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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*

Tests of a large air-core superconducting solenoid as a nuclear-reaction-
product spectrometer
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An air-core supercenducting solencid, with a diameter of 0.2 m and a length of 0.4 m, has been
configured for use as a heavy-ion reaction-product spectrometer (£ /4<5 MeV/u) near

8 = 0°, The spectrometer has a large solid angle (10-35 msr) and properties suitable for time-
of-flight measurements with flight paths = 2 m. The performance of the spectrometer was
established using a-particle sources and nuclear-reaction products from heavy-ion collisions.
The characteristics of air-core magnets are compared to those of steel-yoke magnets. The
simplicity and ease of operation of the air-core magnet, without significant problems from the
(axial) fringe fields, suggests that larger air-core magnets with 4£3>20 msr and capable of
focusing ions with E /4 >30 MeV /u are feasible. Other applications of solenoids and
combinations of solencids with radial electric-ficld lenses (ELCO lenses) are also discussed,
including designs which focus more than one charge state simultaneously.

( Whatever happened to our
UM had a second collaborator D. Kovar??)

solenoid..but no room for it!
*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 )



Did not work well as small angle spectrometer e.g. for 180 on Ni
to study 4n transfer (R. Stern PhD) . Too many “background”
particles l.e. “garbage”..like 150,18F,18Ne..but these are
desirable secondary radioactive beams!

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



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 ) Ll g

* Part of UM PhD project of Mr. W. Liu (PhD, 1990)
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Didn’t work at LE (tho OK at HE) !!! Too much
background from scattered primary beam etc..

UM approach: Adapt superconducting solenoid
zero degree “‘spectrometer’” as primary RNB
element :

Simple, “clean” optics (its a simple lens)

Thus easy to block out scattered primary
beam with simple apertures, etc

Good time of flight to separate b.g. etc



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

Detector

| — |
Salenaid Coil
Baffle or

“Lollipop”

Figure 2.12 Example of using a baffle to stop a low-Bp contaminant beam
from reaching the particle detectors. Although. the less-rigid contaminant
beam mav not be focused onto the detectors, if they are not stopped in the
lollipop (or baffle) thev may undergo muluple scattering and eventually
reach the detectors.
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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)
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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):
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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:
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Scientists from the RAND Corporation bave created this model to illustrate bow a “bome computer” could look likee in the
year 2004, However the needed technologs will not be ccomomically feasible for the average bome. Also the scientists readily
admit that the computer will require ot yet invented technology ro actually work, but 50 years from now scientific progress is
expected 1o solve these problems. With teletspe inserface and the Fortran language, the computer will be easy to wse.



LilSol used to demonstrate production of a
useable isomer RIB:

THIRD SERIES, VOLUME 42, NUMBER 3 SEPTEMBER 1990

RAPID COMMUNICATIONS

The Rapid Communications section is intended for the accelerated publication of important new results. Manuscripts submitted
to this section are given priority in handling in the editorial office and in production. A Rapid Communication in Physical Review C
may be no longer than five printed pages and must be accompanied by an abstract. Page proofs are sent to authors.

Production of an isomeric, excited radioactive nuclear beam

F. D. Becchetti, K. Ashktorab, J. A. Brown, J. W. Jidnecke, D. A. Roberts, J. van Klinken,* and W. Z. Liu®
Department of Physics, University of Michigan, Ann Arbor, Michigan 48109-1090

J. J. Kolata, K. Lamkin, and R. J. Smith
Department of Physics, University of Notre Dame, Notre Dame, Indiana 46556

R. E. Warner
Department of Physics, Oberlin College, Oberlin, Ohio 44074
(Received 21 May 1990)

A momentum-analyzed, isomeric, radioactive BE™ peam (E,x=1.12 MeV, T1,2=163 ns) has
been produced with the reaction '*C('’0,'®F™)!'B at E('’0) =70 MeV. The '8F™ ions were fo-
cused onto a secondary target using a compact superconducting solenoid lens and scattering of
8F™ from Au and carbon targets was observed. A conversion efficiency of > 103 '®F™/s per 100
particle nanoamps of 'O was obtained using a 1.1 mg/cm? natural carbon production target.



18Fm isomer made using highly
selective 12C(170,18Fm 5+)11B
reaction :
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FIG. 2. The '"®F production spectrum observed for the
2C("0,'"®F)'"'B reaction at E('’0)=70 MeV using a 0.1
mg/cm? carbon target.

