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Abstract The 6Li?89Y experiment was performed to

explore the reaction mechanism induced by a weakly

bound nucleus 6Li and its cluster configuration. The par-

ticle-c coincidence method was used to identify the dif-

ferent reaction channels. The c-rays coincident with 3He/
3H indicate that the 3H/3He stripping reaction plays a

significant role in the formation of Zr/Nb isotopes. The

obtained results support the existence of a 3He–3H cluster

in 6Li. Direct and sequential transfer reactions are ade-

quately discussed, and the FRESCO code is used to per-

form precise finite-range cyclic redundancy check

calculations. In the microscopic calculation, direct cluster

transfer is more predominant than sequential transfer in 3H

transfer. However, the direct cluster transfer is of compa-

rable magnitude to the sequential transfer in the 3He

transfer.

Keywords Coincidence measurement technique � Weakly

bound nuclei � Direct cluster transfer � Sequential transfer �
CRC calculations

1 Introduction

Nuclear clustering describes the emergence of structures in

nuclear physics whose properties resemble those of atomic

molecules. Atomic systems exhibit a rich phenomenology

of different types of chemical bonds, complex rotational

and vibrational excitations, and intricate structural
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geometries. The occurrence of clusters is well known in

macroscopic and microscopic matter, ranging from astro-

physics to nuclear physics [1]. Clustering structures

emerge from a delicate balance among repulsive short-

range forces, Pauli blocking effects, attractive medium-

range nuclear forces, and long-range Coulomb repulsions

among protons. Protons and neutrons have nearly equal

masses, unlike heavy ions surrounded by electrons. Many

studies have shown that nucleons tend to form clus-

ters [2–4] such as a clusters.

The a particle is the most likely form of a cluster owing

to its high symmetry and binding energy. Evidence for the

presence of a clusters comes from nuclear structure cal-

culations and measurements of a decay, such as cluster

breaking effects on 3a structures in 12C [4–6]. Recent

theoretical studies have revealed the formation of 3a-
cluster structures, which are independent of any assump-

tions regarding the presence of a clusters [7–11]. The

experiment 2H(16C, 4He?12Be)2H [12] investigated the

inelastic excitation, cluster decay, and linear-chain clus-

tering structure in neutron-rich 16C. The decay paths from

the 16C resonances to various states and Q-value spectra of
16C were measured. In addition, a large number of 4a
events were recorded in an experiment on 12C(16O,
16O)12C [13]. These studies on a clusters are critical for

understanding the synthesis of heavier elements in the

universe [14] and other structures of bound nuclei.

The weakly bound nuclei projectiles 6Li, 7Li, and 9Be

[15–19] also exhibit a-cluster structures in the ground and

resonance-excited states [20, 21]. The a? 5He and 8Be? n

cluster structures have been discussed for 8Be [19]. A

coincidence measurement experiment was performed using

a 14UD tandem accelerator at the Australian National

University for 6;7Li ?208Pb at beam energies below the

fusion barrier energies [22]. The breakupmodes a? a, a? t,

a ? d, and a ? p were identified using telescope detectors.

For 6Li, the most intense peak in the Q-value spectra corre-

sponded to the breakup of the excited states of the projectile

into a and d. For 7Li, the breakup into a ? 3H is prominent.

The a cluster has been dominant in similar studies on parti-

cle–particle coincidence measurements [23]. Recently, the

effect of the breakup on the fusion of 6Li, 7Li, and 9Be with

heavy nuclei has been discussed [15, 24]. The cross sections

for incomplete fusion were found to be similar to those of the

missing complete fusion, and incomplete fusion always

couples with transfer channels. For example, for 6Li-induced

reaction by breakup-capture, Po and At nuclei can also be

formed by the transfer of p, d, or awith the target. Thus, even
if it is theoretically assumed (e.g., based on impact parameter

considerations) [24], a distinction between transfer and

breakup followed by capture is possible. Recently, the

competition between transfer and incomplete has been

studied [15]. In the 7Li ?209Bi system [15], for the main

incomplete fusion products, polonium isotopes, only a small

fraction can be explained by projectile breakup followed by

capture, where the dominant process is triton cluster transfer

by combining single and coincidence measurements of light

fragments. In the 7Li? 93Nb system [18], the triton capture

mechanism has also has been observed to be dominant at

about 70% when all the inclusive a-particles have been

accounted for.

An exploratory experiment with radioactive beams was

performed at REX-ISOLDE to test the potential of cluster-

transfer reactions at the Coulomb barrier and further

explore the structure of exotic neutron-rich nuclei [25, 26].

