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Introduction

Introduction

Transfer reactions

In the study of transfer nuclear reactions, calculations are frequently made

restricting the problem by taking two channels: Elastic and transfer channels.

Before

After
! 2.
A, _—
Elastic scattering

A A .
Transfer \

=

Figure: Both of the channels that are frequently taken into account in transfer

reactions.

m But we can consider others bound states!

m It is necessary to include continuum states?

[2] R. A. Broglia and A. Winter Heavy lon Reactions, Volume |. Addison Wesley Publishing company, 1999.
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m The breakup energy can be of a few hundred of keV.
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m The breakup energy can be of a few hundred of keV.

m The breakup channel might influence other channels. Therefore
it is necessary to include continuum states.
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® A method that include continuum
states is the CDCC (Continuum ° : :
Discretized Coupled Channel). > °
g
; ; 5 Ecs
m It is a non perturbative and complete L
quantum description. Therefore it
. . o
might lead to difficult calculations! _ E(:2
m It is convenient to develop a simpler [ Ecl
semiclassical approximation.

Figure: Illustration showing how
the Continuum could be discretized
in the CDCC method.
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The Marta et al. model

ci:ﬁ:uztn In [3] the authors develop a semiclasssical model to study the continuum effects

Effects in in a transfer reaction of the kind (Z,A+1)+(A,Z)— (Z,A)+(Z,A+1).
Transfer
Reactions

-

Edna Carolina

Transfer
Pinilla Beltran N

The Marta et
al. model

{1

A Elastic scattering

o

. Breakup

Figure: Processes that are taken into account by Marta et al.: Transfer
reaction of a neutron, elastic scattering and breakup.

[3] H. D. Marta et al, Phys ReV. C., 73, (2006).
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The Marta et al. model

Ci:f:uzf“ In the description of the head on colission 2”F+26F they considered a

Effects in one-dimensional model
Transfer
Reactions r(t)

Y — [ x

26
27 F B, B,

The dynamics of the neutron is described by quantum mechanics

ih%lll(x, t) = [T + Vi(x, r(t)) + Va(x, r(t))] W(x, t).

Edna Carolina
Pinilla Beltran

The Marta et
al. model

Where T — Kinetic Energy, Vi 4+ Vo — Two square well potential.

The relative movement of the cores, r(t), is treated classically.

_ 2Ec.m.(rca - a) reca

2
Krea

1 2
r=rea+t Eacat ;  dca
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The Marta et al. model

Calculation in coordinate space (with continuum effects)

Study of The Schrédinger equation is solved numerically (Cranck Nicholson Alg. [4])

Continuum

Effects in 0

Transfer lh—\ll(x, t) = H\U(X, t),
Reactions ot

Probabilities

Edna Carolina
Pinilla Beltran 2 2
Pu = [(®(IW(x, ¢ = 00))[, :

Pe = ’(\Ug(x, t = 00)|W(x, t = oo))’
Ws(x, t) = ®(x — r(t)) exp{% {mvox — (e—l— %mv%) t:| }, Vo = 4/ 215%

®(x) — Bound state function
vix) | F F, of the neutron in the core Bj.

Calculation in
coord. space

X ®(x — r(t)) — Bound state
function of the neutron in the
1 2 core B,.

Wy (x, t) — Bound state
0 Vo function of the neutron in the
core B, described in Fj.

[4] A. Askar and S. Cakmak. J. Chem. Phys., 68, 2794, (1978).
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m Our model is suggested with this purpose!

Suggested m We generalize the two level Marta et al. model by including the
model continuum in the simplest form: Taking a single state by
symmetry.
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Study of
Continuum
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Transfer The solution of the Schrodinger equation in coordinate space
Reactions has the advantage to include all continuum effects. However,

pine Carolna this method does not allow a detailed study of those effects.

m Which are the continuum states that affect the cross section the
most?

m Our model is suggested with this purpose!

Suggested m We generalize the two level Marta et al. model by including the
model continuum in the simplest form: Taking a single state by
symmetry.

m In order to keep the matrix elements and the inner products of
the calculations finite, the continuum states are taken as wave
packets with a specific symmetry.
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Suggested model

Differences between Suggested model and the Marta et al model.

Study of )
Continuum Potential
Effects in

Transfer 3 . ) X
Reactions In order to simplify the calculations and to make them analytical we took

Edna Carolina the two square wells in the limit Vo — oo and d — 0. Here V; is the depth
Pinilla Beltran and d the width of any potential well.
A
V(x)
r(t) Figure: Effective potential

under goes the neutron in
S X our transfer reaction model
mode . .

in the head on collision

Bl B2 27F+26F427F+26F.

