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Abstract.
The surrogate reaction method may be used to determine the cross section for neutron-induced reactions not
accessible through standard experimental techniques by creating the same compound nucleus which the desired
reaction would pass through, but via a different entrance channel. A variety of direct reactions have been
employed in order to generate the required compound nuclei for surrogate studies.
In this work, a previously developed (p,t) reaction model has been extended to incorporate a two-step reac-
tion mechanism, which takes the form of sequential neutron transfer. This updated model is applied to the
92Zr(p,t)90Zr reaction and is found to modify the strengths of the previously predicted populated levels.
It is planned that this improved (p,t) model will be used to attempt to constrain cross section predictions for a
number of (n,γ) reactions in future, as well as provide a possible comparison against other surrogate studies
utilising different direct reactions such as (p,d).

1 Introduction

For many isotopes of interest it is unfortunately not possi-
ble to conduct conventional neutron-induced cross section
measurements. There are various reasons why it may not
be possible to measure a certain nuclear reaction directly.
Most common amongst these reasons is too short a life-
time to produce a target for the nucleus in question.

The majority of reactions of interest to the nuclear in-
dustry, and many relevant to astrophysics, involve the col-
lision of an incident neutron with a target nucleus. Aside
from elastic scattering, the reactions which may occur due
to an incident neutron typically take place through an in-
termediate compound nucleus state, as shown in Figure 1.

Here the incident neutron is absorbed by, and shares its
energy with, the target nucleus and forms an excited com-
pound nucleus. This compound nucleus is unstable and
will decay after some time to form the final products of
the reaction. The basis of the surrogate reaction method
is to exploit the Bohr assumption, that the mode of decay
of a compound nucleus is independent of the type of reac-
tion from which it formed [1]. It is assumed that only the
spin distribution of the states, in both energy and angular
momentum, populated in the compound nucleus plays a
role in determining the statistical likelihood of decays via
each possible channel. In the surrogate reaction method,
a suitable surrogate nucleus and reaction are sought, such
that the same compound nucleus, and if possible its spin
distribution, will be formed as is expected in the reaction
of interest. The surrogate process is illustrated in Figure 2.
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Figure 1. Illustration of a nuclear reaction proceeding through
the compound nucleus stage. Here the projectile a collides with
A to form B∗, which then decays to a number of possible prod-
ucts. Image taken from Ref. [3].

In the desired reaction case, one needs to determine the
cross section σαχ(Ea) for a reaction with incident channel
(a + A) at an incident energy Ea and exit channel χ. The
cross section σαχ(Ea) is often split into two components,
as shown in Equation 1;

σαχ(Ea) =
∑
J,π

σB∗
α (Eex, J, π)GB∗

χ (Eex, J, π) . (1)

Here σB∗
α (Eex, J, π) is the cross section for (a+A) form-

ing the compound nucleus B∗ with an excitation energy
Eex in the state Jπ and GB∗

χ (Eex, J, π) is the probability, or
branching ratio, of B∗ decaying to channel χ.
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Figure 2. Illustration of the surrogate reaction method. Here,
d interacts with D to form the required compound nucleus B∗.
d may be scattered inelastically or may gain or lose nucleons to
form b.

In a standard measurement σαχ(Ea) is measured di-
rectly. In the surrogate approach however, GB∗

χ (Eex, J, π)
is determined by indirect measurement and σB∗

α (Eex, J, π)
calculated, generally via the optical model.

A number of different direct reactions have been stud-
ied by various research groups, e.g. (p,p′), (p,d) [4],
(3He,α) [7] and (d,p) [6]. Recent studies have shown that
the cross section for the (n,γ) reaction can be success-
fully constrained for some isotopes using the surrogates
approach [9].

The (p,t) reaction has also been investigated as a po-
tential surrogate reaction [4], but not to the same level of
scrutiny as the previously listed reactions. A (p,t) reaction
model was previously developed by this author and was
applied to (p,t) data captured as part of a separate (p,d) sur-
rogate reaction study [8]. The remainder of this paper de-
scribes extensions made to this previously developed (p,t)
model to incorporate two-step transfer mechanisms.