The reactions 7Li(98Rb, axn) and 7Li(98Rb, txn) were

studied using particle-c coincidence measurements. The

majority of the detected a and 3H particles corresponded to
3H and a transfers, whereas the percentage of 7Li elastic

breakup was determined to be less than 20%. The reaction

mechanism has been qualitatively discussed within a dis-

torted-wave Born approximation (DWBA) framework.

Cluster-transfer reactions can be fully described as direct

processes. In the early studies of the reactions 16O (6Li,
3He) 19F and 16O (6Li, 3H) 19Ne at a bombarding energy of

24 MeV, the energy spectra and angular distributions

scattered 6Li ions and other heavier reaction products were

detected at many forward angles [27]. The results indicated

that the ground-state bands of 19F and 19Ne are populated

with a 20-fold higher intensity than other excited state

bands, and the high-spin states cannot be convincing evi-

dence for a predominantly direct reaction process. Addi-

tionally, DWBA analysis was successfully employed to

establish the transfer of a three-nucleon cluster.

As mentioned earlier, the transfer reactions of 3He and
3H clusters on light-mass targets have been previously

confirmed. However, studies on medium-mass targets are

limited. In this study, cluster transfer was performed in an

experiment of 6Li?89Y. Direct and sequential transfer

reactions are discussed using cyclic redundancy check
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(CRC) calculations. The remainder of this paper is orga-

nized as follows. Section 2 presents the experimental

details. Experimental results and discussion are presented

in Sect. 3. The theoretical calculations are discussed in

Sect. 4. Finally, conclusions are summarized in Sect. 5.

2 Experimental details

The 6Li?89Y experiment was performed at the Laboratori

Nazionali di Legnaro, INFN, Italy. A 6Li3þ beam with an

average intensity of 1.0 enA was accelerated to 34 MeV

using the XTU Tandem-ALPI accelerator. The 89Y target,

with a thickness of 550 lg=cm2, was backed on a

340 lg=cm2-thick 12C foil to stop all the target-like reaction

products. The GALILEO array, which consisted of 25

Compton-suppressed Ge detectors, was employed to collect

c-rays. The energy resolution was about 2.8 keV at

1332 keV. A 4p Si-ball detector array named EUCLIDES

was used to measure light-charged particles. The

EUCLIDES array comprised 40DE-E telescopes, where the

thicknesses of DE and E detectors were 130 lm and

1000 lm, respectively. Detailed information on the GALI-

LEO and EUCLIDES arrays are available in Refs. [28, 29].

A schematic of the experimental setup is shown in Fig. 1a.

Because Si detectors are sensitive to radiation damage, an

200 lm-thick Al absorber was inserted between the target

and EUCLIDES array to stop the elastically scattered 6Li.

TheAl absorber shielded all the Si detectors, except for those

located at angles larger than 148�. In this paper, angles larger
than 148� are called uncovered angles, and the others are

called covered angles. A two-dimensional correlation plot of

DE and E detectors for the light-charged particle identifica-

tion of 6Li?89Y at 34 MeV is shown in Fig. 1b. The proton

(p), deuteron (d), tritium (3H), and helium isotope particles

(3He and a) are clearly identified. At the covered angles, all

light-charged particles were to pass through the Al absorber

and DE detectors, whereas the particles could only pass

through the DE detectors at the uncovered angles. The

minimum energies of the particles passing through the DE
detectors and Al absorber are listed in Table 1. Figure 1c

shows the c-rays of the main residual nuclei in a single c
spectrum detected using the GALILEO array. An analysis of

the relevant c spectrumbygating different particles (particle-

c-ray coincidence) is a viable approach for investigating their
origins, as various reaction channels can generate distinct

particles and residual nuclei.

3 Results and discussion

In the 6Li?89Y system, 3H and 3He evaporations are not

always considered in the complete fusion reaction chan-

nel [30–32], and the breakup threshold of 6Li to 3He and

Fig. 1 (Color online) a Schematic of the experimental setup (sectional view); b two-dimensional correlation plot of DE and E detectors at 148�
for light-charged particles identified in 34 MeV 6Li?89Y; c single c spectrum detected by the GALILEO array
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3H is as high as 15.8 MeV. The energies of the outcoming
3H and 3He fragments were too low to pass through the Al

absorber and DE detectors. Therefore, 3He and 3H were

assumed to originate from the transfer reaction.

3.1 3He� c coincidence

6Liþ89 Y !92 Zrþ3 Heþ ð�90 keVÞ ð1Þ

In Fig. 1b, 3He particles can be clearly distinguished.

According to the kinematics calculation for 3H transfer, the

energies of the outgoing 3He were approximately 27 MeV,

according to Eq. (1). Thus, some particles could pass

through the Al absorber. The product of the reaction was
92Zr, and 91;90Zr could be produced by the evaporation of

neutrons. 3He-gated c rays are shown in Fig. 2, where the

c-rays of 92;91;90Zr are evident, and the counts of each c ray

are obtained. The normalized intensities of several signif-

icant c rays are presented in the third and fourth columns of

Table 2, with the c-ray at 934.5 keV set to a standard

reference value of 100. The direct population strengths of

the excited states of 92Zr are presented in Sect. 4.3. Further

evidence can be obtained from 3H-c coincidence.