This limit is taken in such a way that it is possible to keep the same

separation energy the neutron had in the square well.
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Calculation without continuum states
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Reactions ¢5, )(X7 t) =

Edna Carolina \U(Xy t) = C1¢1 (X7 t) + C2¢2 (X7 t)7
Pinilla Beltran ¢§;)(x, t) =

In the Marta et al. two levels model

(valx, ) +21(x, ),

Nl

(#20x,8) = w1(x, 1)),

The state suggested for the neutron

W(x, t) = by (t)eEot/np(H (x, t) + b_(t)e~Eot/h (T (x, 1),

where
Calculation (+) — i
EE L0 = 5 (el 0 aten), Y, £) = VR e=r b 9/2],
_ 1 — —r|x—r(t)/2]
oy (x, 1) = 7 (xz(m t) — xa(x, t)), xa(x t) = Vi e :
. 2mB
Ey = —B — Neutron separation energy, K= .

h
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Calculation without continuum states

Study of
Continuum

E_:::E';Sf‘;r" In order to find the elastic and transfer probabilities we introduce the suggested

Reactions state

Edna Carolina ‘U(X, t) = b+(t)eiiE0t/h¢§)+) (X7 t) + b- (t)eiiEOt/hwsyi)(xv t)7

Pinilla Beltra . . .
hilla Beltran in the Schrdédinger equation. It leads to

Differential coupled equation without continuum states

(£) (£)
INlEzE by = |(cosh w + 1) w isinh w D(i) by .
Here we use g9 = h"a‘x’ and the notations

o on _ ) db. (&) _ 4 /($) CSTVIINED
continuum by = by(w) = i7 H be (w) ={p P | “P )s

dw aSO( )

+ +) (£

NP = NP = 165, D) = D) = a eI,
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Suggested model

Calculation without continuum states

Study of As the neutron is initially bounded to the well corresponding to core Bi. The

Getiim initial conditions are
Effects in

Transfer
Reactions
by(t — —o0) =

1
)
Edna Carolina \/5

Pinilla Beltran

Solving the differential equations is possible to calculate the asymptotic values of
b_ e b+.

Elastic and transfer probabilities

Pe = |(xa(t — o0)|W(t — o0))|* =

|b(w — 00) = b—(w — o0)?,

NI N| =

Calculation Per = |{(x2(t — 00)|W(t — c0))|? = = |by(w — o0) + b_(w — c0)|2.

without
continuum

Where
(00t = el ),

xi(x,t) =

x2(x,t) =

NS

(008 + 6l 1).

Edna Carolina Pinilla Beltran Study of Continuum Effects in Transfer Reactions



Suggested model

Calculations with one continuum state by parity

Study of

Continuum We introduce the continuum in the simplest way. We add to the neutron state
Effects in
Transfer

Reactions Y(x, t) = by () B0/ Mo(F (x, £) + b (£)e 0t/ M p{(x, 1)
Edna Carolina

AU EEERT one state in the continuum by parity

Neutron state

W(x, t) =by (t) e Bt/P oD (x 1) 4 b_(t) e Eot/h (T (x, 1)
+ e (t) e Et Mol (x) 4 c_(£) e EH M ().

Continin Eop = —B — Separation energy of the neutron,

effects

2 k32
E. = om 0 Average energy of the wave packet.
m
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Suggested model

Calculations with one continuum state by parity

Study of The continuum states are described by the

Continuum
Effects in wave packets

Transfer
Reactions oo T T T
(G (+) 2 L (a) |
Edna Carolina e (X) - ~/;oo dk r(k) Xk (X)7 _% 0‘(1) A {\{\ [\/\ A
Pinilla Beltrén = v U U U \] Vv
2 —-0.1F+ 1
_ oo _ H — —t
K00 = [ akr 00, fafe ,
—oo E 0 /\ {\/\ N
5 v VV V
where 1 £-01r v V
X(k+)(x) — " coskx, S —150-100 50 0 50 100 150
VT x (fm)
_ 1 . .
X ) = 7z kx Figure: Continuum states with
e — wave vector center, kg = 0.35
effects and fm~1, and width A, = 0.1 fm~!
of the wave packet .(a)
1 ko — Bk < Ko + Ax Symmetric and (b)
r(k) =< VA 2 - = 2’ antisymmetric.

0 otherwise.