2 (p,t) model

For the (p,t) model developed previously we made two as-
sumptions for the reaction:

• The target nucleus is even-even, i.e. it possesses even
numbers of both protons and neutrons, is spherical, and
in its groundstate has a spin and parity assignment of
Jπ = 0+.

• The two neutrons are transferred simultaneously, in one-
step, as a single spin-singlet ‘di-neutron’ quasi-particle,
with zero intrinsic angular momentum.

It is the validity of the latter of these two assumptions that
we will investigate in this study.

In order to perform calculations for the transfer of a di-
neutron, the quantum numbers of the two tranferred neu-
trons in their single particle orbitals must first be translated
into those of an equivalent single particle. The translated
quantum numbers are illustrated in Figure 3.

Calculations of cross sections for the direct (p,t) trans-
fer reaction on a mass A + 2 target nucleus, populating

Figure 3. Schematic showing the translation of quantum num-
bers used in the two-neutron basis into those required for calcu-
lations in the di-neutron pseudo-particle basis.

specific Jπ, A-body final states, involve a number of com-
ponents, see e.g. Glendenning [10]. The expression used
for the cross section in the developed model is

dσ
dΩ

(0+ → Jπ) = |
∑
NΛS

GNΛS J BNΛS J( �kp�kt)|2 . (2)

Here BNΛS J is the (p,t) transition amplitude calculated
via the Distorted Wave Born Approximation (DWBA)
method and GNΛS J is broadly analogous to the spec-
troscopic amplitude of single-nucleon transfer reactions.
GNΛS J is constructed from a number of nuclear strucutral
factors;

GγNΛS J =
∑
γ

gγβγNΛS JΩν 〈νλ,NL;Λ|n1l1, n2l2;Λ〉 . (3)

Here, gγ =
√

2/(1 + δi j) is a symmetry factor
dependent on the (like or unlike) pair of orbitals i
and j occupied by the pair of transferred neutrons.
〈νλ,NL;Λ|n1l1, n2l2;Λ〉 is a Moshinsky bracket [11] which
gives the overlap between the wavefunctions of the two
neutron single particle states with their required wavefunc-
tion within the di-neutron. βγNΛS J is a parentage coeffi-
cient which measures the component of the target 0+ A+2
mass nucleus which is constructed from a specific Jπ A
mass core coupled to the two transferred neutrons. Ων is
the overlap of the two-neutron relative motion wave func-
tions between the intitial and final states. Ων is generally
taken to be 1.

As only 0+ target nuclei are considered in this model,
the total and orbital angular momentum transferred are
equal, i.e. (Λ =)L = J, and only natural parity states
with π = (−1)J are populated.

The developed model was applied to the 92Zr(p,t)90Zr
reaction, for which data had been taken as part of a sep-
arate (p,d) surrogate reaction study [5]. These data was
taken using the STARLiTeR detector [17] fielded at the
Texas A&M K150 Superconducting Cyclotron.
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Figure 4. Predicted excited states of 90Zr calculated to be popu-
lated via the 92Zr(p,t)90Zr reaction.

The DWBA portions of the calculation were per-
formed using the code twofnr [18]. A calculation was
performed for the transfer of each possible pair of neutrons
in the 92Zr target nucleus, assuming standard shell model
filling rules. A Hartree-Fock calculation was performed
using the dens code [13] with the Skx Skryme potential in
order to calculate energy levels of the orbitals of the tar-
get nucleus. These energies were then scaled using the
experimental S 2n value, which is assumed to correspond
to the removal of two neutrons from the outermost orbital.
The excitation energy of the residual nucleus due to the
removal of the neutron pair was then determined by sum-
ming the energies of the two orbitals the neutrons were
removed from. Degenerate excited levels are split using
the phenomenological method suggested by Casten [2].

The model assumes integer occupation of the shell
model orbitals in the target nucleus and so a spreading
width is also applied to the calculated excited levels in or-
der to account for the expected fragmentation due to the
reality of fractional occupancy of levels [14]. The form
selected is, aside from an additional factor of 1

2 , that of
Brown and Rho [12] and which has previously been ap-
plied to single particle transfers;

Γ(Eex) =
1
2

 ε0(Eex)2

(Eex)2 + E2
0

+
ε1(Eex)2

(Eex)2 + E2
1

 , (4)

where Eex is the excitation energy of the residual state and
ε0,ε1,E0 and E1 are constants.

