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1. DWBA transfer amplitude and cross section

The transfer reaction section of the NRV is based on the computer code DWUCK5 [1].

It calculates the scattering observables for binary nuclear reactions using the finite range

distorted wave Born approximation (DWBA). We consider the A(a, b)B reaction where

the projectile a is treated as the composite system a = b+ x (see Fig. 1). The particle

x could be either a nucleon or a few-nucleon cluster, for example the α-particle. The

transfer of the particle x to the target leads to the formation of the composite target-like

fragment in the exit channel B = A + x. We also assume that all particles may have

non-zero spin denoted below as JA, JB, ja, jb and jx.

Figure 1. The definition of coordinates for the nucleon transfer reaction A(a, b)B.

The computer code DWUCK5 calculates the transition amplitude for the reaction

A(a, b)B within the post (β) or the prior (α) form

T
α(β)
fi = J
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where χ(−) and χ(+) are the distorted waves, ra and rb are the relative coordinates for

the systems (a,A) and (b, B) (see Fig. 1), respectively, and J is the Jacobian for the

transformation to these coordinates

J =
(

mamB

mamB −mbmA

)3

.

The quantity 〈bB|∆V |aA〉 discussed below is the form factor for the transfer reaction

that couples the bound states in the entrance and exit channels.

The asymptotics of the distorted waves χ
(±)
k (r) is the combination of the plane

wave with the momentum k and the outgoing (or incoming) spherical scattered wave.

Without the Coulomb potential

χ
(±)
k (r→∞)→ eik·r + f(θ)

e±ikr

r
. (2)

The final distorted wave which has an incoming scattered wave condition is related to

the solution with the outgoing waves by

χ(−)∗(k, r) = χ(+)(−k, r). (3)
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It is convenient to decompose the distorted wave functions into the partial waves.

As shown in detail in [2, 3] the radial partial wave functions satisfy the equation(
d2

dr2
+ k2 − l(l + 1)

r2
− 2µ

h̄2
Uα(β)(r)

)
χJls(r) = 0. (4)

Here Uα(β)(r) = U(r)+UC(r)+(l ·s)Uls(r) is the optical potential describing the relative

motion of the projectile and the target in the entrance (α) or exit (β) channels. U is

the central potential with real and imaginary parts, UC is the Coulomb potential for the

uniform charge distribution with the radius RC and Uls is the spin-orbit potential. We

take into account the total spin s coupled with the orbital momentum l into the total

angular momentum J . The radial functions χJls(k, r) satisfy the boundary conditions

χJls(k, 0) = 0 at the origin and

χJls(k, r)→
i

2
eiσl

[
H−l (kr)− SJlH+

l (kr)
]

(5)

for r → ∞ where the nuclear part of the potential may be neglected. The functions

H±l (kr) = Gl(kr)± iFl(kr) are the outgoing (+) and the incoming (−) Coulomb waves,

SJl is the elastic scattering S matrix element and σl is the Coulomb phase shift.

The form factor 〈bB|∆Vα(β) |aA〉 contains information about the nuclear structure.

The potential ∆Vα(β) usually reads

∆Vν =
∑
i

Vi,ν(ri)− Uν(r),

where Vi,ν are the interaction potentials between the target (A) and the projectile

constituents (i = b or x) in case of the prior form (ν = α), and between the projectile-

like fragment (b) and the components of the target-like fragments (i = A or x) in case

of the post form (ν = β). The prior-form transition potential is expressed by

∆Vα = VxA + VbA − VaB ≈ VxA, (6)

where Uα = VaB. It is valid when the core b and the target A are heavier than the

transferred particle x and the term (VbA − VaB) may be omitted.

Within the post-form DWBA the transition potential is treated as

∆Vβ = Vbx + VbA − VbB ≈ Vbx, (7)

where Uβ = VbB. The approximation in (7) is valid when the target A and the target-like

fragment B are similar, thus the contribution of the term (VbA − VbB) is negligible.

