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Outline:

» Some features of one-nucleon transfer reactions at low energy
A recent (p,d) and (d,p) systematic on light nuclei at MSU

» One-neutron pickup reactions and deep hole states in medium-heavy
nuclei

Main new experimental features

Theoretical description : doorway states and damping
Advantages of polarized beams

Multistep contributions and background evaluations
Decay modes studies

 Future possibilities on exotic nuclei with radioactive beams

*Some remarks on the use of DWBA at intermediate energy



The typical old case ... at MSU

E, range < 3 MeV
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Experiment: nuclear emulsions + sonic spark chamber !



Main features of transfer reactions at low incident energy

* At E, . > 10 MeV/n, transfer reactions proceed essentially by a direct
one-step mechanism. The DWBA method *, if it is used with a certain
number of well controlled prescriptions, is well suited to describe this
mechanism, up to ~ 100 MeV/n.

« Angular distributions of the differential cross section are characteristic
of the L transferred angular momentum, and of in the case of the direct
pick-up of a nucleon froma  shell in a nucleus.

* The goal for transfer reactions is to access to the single-particle
occupation probability of  shells by extracting the spectroscopic factor
(SF or S)

* see the book “Direct nuclear reaction theories”, Norman Austern, Wiley-Interscience



The DWBA: case of the A(d,3He)B reaction, A S

complementary to (e,e’p) and (p,2p) EI R A
r, concerns the entrance channel, r, the outgoing channel, ) T
r the quasi-projectile and R the target nucleus rﬂ “““ Ta d
DWBA transition amplitude: -
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The spectroscopic factor appears in the nuclear <B|A> overlap integral :

[ dipp(Ep)vallp, R) = D < JpiMpm|JaMa > \/Shsj Onejm(R)
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For pick-up rea)ctioyv ds/dW,,,(q) = N C2S /(2 +1). ds"I [dW,,,ycka(0)

-N (Zero Range approx.), depends of each reaction. It concerns the light projectile-
nucleon interaction, which is calculated exw Exact Finite Range approx. (EFR) .

ds/dW,,,(q) = S.S. ds™i/ dW gyycs(a)

Overlap between the light projectile a and the ejectile b = a + x D(q)
D(r) =<Y, |V, | Y,> ® D,d(r,r,) In g space:
N = D,2/104 Physical meaning of ZR approx. : r, =r,




What was measured by experimentalists was ds/dW(q) ¢,

But from the excitation energy positions and SF values extracted, they
tried to identify the observed levels and, by systematic comparisons,
discuss different shell model aspects with some success :

- Evolution of the magicity of the nuclei along an isotopic chain
- Gap between spin-orbit partners or « intruded » shells

- Ground state correlations, weak coupling, fragmentation,
deformations

Unfortunately, various parameters could affect the calculated SF values:
-Optical potentials in the entrance and in the exit channels
-Light nucleus form factor
-Nuclear form factor

This could give up to 40-50 % of incertitude over these values.

-How to reduce this ? One possibility : to re-analyse coherently all the data.



A recent (p,d) and (d,p) systematic on light nuclei at low incident energy

PHYSICAL REVIEW C 75, 064320 (2007)
Neutron spectroscopic factors from transfer reactions

Jenny Lee, M. B. Tsang, and W. G. Lynch
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FIG. 8. {Color online ) Comparison of spectroscopic factors ob-
tained from (p,d) and (d, p) reactions as listed in Table IL Line
indicates perfect agreement between the two values.

Reanalysis of G.S. ® G.S. transitions obtained with 10 to 65 MeV E
(p,d) reactions on Z=3 to 34 target nuclei (240 data !)

NSCL & DPA, MSU (USA)
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FIG. 10. (Color online) Comparison of SFiJS) and compiled
values of Endt [9]. All values are listed in Table III. Line indicates
perfect agreement between our values and Endt’s compilation.