Figure 4 shows the distribution of states predicted to be
populated in the residual 90Zr nucleus. This distribution of
excited states is converted into a spectrum of outgoing tri-
tons and compared against the experimental data in Figure
5. As may be seen, the match between the experimental
data and the theoretical model is reasonable.

3 Extension to two-step mechanism

Although the one-step transfer of a di-neutron quasi-
particle has been applied to many systems with a great

Figure 5. Comparison of the observed triton spectrum against
the theoretical predictions integrated over the entire detector sur-
face.

deal of success, a number of authors have noted deficien-
cies in this model, particularly that it does not represent the
correct physics of the reaction. Various authors including
Igarashi et al [15], Potel et al [16], etc, suggest a two-step
sequential transfer process is required.

For the present study we have applied a sequential neu-
tron transfer process to the 92Zr(p,t)90Zr groundstate to
groundstate transition which will involve the transfer of
a pair of d 5

2
neutrons. Multi-step processes due to collec-

tive excitations have been ignored for the time being for
this system.

A more general expression for the (p,t) cross section is
given by

dσ
dΩ

(Jπ0
0 → Jπ) =

µpµt

(2π�)2

kt

kp

1
(2S p + 1)(2J0 + 1)

×
∑

σpσt MM0

|TJMσt ,J0 M0σp (�kt, �kp)|2 . (5)

For the case of sequential neutron transfers, the T-
matrix element will be constructed from three separate
components

T = T one-step + T two-step − T two-step
NO , (6)

where the final term is a required non-orthogonality cor-
rection.

T two-step − T two-step
NO =〈
Φ(A)φtχ

(−)
t |Vd−n|Φ(A + 1)φd

〉

× G+d
〈
Φ(A + 1)φd |Vp−n|Φ(A + 2)φpχ

(+)
p

〉

−
〈
Φ(A)φtχ

(−)
t |Φ(A + 1)φd

〉

×
〈
Φ(A + 1)φd |Vp−n|Φ(A + 2)φpχ

(+)
p

〉
, (7)

where Φ() is a wavefunction describing the collective be-
haviour of the nucleons within the nucleus, φ is the wave-
function describing the behaviour of the nucleons within
the light ion, V is the interaction strength between the light
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Figure 6. Comparison of the predicted triton angular distribution
for the one-step, two-step, and combined model calculations.

ion and an individual neutron [19], χ is a spinor for the
light ion, and G+d is a Green’s function which describes the
propagation of the (unbound) deuteron in the intermediate
state and has the form;

G+d (R,R′) = − 1
kd

F(R<)H+(R>) (8)

where F is a regular Coulomb function and H+ is a Hankel
function. G+d is also distorted by an apropriate deuteron
OMP to account for possible compound nucleus reactions
which may occur between the deuteron and (A-1) nucleus.

Each step of the calculation requires an amplitude
of the overlap between the wavefunctions of the nuclei
in each partition. We will continue to assume (perhaps
naïvely) integer occupancy of the valence orbitals and
so the same parentage factors determined in the original
model may be used. Unfortunately the version of twofnr
available for this study lacked the functionality to perform
two-step transfers and so the fresco code [20] was used
instead.

4 Results and analysis

The results of calculations performed using fresco for the
92Zr(p,t)90Zr reaction to the 0+ groundstate are shown in
Figure 6. Calculations have been performed for the case
of a simultaneous transfer of the neutron pair, sequential
transfer of the pair, and also the combined case where both
channels are possible. It may be seen that the strengths
of the simultaneous and sequential channels do not add
to the combined strength as it is their amplitudes that are
summed and so may interfere either constructively or de-
structively. It may also be seen that, for this transition, the
two-step process, although weak compared to the one-step

contribution, is required for completeness, partucularly at
backwards angles.

Similar results are also seen for the 92Zr(p,t)90Zr reac-
tion populating 2+, 4+ and 6+ states. Further transitions
have yet to be studied.

5 Summary and Conclusions

A two-step mechanism has been added to a previously de-
veloped (p,t) reaction model. This two-step process pro-
ceeds via the sequential transfer of the neutron pair. Pre-
liminary results show that this two-step process is weaker
than that of simultaneous transfer, but is still significant.
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