 208Pb 
…..must be considered even “subbarrier” fusion …
Previous conclusion: transfer channel dominates! A. M. Moro et. al. Phys. Rev. C(2003) 

BE2 extracted  ambiguous..Coul-Nuclear interference even “sub barrier” ??

Need further study..may impact “Clx” at higher E also even at forward “safe” angles.



TwinSol also used as small-angle, large solid angle paticle-particle
coincidence  spectrometer with stable beams  (Wiescher et al):



Recent data detecting 3H from small angle 19F(3He,3H)19Ne :



       Sub-barrier fusion with heavy exotic nuclei..
             a doorway to superheavy elements?!!

124,132,134Sn+48,40Ca

132,134Sn+64Ni

We measured the fusion-evaporation cross sections in the vicinity
of the Coulomb barrier. Large sub-barrier fusion enhancement
was observed  attributed to:
• The large N/Z ratio of 132,134Sn reducing the barrier height.
•  The presence of a large number of nucleon transfer channels
    which can serve as doorway states to fusion.

•closed shell neutron-rich 132,134Sn 
•doubly magic target 48Ca

compound systems with:
• lower excitation energies
• smaller fissility, i.e. higher
   survival probability.

Proposed at ORNL HRIF (see Liang talk):



Upgrades :

Better energy resolution
,perhaps via better particle-
by-particle ToF.. E.g. MCP
at cross over focus?? But
at cross over have 10^6-
10^8/s RIBS+stable
beams…so a  major
challenge..(Dan??)

..BUT could get 100-200
KeV  RIB E spread (or
less) using long flight path
mode:

MCP



Also needed for optimal experiments:

Larger scattering chamber  (1.2 m dia. vs present 0.4 m
dia.) and associated stripe detector array , etc etc …

(NSF equipment proposal submitted F05…..yet again)



RIA-related R&D:

Add electric element to separate Z’s  and/or make “achromat”??

Test gas filled or “foil filled” mode for HI recoil detection (eg ER)*

Test “harmonic” q focusing for multi-q HIs/ERs, etc

Add 3rd solenoid for very long path ToF (Proposal into UM for
one. LHe free so portable. Similar to one shown but larger bore)

* News flash: I’m told
ANU Canberra has
verified gas-filled
mode works!

Picture  from
Cryomagnetics,Inc
Oak Ridge TN



From past UM-UND RSI papers (W. Liu et al):

“Harmonic orbits” q focusing Radial E lens (ExB)

Likely will be part of a new UM or UND PhD thesis project .



São Paulo Pelletron Laboratory

8 MV tandem
3-5 MeV.A

RIBRAS

Future
SC
Linac



foto Orly Camargo

Two superconducting solenoids



2 cm

Y

Secondary beam  profile 
 at the  crossover point

5 mm

Parallel Plate Avalanche Counter
(PPAC)

X-Y position sensitive gas detector

9Be(7Li,8Li)

Reaction:

X

5 mm beam spot
Angular divergence
:1-2 deg



Optical model São Paulo potential 
L. Chamon et al.

Angular distributions at  9.54,11,12MeV  for  6He+27Al

Imaginary part reduced, fit improved 



reduced energy

reduced reaction 
  cross-section

   _ = _/(A1
1/3+ A2

1/3)2

Ered= Ecm(A1
1/3+ A2

1/3) / ZpZt

        Reaction cross sections
                    
             Obtained from elastic scattering angular distributions
                                                                                             16O+27Al – D. Pereira et al
                                                                                     9Be+27Al  - P.R.S. Gomes et al
                                                                                    6He+27Al and 7Be+51V - RIBRAS

(P.R.S. Gomes)



Eventually RIBRAS will be coupled to SC Linac
there..(whenever latter becomes operational)

Game plan(FB/JJK):  Eventually do RIB
experiments in Brazil on unique RIBRAS + SC
Linac facility during our midwest winters
(summer there!). Maybe during Carnival?? (but
then who will actually do the experiments??)

Finito

http://www.colorfotos.com.br/rio_de/fotosri
o