3.2 3H�c coincidence

In the 3H coincident c spectrum of Fig. 3a and Fig. 4, 91Nb

and 92Nb are the main residuals. In the inset window, the

strong c-rays 237 keV and 274 keV were the characteristic

c-rays of 19Ne. The counts are significant but disappear at the
uncovered angles in Fig. 3b. 19Ne from the 3He transfer, as

shown in Eq.(2), has already been studied [27]. 3H, which

coincides with these c-rays, indicates a stronger association
with the transfer reaction owing to its forward trend. How-

ever, 16O may originate from the support frame of the target

or the backing foil. Therefore, the yield of the residues 19Ne

could not be obtained in this experiment.

To further analyze the main products, 92Nb and 91Nb,

Fig. 3a shows the correlations between 3H energies and

different c-rays. The projections of the energy of the c-rays
are shown on the left side, and the counts of the c-rays of
91Nb are larger when 3H particles are gated. In the bottom

window, the 501-keV (92Nb) c-ray-gated 3H spectrum (red

dots) also shows a higher energy distribution than that from

1790-keV c rays in 91Nb ( blue dots). In terms of energy

conservation, when the energy of the gated 3H increased,

the excitation energy of 92Nb from 3He transfer reaction

decreased. Thus, fewer neutrons evaporated. The normal-

ized intensities of certain significant c-rays are presented in

the second column of Table 2, assuming a standard

intensity of 100 for the c-rays with energy of 150 keV.

According to Eq. (3), referring to the 3He� c coincidence

analysis results, 91Nb and 92Nb originated from 3He

transfer process, similar to the reaction in Ref. [27]. In the

kinematics calculations, the total energy of 3H was

Table 1 Minimum energies of particles passing through the DE
detectors (second column) or Al absorber and DE detectors (third

column)

Particles DE (MeV) Al and DE (MeV)

3H 5.710 10.56

3He 13.29 23.87

a 14.88 26.89

Fig. 2 (Color online) Total c spectrum of 3He� c coincidence over

all the angles

Table 2 Relative intensities of c-rays of 92Nb normalized to the

intensity of 150.0 keV c-ray (second column) and 92Zr normalized to

the intensity of 934.5 keV c-ray (fourth column) through transfer

reactions

92Nb of 3He transfer 92Zr of 3H transfer

c-rays (keV) Relative intensity c-rays (keV) Relative intensity

123.1 26:91� 6:732 934.5 100� 26:47

148.0 100:0� 11:64 561.0 56:6� 18:50

150.0 100:0� 11:64 990.0 33:2� 15:76

194.0 86:80� 21:72 894.0 34:8� 15:26

357.5 86:53� 4:14 1462.0 23:5� 17:65

501.0 98:33� 13:67 – –

711.0 89:37� 19:38 – –

2087.5 61:91� 17:35 – –

2287.5 136:48� 32:39 – –

For 92Nb, the relative intensity of 150 keV c-ray was set to 100, and

the relative intensities of other c-rays were obtained by multiplying

the relative intensity of 150 keV c-ray after the detection efficiency

correction. The same method was used for 92Zr
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approximately 25 MeV, as shown in Eq. (3) showing that
3H particles can pass through the Al absorber and be

detected. 91Nb, which has a neutron magic number of 50, is

the one-neutron evaporation product of 92Nb.

6Liþ16 O !19 Neþ3 Hþ ð�7350 keVÞ ð2Þ
6Liþ89 Y !92 Nbþ3 Hþ ð�2120 keVÞ ð3Þ

4 Theoretical calculations for 3He and 3H
transfers

Theoretical calculations for 89Y(6Li, 3He)92Zr and 89Y(6Li,
3H)92Nb reactions at Elab ¼ 34MeV were performed using

exact finite-range CRC calculations with FRESCO

code [33]. The São Paulo double-folding potential was

used as the optical potential for both real and imaginary

parts [34]. To consider channels that are not explicitly

included in the entrance partition, such as breakups, we set

the strength factor of the imaginary part to 0.60 [35]. The

strength factor of the imaginary part was set to 0.78 for the

outgoing partitions, as no couplings were considered [36].

Woods–Saxon potentials were used to build the single-

particle and cluster wave functions. The diffusivity and

radii were fixed at 0.65 fm and 1.25 fm, respectively, and

the depth was varied to reproduce the experimental binding

energy.