Which we used at NSCL at higher
energy to measure 18Fm+p elastic
scattering via gamma tagging etc:
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FIG. 11. Top: Elastic scattering angular distribution of
~v-tagged 8F™ + p, E.m. = 20 MeV as ratio to Rutherford
scattering. The filled circles are the experimental points and
the curve is an optical model calculation based on **O+p and
?°Ne+p OM parameters (see Ref. [26]). Bottom: Same as
above, but with the spin-orbit strength (Vso) increased by
X5.

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)
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Not to be confused with website
of French rock group:
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Crossover or parallel mode possible now:
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TwinSOL: RNB production
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In order to better purify the RIB :

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

a1s -
a0 -
Carbon foil
.H"" "]
-.H-
-H"—\._ '-.__I"F
J-.-.-. T
I .-"'frf’.-'_
|| :j;_"_:_-r ]
2.0 a.m

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



Unique (??) feature: magnets generally run in persistent mode..l.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) :

TWINSOL: A DUAL SUPERCONDUCTING SOLENOID ION-OFTICAL SYSTEM

FOR THE FRODUCTION AND STUDY OF LOW-ENERGY
RADIOACTIVE NUCLEAR BEAM REACTIONS

by

Mu Young Lee

A dissertation submitted in partial fulfillrment
of the requirements for the degree of
Duocior of Fhilosophy
{Physics)
in The University of Michigan
2002

Drosctoral Comumities:

Professor Frederick. D. Becchetti, Dissertation Chair
Professor Henry C. Griffin

Profeszor Jean P. Krisch

Professor Gregory Tarlé

Thesis etc can be downloaded from
TwinSol web site:

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



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

__ Radioactive beams: °He, 8Li, "Be,!'Be, ®B,.. 18F™... 104-108 /s
Reactions: e.g. “Be(’Li, °He) "B, *He(°Li, °B)n
__ Experiments: LE elastic-, inelastic-scattering ,

sub-barrier fusion/fission, RIB break up, exotic
cluster transfer reactions, fusion-gamma
gamma, n-alpha , n- Tok, ...... etc



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)
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Figure 3.14 Basic components and steps required in crossover mode of
operation to deliver an RNB to the back chamber.



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
/Be+p (Rogachev et al)

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

PROTON ELASTIC SCATTERING FROM "Be AT LOW . . .
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FIG. 3. Elastic data compared with the full R-matrix calculation,
including the 2 level at 3.5 MeV. The dashed curve shows the
calculation prior to convolution with the experimental response
function. The dash-dotted curve shows the comparison with a cal-
culation including a predicted 17 state at 1.4 MeV. Dotted curves
show the behavior of the excitation function in case of different
spin-parity assignments for the new resonance (1~,17). The insert
gives a confidence band for the excitation energy and width of the
2~ resonance. The cross indicates the best fit point; the solid line is
the Wigner limit for the 2 state calculated for a channel radius of
4.3 fm.



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

VOLUME 84, NUMEBER 9

FPHYSICAL REVIEW LETTERS

28 Frngruawy 2000

Nuclear and Coulomb Interaction in ®B Breakup at Sub-Coulomb Energies

V. Guimaries, J.J. Kolata, D. Peterson, P, Santi, R.H. White-Stevens, and 5. M. Vincent
Fhysies Department, University of Nore Dome, Nore Dame, Indiang $S8556-3670

F.D. Beechetti, M. Y. Lee, T.W. ("Donnell, D. A, Roberts, and J. A. Zimmerman
Fhysies Department, University of Mickigan, Arn Arbor, Michigan #810%-11 20
(Received 24 September 1999)

The angular distribution for the breakup of "B — 'Be +

poona N targel has boin measured at an

incident enerey of 25.75 MeV., The data are inconsisteat with fisst-order theories bt ane remarkably

well deseribed by calewlar

ons including higher-osdes effects. The comparisen with theory illustrates the

ieportance of the inclusion of the exotic proton halo structare of *B ia acoounting for the data.

PACS numnbers: 25.60.Gc, 21.00Gy, 27200+

Coulomb dissociation reactions have been used in recent
years a5 @ means to obtain information on capture reac-
tions of astrophysical interest. An exemple is the experi-
ment of Motobayashi er al. [1] who studied the breakup
of B — "Be = p on a Ph target and related their result
to radiative proton capture at solar energies. This reaction
corresponds to the projectile breaking up into a core and a
valence nucleon due to interactions with vinual photons in
the stromg Coulomb field of a high-Z nucleus. Although
this mechanism is, in principle, a time-reversed capture
reaction, 2 photons contribute to Coulomb dissociation
while rediative capture at solar energies procecds almost
exclusively by E1 transitions. Thus, in extracting infor-
mation on estrophysical proton capture reactions from the
measured dissociation cross section, it is crucial to deter-
mine the relative contribution of photons having different
multipolarity.