Endt,
In 1977

« SF
compilation
in sd-shell
nuclei »

(d,p) and

Adiabatic treatment (Johnson & Soper prescription) for the deuteron optical
potential (deuteron break-up) ; LEA (FR correction) and non-locality corrections

Their conclusions:

- Uncertainties < 20% for most of extracted values

- Global agreement with Large Basis Shell Model (LBSM) predictions (~20%)
- SF suppression with increasing neutron separation energy are NOT observed



Pick-up reactions and deep hole states in medium-heavy nuclei

In the 60s, we had low energy beams of stable nuclei but high intensity and
very good energy resolution experiments.

Question: In the present time of RIBs, are we back in these early ages of the nuclear
structure ? Perhaps, but the main difference is that it now should involve thousands of
unknown nuclei over a wide range of the N/Z chart. The other difference : we should
benefit of the huge background of knowledge obtained with stable nuclei.

Anyhow, with the higher energy beam facilities available in the 70s we could
test further the simple model of independent particles by having access to a
larger excitation energy range and try to have a better understanding of the
nuclei.

(Most of those facilities have been stopped in the last twenty years in Europe...
ALS Saclay, SC Orsay, Sara Granoble, LNS Saturne Orsay in the case of France)

What did we learn with those new facilities ?



Differences and continuities with low energy spectra ...

(He, a) reaction at 100 MeV on lead isotopes (Phys.RevC21 (1980) 879)
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A new experimental difficulty appeared with higher incident energies: the angular range
of the light ejectile for studying the single-particle aspects was more peaked around 0°
higher angular resolution and separation from the incident beam were required



Phys.Lett 114B, (1982) 103 THEORY

V. Bernard, Nguyen van Giai
Nucl.Phys.A348 (1980) 75

At a higher excitation energy
DR than the valence region,

~ RO no more individual levels !

= I> 1) The Coupling of Hartree-Fock
S.p. states with collective

vibrations, including Giant

Resonances, (and not the pairing

v effects in closed shell nuclei or
AN above ~ 10 MeV E,) gives rise to
\\ ~ o their fragmentation (groups
\ > of levels)

2) Then the damping of those
\ doorway states into the
\ underlying more complex states
\\ (thousands of 3p-2h,...) gives
\ rise to bumps or continuum
Mover the preequilibrium
background

SC Orsay data



Phys.Rev. C23 (1981) 1818

199/2
199/2 N

(p,d) reactions, in particular with polarized proton beams, have been used with success
at the IUCF but strongly absorbed projectiles like SHe or a particles have soon
appeared as better suited for high L deep hole states studies, due to the surface
peaked transition amplitudes and due to their selectivity.

Matching: L ~ (k, - k,) R is the key criterium for a strong cross section
and it appears also to be the best for a reliable description via the DWBA !

® Complementary to (p,2p) and (e,e’p) reactions which were better suited for low
L transitions ... we hardly measure s or d shells cross sections at 100 MeV/u !



Complementarity between reactions ... Around the Sn isotopes ...

In 112,116,120Gn, the « 1g,,, deep shell » bump goes from line fragmentation to a

line broadening (Z=50) larger damping effect with increased N
(p,d) at 42 MeV and (®He,a) at 70 MeV reactions
122,124,130Te Nucl.Phys.A 381 (1982) 173-194

&> which are not « proton shell closure » nuclei ...

-rather smooth behavior when the mass number increases, similar to that
observed in the Sn region (here, Z = 52)
- reasonable agreement with the QPM  (of Soloviev et al.)

-144,148,150,152,1545m |sotopes Nucl.Phys.A 398 (1983) 19-58
&> stronger variation of the collective properties than in Sn (Z=62)
1h,,,, shell
—  width
---- energy

e deformation
// effect is there

dominant



An important experimental tool ...

* the use of polarized beams and analysing powers angular distributions helps for
the separation of spin-orbit partners (| = +1/2 and | = -1/2) and permits a better
extraction of their strength distributions — otherwise relying on weak shell model and
sum rules arguments -

» Moreover, 3 observables put more constraints on the reaction mechanism parameters

LNS (Saclay) data
(d,t) at 200 MeV

with an excellent
polarized deuteron
beam (in the 90s)

Polarization rates:

-Vector 90%
- tensor 85%
of maximum values

™D component of
A, @A, @O for the preequilibrium background D(r) range function

Example : lij5, ( =6) and 1hg, ( =5) are clearly distinguishable, hence 1h,,, and 19,
Important improvement because inner hole states are strongly overlapping



Main experimental differences with low energy domain:
-Larger energy range ( energy position and SF ® strength distribution )
-Much less characteristic shapes of cross section angular distributions

- A selectivity for higher L , low L cross sections much weaker than high L ones
-Advantage of strongly absorbed projectiles over light projectiles in terms of distorsion
Comparisons with models: what did we learn ?