These transfer reactions occur in two ways: (i) Directly,

where nucleons are transferred together simultaneously as

a cluster, i.e., considering the cluster as a structure-less

particle. (ii) Sequentially, in which the nucleons are

Fig. 3 (Color online) a Residuals at all angles on 3H gating. b Typical c rays of 3H�c coincidence at uncovered angles
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Fig. 4 (Color online) c spectrum of 3H� c coincidence at all angles
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transferred in two or more steps, passing through inter-

mediate partitions. Therefore, both direct and sequential

processes were considered in the transfer calculations. In

contrast, cross sections were obtained for two types of

transfer reactions considering two different schemes:

(a) SA = 1.0, which implies that the spectroscopic

amplitude was set to 1.0, and (b) microscopic spectroscopic

amplitudes calculated using the shell model [37].

Many theoretical studies have attempted to derive the

cluster spectroscopic amplitudes, particularly for alpha

particles (e.g., Refs. [38–49]). Most of these studies have

used different theoretical approaches, including shell,

dynamic molecular, and pure cluster models to determine

the contribution of the alpha cluster to the wave function of

the bound or resonant states. Others were concerned with

cluster preformation for alpha emissions. In some studies,

the authors claimed that the shell model failed to derive the

spectroscopic properties of the states.

To verify the validity of the shell model for calculating

the spectroscopic amplitudes, we compared its results with

those obtained in Ref. [50] using the semi-microscopic

algebraic cluster model for the 16O
�
�12C

� �

overlaps required

in alpha transfer calculations for the 16O(12C,16O)12C

reaction. We obtained results similar to those reported in

Table 3 of Ref. [50]. This is confident evidence of the

validity of the shell model as a reasonable approximation

for deriving the spectroscopic amplitudes for cluster

transfer in this study.

4.1 Calculation results of direct transfer reactions

One of the most common methods for two-particle transfer

calculations is to set the spectroscopic amplitude equal to

1.0 (SA = 1.0) [51]. In this case, the nucleon spins are

considered antiparallel, and n ¼ 1 and l ¼ 0 are assumed as

the internal state of the cluster quantum number. In our

case, where the cluster is composed of three nucleons, the

spin of the transferred cluster is assumed to be equal to the

spin of the free nucleus in its ground state. The relevant

parameters for defining the cluster wave function are the

principal quantum number N and the orbital angular

momentum L relative to the core. N and L can be deter-

mined from the conservation of the total number of quanta

in the transformation of the wave function of three inde-

pendent nucleons into a cluster [52].

X3

i¼1

2ðni � 1Þ þ li ¼ 2ðN � 1Þ þ Lþ 2ðn� 1Þ þ l; ð4Þ

where ni and li (i ¼ 1; . . .; 3) are the quantum numbers of

each nucleon. For 3He and 3H clusters, l ¼ 1 because the

unpaired particle is in the 1p3=2 orbital. In addition, the

spectroscopic amplitudes for the overlaps of the wave

functions for both the projectile and target are set to 1.0.

However, these spectroscopic amplitudes might be unre-

alistic. The nuclear structures of the projectile, target, and

residuals are ignored.

The level scheme of the nuclei and couplings adopted in

the direct transfer calculations is shown in Fig. 5 for both

transfer reactions. Here, we are interested in the order of

magnitude rather than in a quantitative description of the

reaction process. Because the selection rules for the

transfer of particles are relevant in these processes, for each

case, the states are characterized by the spin, parity, and

energy values considered in the calculations according to

the total angular momentum J, orbital momentum L, and

spin of the transferred cluster. The theoretical results of the

direct 3H and 3He transfers for SA = 1.0 are shown in

Tables 3 and 4, respectively. The transfer cross sections

are of the order of mb. However, these results are over-

estimated because of unrealistic spectroscopic amplitudes.

The next step was to calculate realistic spectroscopic

amplitudes for the projectile and target overlap. Micro-

scopic spectroscopic amplitudes calculated from the shell

model were necessary to obtain these spectroscopic

amplitudes. These were obtained by performing shell

model calculations using the NuShellX code [53]. For the

target overlaps, a closed 78Ni core and valence protons in

the 1f5=2, 2p3=2, 2p1=2, and 1g9=2 orbitals and valence

neutrons in the 1g7=2, 2d5=2, 2d3=2, 3s1=2, and 1h11=2 orbitals

were considered. Because of computational limitations,

certain restrictions were imposed on the valence proton

orbitals. Specifically, within the 1g9=2 orbit, we determined

that a maximum of six protons could occupy this orbital.