The relative importance of £1 and E2 contributions to
the Coulemb dissociation of *B nas been investigated hotn
experimentally [2-5] and theoretically [6—8]. The earliest
experiments [2 3] sugpested that the E2 strength was much
smaller than all published theoretical estimates. Davids
et ql. [4] measured the asymmetry in the longitudingl mo-
mentum distribution of “Be fragments from the dissoci-
ation of "B on Pb at 44 and 81 McV per nucleon. The
44 MeV /nucleon data gave a clear signal corresponding
ty an &2 strength that was 70% of that predicted by the
maodel of Esbensen and Bertsch [8]. This model prediction
itself is o factor of 2 smaller than that of Kim er al. [9].
Nevertheless the extracted E2 strength, though consider-
ably quenched, is still larger than implied in Refs. [2] and
|3]. Most recently, lwasa et al. |5] report & limit on the £2
strength that is at least an order of magnitude smaller than
that of Davids er al.

It wes noted in Ref. [4] that the description of the dato
by the model of Esbensen and Bertsch is not precise,
and that the best-fit values for the E1 and E2 strengths
differ by {20-301% from the model predictions. The
E2/E] interference term is, of course, model dependent.
The earlier experiment of von Schwarrzenberg er al. [2]

1E62 (OF1-9007 /00, 54(9)  1E62(4)515.00

attermpted to avoid model dependence by mc-iuiur]ng the
hreakup at sub-Coulomb energies for a low-# target (77 Ni)
for which multiple Coulomb excitation was expected to
e minimal. At these epergics, the E2 component is
ennanced relative to £1. The very small cross section
reported in that paper, which was less than that predicted
by any reasomable structure model for *BO[10], has
penerated considerable interest.  Nunes and Thompson
[10], and DMasso. Lenzi, and Vitturd [11] independently
suggested that the explanation for this result might be
strong destructive nuclear-Coulomb interference effects,
despite the fuct that at the angle where the measurement
wis made the classical distance of closest approach is
nearly 20 fm, ie., far outside the range of the nuclear
force for a “normal” nuclear svstem. A strong nuclear-
dominated peak in the differential cross section at o
center-of-mass angle of 70°-90° (well inside the expected
100°-110° for the onset of nuclear breakup of 2 normal
nucleus) was predicted in Refs. [10] and [11], although it
wis pointed out that the corresponding calculations wre
only first order in the nuclear and Coulomb fields and
might be modified by multistep excitations. Furthermore,
it wes sugpested in Ref. [10] that even pure Coulomb
excitation would be considerably modified from that
expected in the normal “point-Coulomb™ approximation
which ignores the extended size of the valence proton
wave function in *B (see Ref. [10] for o more complete
discussion of this approximation). This leads to a further
reduction in the calculated breakup cross section. Both
effects are directly attnibutable to the exotic “hale™ struc-
wure of "B, so it is important to verify, if possible, the
implications of these caloulations.

The experiment was carmied out at the Nuclear Struc-
ture Laboratory of the University of Notre Dame. To
produce the low-energy secondary radicactive *B beam,
we used the TwinSel radioactive ion beam facility [12)
and the “Li(*He.x)*B direct transfer reaction. A gas tar-
get containing | atm of ‘He was bombarded by a high-
intensity (up to 300 particle nA), nanosecond-bunched
primary “Li beam a2 an energy of 36 MeV. The entrance

@ 20 The American Physical Society



6He(p,n) IAS

PHYSICAL REVIEW LETTERS week ending

YOLUME 92, NUMBER 23

11 JUNE 2004

Analog States of "He Observed via the *He(p, n) Reaction

.V, Rogachey, ™ P Boutachkov,' A, Aprabamian,' E D Becchenti,” 1B Bychowski,™ Y. Chen,” G Chubarian,®
P A DeYoung,” V. 2. Goldberg,* 1.1, Kolata,' L. O, Lamm,' . E Peaslee,” M. Quinn,' B. B. Skorodumor,  and A, Wohr'
:!".l'r_-.'.vir.'.-. Depriment, Untversity of Novre Dame, Nevre Dame, Indians 463556, LUSA
Fhysics Depariment, University of Michigan, Ann Arhor, Michigan 453708, U534
Fhysics Depariment, Hope College, Holland, Michipan 49422, USA
Texey AGM Unpversity, Colflepe Starion, Teaey 77843, U854
“Chemistry Depariment, Hope College, Holland, Michipan 49422, US4
(Received 1B December 2003; poblished 11 June 2004)

[sobaric analog states of ' He have been investigated by & novel teehnigue involving the olbservation
of the sesonant yield of newtrons from the "Hel g, n) reaction in colneidence with v rays from the decay
of the (07, T = 1) state in *Li. The ¥ savs provide a clean signature for the isospin-conserving aeatron
decay of the low-lving isobaric analog resonances. 11 is eonclusively shown that the analop of the
recently ohserved low-lying spin-orbil pasteer of the 'He ground state does net exisl. Evidenee is
presented thar this state lies @1 mueh highes energics, in agreement with microscopie calewlations.