Eqs. (6) and (7) show that the coupling potentials are the binding potentials in

the entrance and the exit channels, respectively. These potentials are used in order to

obtain the bound state wave functions for the projectile (a = b + x) in the entrance

channel and for the target-like fragment (B = A+ x) in the exit channel

〈 rx |aA〉 =
√
Sa ϕa(rx), 〈 r′x |bB〉 =

√
SB ϕB(r′x), (8)

where S is the spectroscopic coefficient carrying information about the structure of the

composite system, and coordinates rx and r′x are defined as in Fig. 1.
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Decomposing the distorted wave functions into the partial waves and taking into

account the spin coupling of the particles the cross section for the reaction A(a, b)B

may now be expressed in terms of the transition amplitude

dσ

dΩ
(θ) =

µαµβ

(2πh̄2)2
kβ
kα

1

(2JA + 1)(2ja − 1)

∑
MAMBmamb

|TMAMB ,mamb
|2 , (9)

where µα(β) and kα(β) are the reduced mass and the wave number in the corresponding

channel.

2. Input parameters

The NRV knowledge base provides the web service (dialog) to set the input parameters

for calculation of nucleon transfer cross sections within the DWBA. The screenshot of

the web dialog is shown in Fig. 2.

Figure 2. NRV web dialog allowing to set the input parameters for calculation of

nucleon transfer reaction cross sections within the DWBA.

In the upper row of buttons the user may choose the specific sections (Reaction,

Potentials, Bound states or Experimental data) in order to modify the corresponding

parameters.

2.1. Reaction

In the Reaction section the user may choose the masses and charges of interacting nuclei,

their spins and radii (radii are used in calculation of the proximity potential) both for

the entrance and exit channels as well as the transferred particle and the type of the

reaction (pick-up or stripping).

The excitation energies E∗ of the fragments and the Q-value of the transfer process

for the exit channel may also be set. The energy of the relative motion in the exit

channel is set automatically as E ′cm = Ecm −Q.
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The button G.S.→G.S. allows to set the Q-value and binding energies (see the

Bound states section) corresponding to the transition from the ground state to the

ground state (for this the database of nuclear masses is used).

The calculation parameters include the center-of-mass angular range for the cross

section: the starting angle θmin, the angular mesh step ∆θ and the number of steps Nθ.

The value Lmax is the maximum value of the orbital momentum taken into account.

The quantities Rmax and dR define the radial mesh.

The combined spectroscopic factor SinSout is used to normalize the DWBA cross

section. The user may also choose either the prior or the post form of the DWBA.

The button DWUCK5 provides the input data in the proper format suitable for

the DWUCK5 code.

Figure 3. NRV web dialog allowing to set the optical potential for the entrance

channel.

2.2. Potential: Entrance channel

This section is used to set the parameters of the optical potential applied to the distorted

wave calculation. The standard form of the point-sphere Coulomb potential is used

VC(r) = Z1Z2e
2


1

r
, r > RC ,

1

2RC

(
3− r2

R2
C

)
, r ≤ RC ,

(10)

where the Coulomb radius RC = r0,CoulA
1/3
T may be specified by the user. The user may

also choose one of the four different types of the real part of the nuclear potential: the

volume and the surface Woods-Saxon types, their Superposition

VN(r) =
V0

1 + exp
(
r−r0A1/3

T

a

) − 4aDVD
d

dr

1

1 + exp
(
r−rDA

1/3
T

aD

) ,
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or the Proximity potential (see Ref. [4]). Note that the user may modify the reduced

radii, e.g., r0 or rD, while the potential includes the radii depending only on the target

mass Ri = r0,iA
1/3
T in all the cases. The radii of nuclei required for the calculation of

the proximity potential are set in the section Reaction next to the specific nucleus.

For the imaginary part of the optical potential everything is the same except for

the proximity potential which is not provided.