The n� n, p� p, and n� p effective phenomenological

interactions were based on jj45apn interaction [54], in

which the two-body matrix elements were determined

considering the charge-dependent Bonn potential (CD-

Bonn) [55, 56]. In this interaction, the single-particle

energies for proton model space were set to

�1f5=2 ¼ �0:7166MeV, �2p3=2 ¼ 1:1184MeV, �2p1=2 ¼
1:1262MeV, and �1g9=2 ¼ 0:1785MeV. In addition, the

single-particle energies for the neutron space were set to

�1g7=2 ¼ 5:7402MeV, �2d5=2 ¼ 2:4422MeV, �2d3=2 ¼ 2:5148

MeV, �3s1=2 ¼ 2:1738MeV, and �1h11=2 ¼ 2:6795MeV. In

our approach, we modified the single-particle energies for

the proton model space, for which the values were obtained

from the glbepn interaction [57]. In this context,

�1f5=2 ¼ �3:706MeV, �2p3=2 ¼ �2:133MeV, �2p1=2 ¼
�1:101MeV, and �1g9=2 ¼ �0:638MeV were considered.

With this modification, the spectra of the 89Y, 92Zr, and
92Nb nuclei could be described quite well. In addition, we

built an effective phenomenological interaction that could

describe the single-particle energies of 89Y, 92Zr, and 92Nb
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nuclei. This new interaction was based on jj45pna and

glbepn interactions [54]. For the projectile overlap, 1s1=2,

1p3=2, and 1p1=2 were considered for both the neutron and

proton model spaces for which a no-core interaction was

used [58]. Single-particle energies and two-body matrix

elements were inspired by the Warburton and Brown

interactions [59]. The theoretical results for the direct 3H

and 3He transfers are shown in Tables 3 and 4,

respectively.

We observed that the integrated transfer cross sections

of both reactions decreased when microscopic spectro-

scopic amplitudes were used. These results were expected

because this cluster configuration should have a low

probability in these nuclei. The calculated spectroscopic

amplitudes are presented in the Appendixes.

4.2 Calculation of sequential transfer reactions

The calculations also considered sequential processes in

which the three nucleons are transferred. We performed

calculations for multi-step transfer reactions passing

through the intermediate partitions. We focused on two

two-step sequential transfers, 2H ? n and 2H ? p because

these are the only reactions that pass through partitions

with stable projectile-like nuclei. The others occur through

unstable nuclei (5Li or 5He), which is unlikely because they

are two-step processes and the unbound particles decay

easily. Nevertheless, some tests that included ground states

as bounds were also performed. The cross sections were

observed to be very small. The cross sections for these

transfer reactions were three orders of magnitude lower

than those for direct cluster transfer. Therefore, we do not

Fig. 5 (Color online) Coupling scheme considered for the projectile and target overlaps in both direct reactions. The energies are given in MeV.

a Coupling scheme considered in the 89Y (6Li, 3He) 92Zr reaction. b Coupling scheme considered in the 89Y (6Li, 3H) 92Nb reaction

Table 3 For direct 3H transfer and sequential 3H transfer: States involved in the CRC calculations for the 89Y(6Li,3He)92Zr reaction

Outgoing channel Integrated cross section (mb)

3He 92Zr Direct Direct Sequential Sequential

JpE (keV) (SA = 1.0) (microscopic calculations) (SA = 1.0) (microscopic calculations)

1/2� 0.0 0þ 0.0 0.9121 2:302� 10�4 6:623� 10�3 1:168� 10�7

2þ 934.5 4.948 2:381� 10�5 1:726� 10�2 6:756� 10�7

4þ 1495.5 8.556 3:884� 10�5 5:461� 10�2 3:282� 10�7

5� 2486.0 13.28 2:642� 10�5 9:843� 10�3 3:321� 10�9

6þ 2957.4 11.78 3:543� 10�6 4:238� 10�2 7:295� 10�7

7� 3379.0 9.985 1:170� 10�5 1:143� 10�2 8:325� 10�6

Integrated transfer cross sections for both direct and sequential transfers considering couplings between 89Y and 92Zr states are shown
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provide details here and consider only two two-step

sequential transfer reactions passing through the same

intermediate partition (4He ? 91Zr). Three excited and

ground states were considered for 91Zr, as shown in

Appendix C. These reactions involve only stable nuclei or

nuclei with long half-lives. In these two transfer reactions,

either a proton is transferred after a 2H-like (a correlated n-

p) for the 3He sequential transfer reaction, or a neutron is

transferred after a 2H-like (a correlated n-p) for the 3H

sequential transfer reaction. Similarly, the São Paulo

potential (SPP) was used for the real and imaginary parts of

the optical potential. As no couplings were considered in

the intermediate partitions, the strength factor of the

imaginary part was set to 0.78, as in the outgoing parti-

tions. The Woods–Saxon potential was used to build sin-

gle-particle wave functions, in which the parameters were

varied to reproduce the corresponding experimental bind-

ing energies. The 91Zr states used in the theoretical cal-

culations were obtained according to Brink’s criteria for

optimal excitation energies [60]. The spectroscopic

amplitude results are presented in the Appendix C.