DN 10,0103/ PhysRevLett92.232502

Studies of newtron-rich nuclei can provide fundamental
insights into nuclear structure and interactions that are
not manifest in the valley of stability. Light exotic nuclei
such as the heavy helium isotopes are the perfect proving
ground for our understanding of the behavior of nuclear
matter gt extreme neutron o proton ratios. While modern
theoretical methods are capable of ab initie calculations
for nuclei with A = 10, experimental stedies of neutron-
rich nuclei near the drip line are difficult One can,
however, study propertics of these nuclei as isobaric
analog states {(1AS) For example, it is possible to study
the LAS of nucleus (N, Z) vin resonant elastic scattering of
the (¥ — 1, Z) nuclees on hydrogen [1,2]. Information
ohtained this way can be directly related to the spectros-
copy of the (¥, Z) nucleus. In very neutron-rich drip-line
nuclei, the analog states can undergo isospin-symmetric
neutron decay as well as proton decay (see the inset in
Fig. 3 for the case of 'Li). The following relationship
holds true for the total wave function of the [AS with
T-.=T,+ 1if isospin is a good quantum number:

[ . + 42 . .

T leh-r"\-w.ft".-.- V2K 1 zada) (1)
where X =T, + 1/2, Once the IAS of 4 neutron-rich
nucleus is populated, neutron decay will dominate, so
the resonance vield of protons from population of analog
states of neutron-rich nuclei is very small [1], about an
order of magnitude smaller than that for resonant proton
scattering at the limits of proton stability [3,4]

In this Letter, we report on the measurement of the LA
of "He. The resonance vield of x-y coincidences in the
interaction of *He with "H was observed. This experiment
takes advantage of two aspects of the decay of the LTAS:
domination by neutron decay, and suppression of subse-
quent nucleon decays from the 7. states in the daughter
nucleus due to the isospin conservation law. Furthermore,

T-) =
N

2325052-1 OO3T-S007 /04 /92(23)/ 232502(4)1522.50

PACS numbers: 25.60.-1, 25.40.Ky, 27.20+a

the AT = 1 y-ray transitions should be especially strong
|5], and neutron decay followed by & strong -ray tran-
sition is a unigqee signature for population of the 1AS of
neutron-rich nuclel.

Omly the 1AS of the "He ground state in "Li has
previously been observed [6]. and its width was found to
be 268 = 30 keV. There are no reports of the decay
maodes of this state. In "He, until very recently only the
ground state was known [7], but excited states have now
been reported in Refs [B-11] A 1/27 state is reported
recently at & very low excitation energy of 0.6 MeV
[10,11]. This is particularly important since the confirma-
tion of this result would provide evidence for the complete
breakdown of the shell model in neutron-rich drip-line
nuclei.

The experiment was carried out with the TwinSol
rudicactive nuclear beam factlity [12] at the University
of Netre Dame. A beam of "He was produced via the
"H{'Li, "He)'He reaction. The experimental setup is
shown in Fig. 1. A primary 'Li beam with an AVETHEE
intensity of 20§ electrical nA and an energy of 35 MeV
was incident on a2 2.5 cm (length) gas cell containing
deuterium at a pressure of 1.3 atm. A Faradey cup placed
after the gas cell was used to stop the primary beam. Two
large superconducting solencids act as thick lenses to
separate "He from the scattered primary beam and other
reaction products. *He ions were focused into a 1 cm
{diametery spot at the secondary target position. Under
these conditions, a "He beam was obtained with an in-
tensity of 2% 10° <, an energy of 24 MW and an
energy spreed of 750 ke full width at half maximum
(FWHM} The sccondary beam was further analyzed
using two parallel-plate avalanche counters (PPACs)
placed after the seclencids. The distance between the
PPACE was 2.0 m. and the first PRAC was position sensi-
tive in both the x and y directions The PPACs were used

@ 2004 The American Physical Socicty 232502-1



Search for
proposed
excited state of
triton (we find
it's a 3 body
resonance ..not
state in triton
per se)
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An imclusive a-parscle spectrum from Che VHi "He.e) resction has been messured 8l o "He lahoratony
energy of 2349 MeV. A resonanoelike struciure is observed al an g-partcle lab energy of about 20 MeV, which
oommesponds o an energy of £, =06 Me¥ in the n-d channel. An analysis of the spectrum shows thal it

cansidd be explained by he effect of binary [Enal-stale inleractions, The bypotheses that this structure represents
(&) & new excited state of trittam or {3) a laree-body [inal-stale inferaclion sne discussed.