The spin-orbit interaction may only be chosen in the Thomas form

VSO(r) = −(L · s)(VSO + iWSO)
1

r

d

dr

1 + exp

r − rSOA1/3
T

aSO

−1 .
For convenience the applet on the left panel shows the potential plot with the chosen

parameters.

The optical potential in the exit channel may be specified in the Potential: Exit

channel section in a similar way.

Figure 4. NRV web dialog allowing to set the bound state parameters and the

interaction potential for the system a = (b + x) in the entrance channel.

2.3. Bound state: Entrance channel

This section (see Fig. 4) is used to specify the quantum state parameters and the

interaction potential for the composite system a = (b+ x) in the entrance channel. The

quantity Ebound is the binding energy in MeV. The quantity Nr is the main quantum

number, Jtr, Ltr and Str are the total angular momentum, orbital momentum and spin

of the transferred particles.

The spin Str in this section is fixed since it is the same as the spin of the transferred

particle in the Reaction section. The total angular momentum Jtr is the result of the

Ltr+Str coupling. Note also that the total spin of the composite particle in the entrance

channel is the sum of the transferred particle momentum Jtr and the spin of the core
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Figure 5. The additional features provided by the bound state Java applet. Activation

by the mouse button click.

particle. In the case shown in Fig. 4 these particles are the neutron in the 1s1/2 state

(the transferred particle) and the proton (the core with the spin 1
2
). They form the

deuteron projectile with the total momentum 1.

The interaction potential is the potential binding the cluster of the composite

system. The user may choose one of the two types of the potential: the Woods-Saxon

volume potential

V (r) =
V0

1 + exp
(
r−Rv

av

) ,
or the Gaussian potential

V (r) = V0 exp

(
− r

2

R2
v

)
.

The Coulomb interaction is chosen in the same form as in the optical potential case.

The plot (Java applet) on the left panel demonstrates the interaction potential and

the bound state wave function for the entrance channel. Note that the Java applet

provides additional features, see Fig. 5. In particular, the wave function and the list of

the levels found in the potential may be saved by the user in the ASCII text or graphics

formats.

The Java applet also automatically adjusts the potential depth V0 in case of any

parameter change. In some cases the search routine fails to find the appropriate potential

depth. In this case the user has to manually set the initial value of the V0 parameter,

then the search routine starts again.

The bound state in the exit channel may be specified in the same way as in the

Bound state: Exit channel section.

2.4. Experimental data

In this section (see Fig. 6) the user may enter the experimental data specifying the

entrance channel, the transferred particle and its final state in the exit channel. The
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Figure 6. NRV web dialog allowing to enter the experimental data for the transfer

reaction.

collision energy and the scattering angle may be entered either in lab. or c.m. system.

The experimental data must be entered in the three-column form: the scattering

angle θ in degrees, the differential cross section dσ/dΩ in the chosen units and the error

value in % of the cross section value.

The experimental data are optional. The DWUCK5 code does not require any

experimental data to perform the calculation since it does not fit the theoretical curve

to the data.

2.5. Results

If all parameters are set, the cross section calculation may be started by pressing the

Calculate button. In this case the input data as well as the entered experimental data

are sent to the NRV server and stored in the user folder. On the basis of these parameters

the NRV server prepares the input file and runs the DWUCK5 code on the server side.

After the calculation the server passes the results to the Java applet located on the

left side of the web dialog. The results are shown by the solid curve together with the

experimental data. The integrated transfer reaction cross section is also shown in the

plot.

The user may open an additional Java window with the differential cross section

by clicking the corresponding Java applet. This window is shown in Fig. 7. The plot in

this window is the same as the plot in the web dialog, but provides additional options

allowing to process the data using the menu items. For example, the user may save the

data in the text or graphics formats (menu File/Save as ...), plot the cross section vs.

scattering angle in c.m. or lab. system, etc.

Note also that the next session will start with the last calculated variant if the same

computer and the same Internet browser are used.
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Figure 7. The additional Java window allowing to process the obtained data.
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