-Decisive role of doorway states — one step coupling - (the pairing being much less
important than the coupling with vibrations) and need to include giant resonances

-Importance of the damping of such doorway states into the more complex (3h-2p ...)
configurations of underlying states whose density increases with excitation energy.
The damping is proportional to this density.

A first illustration of those features in inclusive measurements was the rather good
reproduction of the overall cross section by microscopic (HF+RPA) models or QPM,
even Iif less fragmentation was often predicted by such models.

See: DAMPING OF HIGH-LYING SINGLE-PARTICLE MODES IN HEAVY NUCLEI
S.Gales, Ch. Stoyanov and A.l. Vdovin Physics Reports 166 (1988) 125-193

This report describes the QPM of Soloviev group@Dubna, and also relies on the works
of HF-RPA groups ( Nguyen van Giai et al. @Orsay , Bortignon et al. @Milano ... )



. . —>
Best incident energy ? Case of (d, t) reaction @ 200 & 360 MeV and (d, t) @ 24.8 MeV

| _ - E, = 200 MeV
The reaction mechanism at 360 MeV incident energy

was poorly described, particularly the analysing
powers angular distributions ...

Spin-orbit term in the picked-up neutron bounding
potential plays a more important role relatively to the
central term when the energy increases ® analysing
powers angular distrib. become less characteristic !

: N : E, = 360 MeV
Multistep contributions become more important !
Moreover, subnucleonic degrees of freedom appear at
still higher energy ...

Incident energy is indeed the fine tunner of what you
want to see, more exactly the angular momentum
transfer, the probe and its speed.

For this kind of study, too high incident energy is too
much ...

FAIR RIBs energies should be much degraded !

SPIRALZ2 RIBs should be reaccelerated in the SSCs!
E, = 24.8 MeV



Fragmentation of valence strenght and coupling of s.p. states to collective excitations !!

i13/2 ‘SF’ =10.1(1.63) +0.5(4.2) +2.4(other)

77 72% of the sum rule in the main fragment,
‘oo, some 8 % remains for LRC

Exzee,pllz = €ihor

T [(132)1A3],,

Complete calculation

NGUYEN VAN GlIAlI, Invited talk International
_ _ Symposium on Highly Excited States in Nuclear
Published in 1993 Reactions Osaka (Japan) 1980
“In order to draw spectroscopic conclusions, much importance has to be
placed on finding and resolving all fractions of a given configuration, including
those at higher excitation.”



Phys.Rev.C66, 054303
H. Langevin-Joliot et al. (2002)

Least- <«— background

squares fit / /
analysis by (low ) deep shells

E, bins - low cross-sections

- more damped

A

QPMFF

\ Standard FF

First extraction of 1f., & 1f-, strength distributions and new 1g,, strength found



Separation energy dependence of hole form factors

J. Van de Wiele et al.,

A procedure to be explored
more systematically:

Use of microscopic form
factors instead of the standard
separation energy method

( search of the depth of a Woods-
Saxon potential with fixed
r (=1.25-1.32fm) & a (0.65 fm)

Fragments extracted from the
Quasi-Particle Phonon Model

A.l. Vdovin et al. (Dubna)



Two-step

/ Multi-step (up to 6 steps)

Deep shells

A

H. Langevin-Joliot et al. (2002)

- Refined DWBA analysis with a form factor dependence in the framework of the
guasiparticle-phonon coupling model ® QPMFF

- Multi-step processes taken into account and subtracted from the experimental
cross section [ adapted from Konig and Akkermans Phys.Rev.C47, 724 (1993) ]



Calculation code based on the Feshbach, Kerman and Koonin model,
modified to handle explicitly collectives excitations

See: A.J. Koning, J.M. Akkermans, Computer Physics Communications 85 (1995)

The two-step cross sections calculated using the above method compare
rather well with coupled channel calculations for the same collective
excitations

This work on (d,t) reaction is probably the only one where there is a
real evaluation of the total cross section observed, including the
multi-step background, even if there are still some hypothesis in its
guantitative evaluation at high excitation energy ...