DO W10 PhysHew( 63 0245602
L INTRODUCTION

There have been numerous attempts to identify reso-
nances in the three-nocleon system. All experimental data
available up to 1989 are summarized in Refs. [1-3]. Accord-
ing to these reviews, no unambiguwous evidence for reso-
nances in the three-nucleon system has been obtained. and
only two levels are presently known: the ground states of “H
and “He. In a fow cases where deviation from phase space
was obscrved and intcrpreted as resonances, there was al-
ways ground for skepticism. For example. it was shown that
resonant structure found in the “Hef s .o 7138 seaction [4]
could be the result of two-particle final-state interactions
(FSI) [5].

Recently, resonancelike  structure  observed  in the
'H{*He, &) reaction [6] was interpreted as an excited state of
“H. having & width I'=06=0.3 MeV and an cxcitation en-
ergy of 70+03 MeV. This energy is 0.8 MeV above the
n-d threshold and the state is wide enough to be readily
visible in the si-d total reaction cross section, bt the existing
cxperimental data [78] show no evidence for comparable
struciure in m-d scattering. Modern theoretical sdies of
bound and continuum states of the three-nucleon systems
have achicved a very high degree of precision (see, eg.,
Refs. [#-117), and are in very good agreement with the ex-
perimental scatering data. They show no indication for low-
Iying states in the N-d continuom (N here denotes a
nucleon). However, it was shown in Ref. [12] that low-
energy r-d scattering can be interpreted in terms of a virtual
state in the vicinity of the s-d threshold, though this work
leaves open the question of the observability of such a struc-
ture. Another interesting idea was put forward in Ref. [6] and
discussed in detail by Barabanov [13]. It was suggesied that

"Present address: Texas Ade M University, College Station, TX.

D556-281 3200368 2024602 712000 6H D24602-1

PACE numeber(s): 25600, 27.10.+h

the existence of a previcusly unknown excited state of tri-
tium would not be in contradiction with the available experi-
mental data if a very special strocture was assumed for this
resonance. Specifically. it must primarily consist of a “dineu-
tron” bound to & proton (see Ref. [13] for detailsd discassion
of properties of such state).

The aim of the present work was twofeld. First of all, the
impartance of the main conclusion of Ref. [&], viz., the ex-
istenoe of an unknown state in oone of the best-studied
nuclear systems, cannot be oversstimated. However, the pre-
vious cxperiment was not without problems and it is desir-
able to confirm the results with a better experimental setup
and over a broader range of excitation energy in 'H. The
second question that must be casefully considered is, whether
the aspects of the reaction dynamics other than the interac-
tion in the #-d channel can lead to resonancelike behavior. A
Ec_tail.cd analysis of this guestion was pot peesented in Ref.

6]

The main results of the present work are as follows: (i)
the measured spectrum is in good agreement with the results
reported in Ref. [6] (there is a peak in the @-particle spec-
trum corresponding o low energy in the m-d channel); (i)
none of the individual pairwise final-state interactions in the
system, except for a hypothetical state in the witon, can de-
scribe the experimental data; (iii) the peak can however be
qualitatively explained by taking three-body final-state inter-
actions into account, together with the fact that the total en-
ergy available for the three particles { ek ,d) in the final state
is limited and rather low. The latter explanation, if correct, is
of some importance as a povel and wnexpected effect of
final-state interactions for weakly bound nuclear systems.