The level scheme and the couplings adopted in the

sequential transfer calculations are shown in Fig. 6 for both

the reactions. Theoretical calculations were performed

considering SA ¼ 1:0 for the 2H transfer (in the first step),

and spectroscopic amplitudes were set equal to 1.0 for

proton and neutron transfer (in the second step). The results

are summarized in Tables 3 and 4. Comparing the results

shown in Tables 3 and 4, we observed that the cross sec-

tions of the direct process were three orders of magnitude

larger than those of the sequential process; therefore, the

sequential process is negligible compared to the direct

process.

The microscopic spectroscopic amplitudes calculated

from the shell model are shown in a sequential process.

The same interaction and model space were used to eval-

uate the microscopic spectroscopic amplitudes that were

used in the direct reaction calculations above. In the first

step, a deuterium-like particle was transferred, followed by

a proton or neutron when microscopic spectroscopic

amplitudes were used. In this case, the independent coor-

dinate model was used [51] in which the coordinates of the

nucleons are transformed to the relative coordinates

between the neutron and proton and that of its center of

mass relative to the a core. The spectroscopic amplitudes

were calculated for the correlated n-p, including the pro-

jectile-like and target-like overlaps. In the second step, a

neutron was transferred to the 3 H-stripping reaction.

Similarly, a proton was transferred in the second step of
3He transfer.

The theoretical results for the sequential transfer reac-

tions with microscopic spectroscopic amplitudes are pre-

sented in Tables 3 and 4. The integrated transfer cross

sections of the 9� and 9þ states for 92Nb are missing. This

is because the selection rules prohibit these transitions

during the sequential transfer process in the used model

space. Comparing the results in Table 3, we can conclude

that the sequential process is negligible for most of the

studied states when microscopic spectroscopic amplitudes

are applied to the 3H transfer reaction. Conversely,

sequential transfer is relevant to the 3He transfer reaction

when compared with the direct transfer process, as they

have cross sections of the same order of magnitude.

These results can be explained by examining the struc-

tures of the residual nuclei. The transfer cross section is

proportional to the spectroscopic amplitudes of two

Table 4 For direct 3He transfer and sequential 3He transfer: States involved in the CRC calculations for the 89Y (6Li, 3H) 92Nb reaction

Outgoing channel Integrated cross section (mb)

3H 92Nb Direct Direct Sequential Sequential

JpE (keV) (SA = 1.0) (microscopic calculations) (SA = 1.0) (microscopic calculations)

1/2� 0.0 7þ 0.0 5.611 4:397� 10�6 4:580� 10�4 1:284� 10�5

2þ 136.0 2.347 1:415� 10�6 3:523� 10�3 1:850� 10�5

3þ 285.7 2.670 1:081� 10�6 3:542� 10�3 4:497� 10�6

5þ 357.4 7.913 5:189� 10�6 4:979� 10�3 9:804� 10�6

4þ 480.5 7.495 3:835� 10�6 5:640� 10�3 7:630� 10�6

6þ 501.0 8.059 4:510� 10�6 4:053� 10�3 4:276� 10�6

2þ 1345.5 5.253 3:968� 10�8 4:149� 10�3 2:159� 10�7

9� 2087.5 7.229 5:352� 10�7 – –

9þ 2287.2 4.278 7:684� 10�8 – –

Integrated transfer cross sections for both direct and sequential transfers, respectively, considering couplings between 89Y and 92Nb states are

shown
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overlaps: one for the projectile and the second for the

target. The projectile overlaps are similar because the

transferred neutrons or protons in the second step lie on the

same shell. The protons and neutrons transferred to the

target-like nucleus (91Zr) will occupy different orbitals in

the residual nuclei. Therefore, the spectroscopic amplitudes

of the second step are very different, and consequently, the

two-step transfer is very different in the 2H ? n and 2H ? p

transfers.

4.3 Comparison with experimental data

The interplay between direct and sequential transfer reac-

tions is discussed in Ref. [61] for deuteron transfer. The

relevance of both processes in our experimental data is also

discussed. The intensities of some c-rays are listed in

Table 2. Therefore, the relative ratios of some states that

are directly populated can be defined to compare the

theoretical results in the framework of microscopic spec-

troscopic amplitude calculations with the experimental

data. The 6þ state of 92Nb was used as a benchmark,

whereas the 2þ state was used for 92Zr. The selected states

were guided by the fact that they decayed only to the

ground state. The results are presented in Fig. 7. Figure 7a

shows the ratio of the cross sections of the different excited

states of 92Zr to that of the first excited state (2þ) observed
experimentally. The experimental and theoretical ratios for