S(n)

Decay modes of high-lying excitations

Probing the microscopic structure or the statistical model ?
Does the decay of inner holes show a memory of their excitation ?

HF.sp. ® PVC ® damping ® decay

— Escape widths

Decay to G.S.

___________________ G (9 or to collective state

G(@+G (n)

G@+G (M+G”

Spreading width

Statistical decay

The ultime goal of decay experiments : extracting the escape width

Such exclusive data were hard to get due to low solid-angle detectors



Neutron decay of deep-hole states in 89Zr populated by the °°Zr(3He,a)%°Zr
reaction at 102 MeV Nuclear Physics A587 (1995) 55-76
and in 115Sn Nuclear Physics A683 (2001) 79-107

From the (°He,a n) experimental results on °9Zr, 116Sn and 298Pb, it appears that the
non statistical neutron decay is less negligible in the tin nucleus.

It is compatible with the idea that the semi-opened neutron shell in Sn results in less
damping of the 1g,, deep shell. But the non-statistic part is still a few percent only.

897r 1149 1149



For high- inner-holes at E, < S(n), the gray decay is a interesting tool

The g-decay of the 1g,, and 2p inner-hole states in 111Sn via the 112Sn( 3He, ag)
reaction at 32 MeV Nuclear Physics A444 (1985) 373-401

The gdecay constitutes a direct experimental evidence of the role of vibrations !



Since the pioneering work ...

~15 years were enough to have an wide overview

~ 30 years were needed
to completely reproduce
the observed cross section
over 40 MeV of excitation
energy !?

-Exponential increase of
computing power and new
generation of detectors
should be useful in order
to achieve more rapidly
further progresses ...

It is urgent to achieve the expected fiture RIB energies AND intensities to extend
deep hole states studies to exotic nuclei



Exotic nuclei, radioactive beam facilities

Supra conducting
magnet for the heavy

1329n(3He,a) 50 MeV/u nucleus; identify the

reaction channel
/

> O > E=1.765—6.752 MeV

L™ a particle

E = 23.066 — 26.000 MeV

Tagging with g-rays for E, < S(n) ...

132Sn(d,*He) 50 MeV/u statistical decay limitation ...

»

e m'v
X Qe = 0-20 SHe particle

E=21.3-24.4MeV




SPECIFIC ASPECTS OF INVERSE KINEMATICS
If detecting the target-like particle, a large angular coverage is required.

If detecting the beam-like particle, an uncredible angle and impulse resolution
Is required. Moreover, the heavy-projectile-like fragment often disentegrates !

With detection systems like VAMOS + TIARA or MUST2, and EXOGAM, we
know that inverse kinematics transfer reactions are feasible, at least at rather
low incident energy ... Moreover the quasi-target nucleus would go out from
the target more easily if the incident energy is increased.

BUT ...
Such measurements require decelerating the ion beam stored in the ring.

A good energy resolution ( cooling after degrading the energy and possibility
of optical compensation of the energy dispersion ) is required.

The main problem is probably the maximum beam intensity that we can
achieve ! ( Cross sections are at least one order of magnitude lower than for
transfer to valence levels, in the case of deep hole states )

The counterpart of this need of intensity : if we are still around the target, how
to deal with other and more counting rate reactions ? Big dead time problems.

Another difficulty : atoo high intensity is incompatible with an active target !
( Because of counting rate limitation of Time Projection Chambers -cf Maya- )



s 1

Main experimental differences between

stable beams ------ and RIB
>
Direct kinematics Inverse kinematics
Large dispersive magnet Large array detectors
0.1 mm resolution power PSD 0.05 mm resolution power PSD
over 1 meter focal plane length some 100 cm? surfaces
High filtering power Low filtering power

one reaction channel several reaction channels together



This talk would not have been possible without some fruitful old
collaborations and/or more recent discussions with H. Langevin-
Joliot, J. van de Wiele, E. Gerlic, S. Gales, S. Fortier, D. Beaumel,
G. Crawley, M. Sakai, S. vd Werf, N. Blasi, M.H. Harakeh and
many others and discussions with Nguyen Van Giai, V. Vdovin,
Ch. Stoyanov, P. Bortignon, G. Colo and others

END OF THE TALK...