1. EXPERIMENT
The experiment was carricd out with the Twindol radioac-
tive nuclear beam facility [14] at the University of Notre

Dame. The "H("He, &) reaction was used, as in Ref. [6]. The
experimental setp is illustrated in Fig. |- A radioactive beam

D003 The American Physical Sociely



Recent PRL on
new technique
using RIBs

(using gamma-ray
doppler-shift
information)

PRL 95, 132502 (2005)
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Doppler Shift as a Tool for Studies of Isobaric Analog States of Neutron-Rich Nuclei:
Application to "He

P Boutachkow,* 6. V. Rogachev,"”” V.2, Goldserg,” A. Aprahamian,' . D. Beechetti,” 1P Bychowski,™ Y. Chen,”
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Wi have developed a new technique o stady exotie meutron-rich nuclel via their tsobaric analog states
(1AS). We popalate high-lsospin staies in resonant reactions of radioactive lon beanis with protops.
Charscteristic ¥ rays emitted from excited decay products were used 1o identify the population of the 1AS.
We show that information on the differential and total cross section for formation of the [AS can be
extracted from the energy spectrum of the Doppler-shified y rays. This iechnigue was applicd w the study
of T = 3/2 swtes in L3, which are amalogs of states in He. The analog of the "He ground stabe was
clearly ohserved, whereas the presence of the analog of a narrow 1727 state at (L6 MeV excitation in "He
reported by M. Meister er al [Phys. Rev. Lew. 88, 102500 {2002)] was excluded at the 90% confidence
level. Evidence 1s presented for a broad 1/27 state at a higher excitation energy in THe.

DOL: 111103 PhysRevLew 95,1 32502

The availability of radicactive beams has opened new
opportunities for the investigation of exctic dripline nuclei.
Many features of radicactive ion beams (RIBs) (such as
low intensityh are quite different from those of more con-
ventional stable beams, creating significant challenges for
the experimentalist. The purpose of this Letter is to intro-

duce a new experimentzl technigue that allows the study of

exotic neutron-rich nuclei in inverse kinematics. The tech-
nigue has two components: the population of isobaric
analog swates (LAS) of exotic nuclei through resonant re-
actions in a thick proton target [in line with ideas discussed
in Ref. [1] ], and subsequent measurement of the Doppler-
shitt profile of the v rays emitted after neutron decay of the
1A%, This gpproach allows for the simultaneocas measure-
ment of the excitation function of the resonant (p, =)
process, which leads to the population of [ASs over a
wide energy range from the initial RIB energy to zero,
and provides some information on the double differential
crioss sections in one self-consistent measurement. The first
application of this technigue is presented in this Letter for
the case of the LAS of "He in 'Li. The correct identification
of single-particle states in ‘He tests our present under-
standing of nuclear forces and ab initio nuclear models.
The structure of this nucleus has generated some sizable
controversy in both theoretical and experimental studies
[2—12]. Specifically. the controversy is focused on the
existence of a surprisingly low-lyving 1/27 resonance
(E,., = (L6 MeV) with significant single-panicle strength.
This state was reported in Refs. [2,6], but its analog in 'Li
has not been found [Y9]. In this Letter, we use & new
technique to show that there are no excited states with
substantial single-particle strength up to 1.5 MeV of exci-

CEXA1-0007 /05 /95(13)/132502(4)523.00 132502-1

PACS combers: 25.60 —t, 25.40Ky, 2540 Ny, 27 20+n

tation energy in ‘He. Instead, we presen: evidence for a
1/27 resonance at higher excitation cnergics and give
limits on its width and excitation energy.

The Doppler-shift method we describe here invelves the
population of the IA% in neutron-rich nuclei and the mea-
surement of a characteristic 3 ray emitted from a decay
product of the compound nucleus. Because of isospin
conservation, only two decay channels are allowed for
the LAS: proton decay to the initial channel and neutron
decay with the population of T.. = T. + 1 states in the
daughter nucleus (see the decay scheme of T = 3/2 reso-
nances of Liin Fig. 1. Here T-. = 1.

) - L
W2 T=1 \\I. : P
Sf T —_—
B L T
,-"'r (e He

R ¥
| 2

p+"He { TL4T=32
[ : —

& +'He 2 E

i
=

f
1
\
1
II

247 . nHfLgtr

1+'He ‘Li J

FIG. 1. {a) Decay pathways for the T = 3/2 sesonance in "L,

and (b the swocessive Kinematics stages of the studied reaction.
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Recently have studied some RIB cluster transfer reactions .

(3He and 4He) and an “exotic “ transfe

e "C(°Li, o) z
/ 20° |
1004 \ i
«He Beam i
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+ 35
g 5 .
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Q € 0.1
c 1
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B i
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1
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Fig. 2-bottom O}_w: : “;M
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Ocm, (deg)
Fig.6-top

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??).