6þ and 7� states were in good agreement for direct trans-

fer. The theoretical and experimental ratios for the other

two states were also of the same order of magnitude for the

direct 3H transfer reaction. The sequential transfer cross

sections were in good agreement with the experimental

ratios for the three lower energy states. As mentioned

previously, by comparing the results presented in Table 4,

the sequential and direct processes were of the same order

of magnitude in the 3He transfer reactions. Therefore, both

Fig. 6 (Color online) Coupling scheme considered for the projectile and target overlaps for sequential process. The energies are given in MeV. a

Coupling scheme considered in the 89Y (6Li, 3He) 92Zr reaction. b Coupling scheme considered in the 89Y (6Li, 3H) 92Nb reaction

Fig. 7 (Color online) a Ratio of cross sections of different excited

states of 92Zr to that of the first excited state (2þ) observed in

experiment. b Ratio of cross sections of different excited states of
92Nb to that of the state (501-keV 2þ) observed in the experiment.

The MS_Direct means the theoretical results of direct transfer

reaction using microscopic spectroscopic amplitudes calculated from

shell model, and MS_Sequential represents sequential transfer

reaction; data indicate the experimental data
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processes are relevant when microscopic spectroscopic

amplitudes are used. The ratios of most states are consis-

tent with the theoretical calculations, as shown in Fig. 7b.

For 92Nb, the errors of states 285.7 keV(3þ) and

357.4 keV(5þ) were larger, because the c-rays 357.4 keV

and 194.8 keV also emanate from 91Nb.

5 Conclusion

In this study, the transfer reactions of 3He and 3H by

charged particles and c-ray coincidence. From the 3He� c
coincident measurement, one 3H-stripping reaction con-

tributed to the formation of Zr isotopes and provided evi-

dence for the 3He transfer reaction by 3H-c coincident

measurements. In the coincident results of 3H-c, two types

of transfer reaction products were obtained: 19Ne from the

reaction with 16O and 92Nb from the reaction with the

target nucleus 89Y. CRC calculations and comparison of

the relative cross sections of different excited states

observed in the experiment confirmed the existence of 3He

and 3H clusters in 6Li. However, more experiments are

required because of the limitations of the experimental

statistics.

Appendix A: Spectroscopic amplitudes

for \89Yj92Nb[ overlaps, in the 3He cluster
transfer

See Table 5.

Table 5 3He-spectroscopic amplitudes for the target overlaps used in

CRC calculation, where N, L, and J are the principal quantum num-

ber, orbital angular momentum, and total angular momentum of the
3He cluster, respectively

Initial state N L J Final state S.A.

89Yg:s:ð1=2�Þ 3 7 13/

2

92Nbg.s.ð7þÞ - 0.00139

3 7 15/

2

92Nbg.s.ð7þÞ - 0.00780

6 1 3/2 92Nb0:136ð2þÞ - 0.00010

5 3 5/2 92Nb0:136ð2þÞ 0.00402

4 5 9/2 92Nb0:358ð5þÞ 0.00129

4 5 11/

2

92Nb0:358ð5þÞ 0.00562

5 3 7/2 92Nb0:481ð4þÞ 0.00126

4 5 9/2 92Nb0:481ð4þÞ - 0.00555

4 5 11/

2

92Nb0:501ð6þÞ 0.00129

3 7 13/

2

92Nb0:501ð6þÞ - 0.00853

Table 5 continued

Initial state N L J Final state S.A.