Edna Carolina Pinilla Beltran Study of Continuum Effects in Transfer Reactions



Suggested model

Calculations with one continuum state by parity

Study of
Continuum
Effects in
Transfer

Reactions W(x,t) =bi(t) e—iEot/h (+)( )+ b_(t) e e—iEot/h (—)(X £)

Edna Carolina +C+( ) *’Ect/h C (X)-‘rC (t) eflEct/h ) (X)

Pinilla Beltran
Differential equations including one continuum state by parity

AE) by (w) + AD) & (w) = B bi(w) + B ci(w),
A by (w) + AD) & (w) = ‘i) bi(w) + Béic) cx (w).
The functions A and B involve inner products between the functions @E’i) and
(£)
pe

Introducing the neutron state in the Schrédinger equation

and matrix elements of H.

Elastic and transfer probabilities

Py = |(xa(t = c0)lW(t — o2 = - |by(w — o0) = b_(w — o),

Continuum
effects

1
= by (w — 00) + b_(w — o0)[2.

Per = |{x2(t — 00)|¥(t — 00))[? Z
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Probabilities

Results

Elastic and transfer probabilities

T T T T T
E. = 0.07 MeV E. = 0.62 MeV
05F B
Without cont. Without cont.
A =01fm " --nnnn Ay =02fm™*
I Ay =0.05fm* A =0.1fm?*
E. Coord. —— Ay =0.05 fm™*
E. Coord. ——
% L I ; I ; L I ; I ;
< 0 — ——t
E. = 2.56 MeV
0.5 -
Without cont. Without cont.
A =07 fm™ ! Ay =07 fm !
| Ay =0.35fm™ Ay =04 fm~t h
Ay =0.1fm™" Ay =0.1fm™"
E. Coord. —— E. Coord.
0 L 1 L 1 L L 1 L 1 L
4 8 12 4 8 12 16
Ec.m (MeV)

Figure: Elastic probabilities in head-on collisions for the 27F+26F system as a

function of the center-of-mass-collision energy Ec.m..
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Results

Elastic and transfer probabilities

Stu(_:ly of 1 T T T T T T T T
Continuum Without cont. ———
Effects in Ay =01fm ! ----r Ay =02 fm~
F Ay =0.05 fm™! Ay =0.1fm™
Transfer E. Coord Ay =0.05 fm™!
Reactions E. Coord.
Edna Carolina 05 B
Pinilla Beltran
E. = 0.07 MeV E. = 0.62 MeV
s I ; I ;
o" 0 7 1 + t + + 1 + t +
Without cont. ———
D =07 fm ™"
+ A =035 fm ™t ----ee g
A =01 fm™?! ]
E. Coord. E. Coord
0.5 -
E. =256 MeV E. =3.34 MeV
0 1 L 1 L
4 8 12 4 8 12 16
Probabilities Ec.m (MeV)

Figure: Transfer probabilities in head-on collisions for the 27F+20F system as a
function of the center-of-mass-collision energy Ec.m..
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Results

Elastic and transfer probabilities
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Continuum .
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Transfer T
Reactions 7 )
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Nuclei with a weakly -
bound neutron

Projectil Target

Continuum state Nuclei with strong

—_—
_; (_ bound neutron

Projectil Target

Figure: llustration explaining the effects caused by the inclusion of the
continuum states in transfer reactions.

Probabilities
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Conclusions

m We performed a large number of calculations varying the width Ax
and the average energy E. of the wave packet and in all cases the
effects of including a single state in the continuum by parity are small.
Therefore the inclusion of only one continuum state is not enough.
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m It is possible to understand our results in terms of an analogy to the
Coulomb excitation: if the coupling is strong it is necessary to include
several excitation channels.
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m It is possible to understand our results in terms of an analogy to the
Coulomb excitation: if the coupling is strong it is necessary to include
several excitation channels.

m The next step is to understand the role of the different energies in
the continuum and to include more continuum states. This can be
done to optimize the coupled-channel codes.

Conclusions
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Conclusions

Conclusions and prospects

We performed a large number of calculations varying the width A
and the average energy E. of the wave packet and in all cases the
effects of including a single state in the continuum by parity are small.
Therefore the inclusion of only one continuum state is not enough.

It is possible to understand our results in terms of an analogy to the
Coulomb excitation: if the coupling is strong it is necessary to include
several excitation channels.

The next step is to understand the role of the different energies in
the continuum and to include more continuum states. This can be
done to optimize the coupled-channel codes.

It is important to optimize our codes (given their complexity)
including for instance, the energies that mostly influence the process
and thus reducing the number of channels involved.

Edna Carolina Pinilla Beltran Study of Continuum Effects in Transfer Reactions



Study of
Continuum
Effects in
Transfer
Reactions

Edna Carolina
Pinilla Beltran

Thank you for your attention!.

Conclusions
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