Very recent: 12C (7Be,3,4He) 16,150 : 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 ]

3 2 152 k4
3 iy
2 He spectra — “Hey ., 5 |
0
145 £ 4
iHe beam g =50 104 o
16,3 Mev]| 6+ |
Iy [1431--19'-; 8+7 1I'Rp 6+ - 872
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i | 717 -
: i n2+/1-] Lt S
i = = = i £130 i
004s o*
P
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1] g

Fig 4. Alpha transfer spectrum on 12C from 7Be,3He reaction
(160 g.s. not shown)
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Fig. 5. Cross sections observed for 12C(7Be,3He) compared with
those from (7L1,t)

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

ToF measurements:

1
SNICS —— Ejectrostatic
Source Separator
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Buncher
KN VdG N
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=)

Tandem
FN VdG

Control Room

Data
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& Analysis Atomic

| Computers
1

Alignment
Telescope
by
\

~
\V4 N
Movable

Gamma Spectroscopy / ek
n-tof Areas Shielding
Door

Figure 2.6 Floor plane of the University of Notre Nuclear Structure
Laboratory, site of the TwinSol project.



TwinSOL in Parallel Mode

Intense primary beam - production of background radiation (p,n,y,..)

* 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.

Radiation wall (borated water jugs)

Particle-gamma array

\f / Gamma-Gamma array
n blocks RIB

Neutron “wall” etc
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A pamma-ny spectrosoopy program has been astabhshed al the Unversity ol Noltre [ame using a low-gnergy
radioactive beam ol "He lor leswan—evaporion reactims, There are many expenmenil dalbceliees 190 ovencome i the
dbesren ol any such Facility, mosl notably the large neutron lux asociled with producng the sscondary beam,
Solutions 1o Lhe problems are discwssed and illustrated with the reaction "He + % Cu.
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LE 6He+63,65 Cu fusion reaction gamma-gamma coincidence
(LE: Only a few open channels thus selective wrt final nuclei)
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Gamma spectra
gated by coincident
gammas in specific
residual CN nucleus:

counts

4

& b 1250 bt

400 BDD [y BB j ] 2000

I'fr-g-; L]
Fap. B, Camma—gamma specir galed by fad 1039 ki 27—
0 b ke 1412 ke (47 =27, €] the 834 ke 1

il 4l
the 1730 ke (6% p—14"p tansitioms. Combamiranl hees Trom
Fewiron activation, pair productson and background mdiaison
are marked with a "',

hydrogen neutron-capture gamma ray. Despite
this, it is shown that fusion-evaporation residucs
can be seen with the radicactive beam. An
cxtended  experiment was  then  performed 1o
accumulate  gamima coincidence cvents.  These
results are shown in Figs. 8 and 9.

3. Resulis

Although the secondary beam intensity was very
low, it was possible to observe coincident gamma
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62% ke rransitions. Contomanant lines [ram newinon activa-
tion, pair production and background radiagon ore morked
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rays following the fusion-cvaporation reaction
with encugh intensity o allow the construction
of a level scheme from 8.7 days of data collection,
constituting 3.75 = 10'" *He panticles on target.
and a total of 75 = 10" y—v events. Various gates
were placed on the transitions in ""Zn, and the
resulting projections are shown in Figs. 5 and 9.
Fig. & shows gamma-ray specira in coincidence
with the previously known transitions in "Zn:



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

Ewcitation Energy [ idey)

Fig. 10, Parisad dacay sobsemse e & Fn, The 1786 KV Irarsi o

wad doduesd and placid im the dogay scheme wsing Lhi resulis

Froen Thes expierimenl

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 ):

Fig. 1. UND-Hope-UM neutron wall at end of extended
low background TwinSol beam line at UN Dame.



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

Goal: Remeasure 8Li ClIx 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)

100 £ .
REVIEW LETTERS 13 MAY 1991 ; 8Li+n°'Ni » eLi?;SB _:
E(BLi)*14.6 MeV
| naTNi +8Ll . |
6,=25° ¢ 10k 3
g oco | oL 4 3 E
100 . %
= ool | = b
S of 8NiYC ] S 10k /i/ E
'E | ] g ]
L Ll 1) £ | A
e E2 COULEX
8 10 2 14 16
E (MeV) ok l l E
I MINi+L i 5 / ]
: 6-55° 7 i
(1000 gf' ] 00! P T W SO S N W
% 100 |- 8 j* . 0 20 40 60 80 100
3 o 58Nil* } ] Bern (deg)
L ' ( N FIG. 3. Observed inelastic excitation probability (Table I)
I “ H” H " ” ” ] as a function of .. for the ®Lides group seen in the 8Li+ "Ni
s o B m B spectra. The curve is an E2 COULEX calculation with
E (MeV) B(E21) adjusted to fit the data (see text).