Some complements ... not discussed



Two-neutron transfers: Search for the giant pairing vibration in (p,t) reaction ?



The incoherent excitation of many pure states of the type 1 valence + 1 deep hole
can explain this broad bump observed around E, ~ 9 MeV in 118Sn

No clear evidence of the giant pairing resonance, located at higher E,



Decay modes of high-lying excitations
Probing the microscopic structure or the statistical model ?

“The (a,*He) reaction at 120 MeV is well suited for strongly populating high-spin states with low contribution of three-body
processes. The neutron decay of the %Zr and 2°°Pb nuclei has evidenced a substantial amount of direct decay to individual
low-lying collective and non collective levels of the daughter nuclei. A good agreement with the available theoretical
calculations has been found except for the decay to a few states. This discrepancy may come from the non-validity of the
standard procedure used to extract the non-statistical branching ratios in the analysis of the decay of giant continuum states.
A relevant method for estimating not only the maximum but the actual proportion of statistical decay is still lacking.”

DECAY PROPERTIES OF HIGH-LYING SINGLE-PARTICLES MODES
D. Beaumel et al./Nuclear Physics A599 (1996) 265c-270c



« A consistent analysis of (e,e’p)
and (d,3He) experiments »

G.J.Kramer et al.
arXiv:nucl-ex/0007014v2 (2000)

(e,e’p) BSWF as input for DWBA ® Consistence between (e,e’p) and (d,*He) SF

When using the radii deduced from (e,e’p) in the DWBA FF don’t we introduce a
possible experimental uncertainty into the calculated cross section ?



The one-nucleon pickup reaction
IS sensitive to the asymptotic tail
of the wave function

The comparison at different
incident energies may test the
slope of the wave function talil

Whatever is the input wave
function ( W.S. or microscopic ), it
should have the good slope at
large R !

~ e-kR



Comparison with DWUCKS5 : DWBA + Exact Finite Range (unpublished)
DWUCKS5 may be found at Kunz’'s web site http://spot.colorado.edu/~kunz/DWBA.htm|

8Ca(d,3He)¥K 1d3/2 E, = 0.36 MeV

Take care of FR parameter validity Zero Range DW4

Zero Range DW5
EFR S state only

above 30 MeV/u incident energy !!!

FR parameter DW4

}

E, =79 MeV
T
% EFR:
5 ds/dW,, decrease
C2S increase
q c.m.
FR parameter in ZR approx. FR parameter in ZR approx. (LEA) is not

seems to be OK well suited there ! EFR improves the fit .



Limitations of the DWUCKS5 version available on the WEB at high energy or with heavy
ions ...
Instability of recurrence formula used for the calculation of j (kr) ... °°Zr(d,3He) 200 MeV

Instability + RSC versus Urbana Instability only !

FRUCK2, a version of DWUCKS5 (P.D. Kunz) modified by J.R.Comfort, not tested
FRESCO not tested neither at high energy



Peter Ring recent calculations

7 -
1 RMF RMF+PVC  EXP
64
5 -
4 -
> - 1h9/2
S 3
L 2' 2f7/2
| ‘ 1i13/2
14 3p3/2
- 25/2
0- 3p1/2

Level scheme for *°'Pb



Peter Ring
conclusions:

are now possible.
They are very important for nuclei far from stability

Variation after Projection

I #
- they require angular momentum projection
- the numerical effort is large
- restriction to axial symmetry at the moment essential

The admixture of 2p-1h or 2p-2h states is possible by
particle vibrational coupling (PVC).

- this leads to fragmentation of the single particle states
- enhanced level density at the Fermi surfac

- enhanced width of giant resonances







Charge-exchange reaction ... DWBA98 + EFR + RPA FF 43 MeV/A

Phys. Rev. C- 2006, VOL 73; 1, pages 014616-014900