FIG. 2. Data and line-shape fits, similar to those displayed
in Fig. 1, at forward and backward angles taken simultaneous-
ly using two small-aperture, good-energy-resolution Si detector

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



"Li+29Pb [Q,,=+1.9561]

Secondary Reaction: ®Li+ 2%Pb >
8L1,8Li*
Coulomb barrier (]Li+2%8Pb)= 31.04 MeV
8Li beam energy: 28 MeV
E, .~0.6MeV - E(8Li beam)=27.4 MeV < Coulomb barrier (sub barrier )

loss

Two AE dets: start master trigger and TAC Particle- gamma coincidence BaF
Four BaF detectors: individually stop TAC

1.4 mg/cm? 298Pb "Li
beam
AE-E
v v
(60°,900)

(90°,1209)
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BE2 extracted ambiguous..Coul-Nuclear interference even “sub barrier” ??

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

One-neutron removal channel

A strong 'Li group was also observed!!

 Transfer reaction: SLi+ 29%Pb = 7Li+ 29°Pb

 Breakup reaction: 8Li+ 2%Pb - n + 7Li + 2%Pb

.....must be considered even “subbarrier” fusion ...

Previous conclusion: transfer channel dominates! A. M. Moro et. a. Phys. Rev. C(2003)
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TwinSol also used as small-angle, large solid angle paticle-particle
coincidence spectrometer with stable beams (Wiescher et al):
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Recent data detecting 3H from small angle 19F(3He,3H)19Ne :




Proposed at ORNL HRIF (see Liang talk):

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

132,134Sn+64Ni

We measured the fusion-evaporation cross sections in the vicinity

of the Coulomb barrier. Large sub-barrier fusion enhancement

was observed =2 attributed to:

« The large N/Z ratio of 13%134Sn reducing the barrier height.

» The presence of a large number of nucleon transfer channels
which can serve as doorway states to fusion.

124,132,134Sn+48,40Ca

compound systems with:
«closed shell neutron-rich 13%134Sn * lower excitation energies

«doubly magic target “Ca « smaller fissility, 1.e. higher

survival probability.




Upgrades

Better energy resolution
perhaps via better particle-
by-particle ToF.. E.g. MCP
at cross over focus?? But
at cross over have 1076-
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:
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—

AE-Epsp

Detector Pair

Secondar
ratatay i Beam Bloc:yk
—r (“lollipop™)
Primary B1
Beam I
Production HIK
Target AEEmets
Entrance Secondary  Detector Pair
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— -
B1 B2
—)|<— >:<
| A T/
Midplane Collimator
or Energy-loss Absorber
—y -_—
B1 B2
—)|<— >:<
I L e

MCP

e

RNB

Reaction Rgg’?on
Target
9 Product
Detectors

Figure 3.14 Basic components and steps required in crossover mode of
operation to deliver an RNB to the back chamber.



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” g 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

LONG SCLENOID

003}
L 18A)  EVENgFOCUS g

0.02

001 H

FiG. 1. Calculated orhits for '°0 ions (E == 60 MeV), 9= 5, in charge
states ¢, = 17,27, 7%,87%, in along, uniform, solenoid lens. The solenoid
length and ficld strength are such that after n == q,, = 8 orbits [Eq. (1},
all charge states are brought to a first-order focus. The parameter 7 is dis-
tance from the solenoid axis as the particles spiral through the magnet. Oth-
er properties are given in Table I. (Note different horizontal and verticai
seales.)

Radial E lens (ExB)
SYMMETRIC
028~ ELCO LENS
Q.24 - o —
G20

Ci6¢+ . 6+
r{i) @E :

0f2f
cosp i

NN
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B

004

FiG. 2. First-order caleulations, i.¢., neglecting fringe fields, of 60 MeV %0
ion orbits, 8 = 5%, in a radial-electric-field lens {ELCO lens) consisting of
inner and outer concentric cylinders. (Note different harizontal and verti-
cal scales. }

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

foto Orly Camargo



Secondary beam profile
at the crossover point
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Angular distributions at 9.54,11,12MeV for SHe+2%"Al
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Reaction cross sections

Obtained from elastic scattering angular distributions
160+27Al — D. Pereira et al
‘Be+?’Al -P.R.S. Gomes et al

red

Al and 'Be+%'V - RIBRAS
70
oo l reduced reaction
_ v l | { - cross-section
50__ ol J | (P.R.S. Gomes)
40 -
_ - 1/3 1/3\2
. AP AYTR)
- . .
201 ¢ = 9Be+27Al
1 N ° e 160+27Al
10+ 4 BHe+27Al
o reduced energy
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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??)
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http://www.colorfotos.com.br/rio_de/fotosri