6 1 3/2 92Nb1:346ð2þÞ - 0.00026

5 3 5/2 92Nb1:346ð2þÞ - 0.00014

3 8 17/

2

92Nb2:088ð9�Þ 0.00034

2 10 19/

2

92Nb2:088ð9�Þ - 0.00441

2 9 17/

2

92Nb2:287ð9þÞ - 0.00021

2 9 19/

2

92Nb2:287ð9þÞ 0.00024

3 9 17/

2

92Nb2:287ð9þÞ 0.00036

89Y0:909ð9=2þÞ 4 4 7/2 92Nbg.s.ð7þÞ 0.00158

4 4 9/2 92Nbg.s.ð7þÞ 0.00159

3 6 11/

2

92Nbg.s.ð7þÞ - 0.00019

4 6 11/

2

92Nbg.s.ð7þÞ - 0.00033

3 6 13/

2

92Nbg.s.ð7þÞ - 0.00013

4 6 13/

2

92Nbg.s.ð7þÞ - 0.00038

3 8 15/

2

92Nbg.s.ð7þÞ 0.00033

3 8 17/

2

92Nbg.s.ð7þÞ 0.00061

2 10 19/

2

92Nbg.s.ð7þÞ - 0.00028

2 10 21/

2

92Nbg.s.ð7þÞ - 0.00117

1 12 23/

2

92Nbg.s.ð7þÞ 0.00007

5 2 5/2 92Nb0:136ð2þÞ 0.00953

4 4 7/2 92Nb0:136ð2þÞ - 0.00036

5 4 7/2 92Nb0:136ð2þÞ - 0.00038

4 4 9/2 92Nb0:136ð2þÞ 0.00038

5 4 9/2 92Nb0:136ð2þÞ 0.00034

3 6 11/

2

92Nb0:1366ð2þÞ 0.00009

4 6 11/

2

92Nb0:136ð2þÞ 0.00054

4 6 13/

2

92Nb0:136ð2þÞ - 0.00016

6 0 1/2 92Nb0:358ð5þÞ - 0.01160

5 2 3/2 92Nb0:358ð5þÞ 0.00187

5 2 5/2 92Nb0:358ð5þÞ 0.01450

4 4 7/2 92Nb0:358ð5þÞ 0.00100

4 4 9/2 92Nb0:358ð5þÞ 0.00138

4 6 11/

2

92Nb0:358ð5þÞ 0.00012

3 6 13/

2

92Nb0:358ð5þÞ 0.00010
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Table 5 continued

Initial state N L J Final state S.A.

4 6 13/

2

92Nb0:358ð5þÞ - 0.00041

3 8 15/

2

92Nb0:358ð5þÞ - 0.00007

3 8 17/

2

92Nb0:358ð5þÞ 0.00059

2 10 19/

2

92Nb0:358ð5þÞ 0.00066

89Y0:909ð9=2þÞ 6 0 1/2 92Nb0:481ð4þÞ - 0.00655

5 2 3/2 92Nb0:481ð4þÞ - 0.00108

5 2 5/2 92Nb0:481ð4þÞ 0.01370

4 4 7/2 92Nb0:481ð4þÞ - 0.00111

4 4 9/2 92Nb0:481ð4þÞ 0.00106

3 6 11/

2

92Nb0:481ð4þÞ 0.00015

4 6 11/

2

92Nb0:481ð4þÞ 0.00051

3 6 13/

2

92Nb0:481ð4þÞ - 0.00007

4 6 13/

2

92Nb0:481ð4þÞ - 0.00014

3 8 15/

2

92Nb0:481ð4þÞ - 0.00061

3 8 17/

2

92Nb0:481ð4þÞ 0.00041

5 2 3/2 92Nb0:501ð6þÞ 0.00014

6 2 3/2 92Nb0:501ð6þÞ - 0.00021

6 2 5/2 92Nb0:501ð6þÞ - 0.00177

4 4 7/2 92Nb0:501ð6þÞ - 0.00040

5 4 7/2 92Nb0:501ð6þÞ 0.00028

4 4 9/2 92Nb0:501ð6þÞ - 0.00156

4 6 11/

2

92Nb0:501ð6þÞ 0.00033

3 6 13/

2

92Nb0:501ð6þÞ 0.00013

3 8 15/

2

92Nb0:501ð6þÞ 0.00048

3 8 17/

2

92Nb0:501ð6þÞ - 0.00017

2 10 19/

2

92Nb0:501ð6þÞ - 0.00085

2 10 21/

2

92Nb0:501ð6þÞ 0.00043

5 2 5/2 92Nb1:346ð2þÞ 0.00050

6 2 5/2 92Nb1:346ð2þÞ 0.00080

4 4 7/2 92Nb1:346ð2þÞ 0.00187

5 4 7/2 92Nb1:346ð2þÞ 0.00028

4 4 9/2 92Nb1:346ð2þÞ 0.00096

5 4 9/2 92Nb1:346ð2þÞ 0.00105

3 6 11/

2

92Nb1:346ð2þÞ 0.00051

4 6 92Nb1:346ð2þÞ 0.00156

Table 5 continued

Initial state N L J Final state S.A.

11/

2

4 6 13/

2

92Nb1:346ð2þÞ 0.00013

4 5 9/2 92Nb2:088ð9�Þ - 0.00108

4 5 11/

2

92Nb2:088ð9�Þ - 0.00530

3 7 13/

2

92Nb2:088ð9�Þ - 0.00014

3 7 15/

2

92Nb2:088ð9�Þ - 0.00107

2 9 17/

2

92Nb2:088ð9�Þ - 0.00006

3 9 17/

2

92Nb2:088ð9�Þ - 0.00004

2 9 19/

2

92Nb2:088ð9�Þ - 0.00002

3 9 19/

2

92Nb2:088ð9�Þ 0.00002

2 11 21/

2

92Nb2:088ð9�Þ 0.00010

2 11 23/

2

92Nb2:088ð9�Þ - 0.00013

1 13 25/

2

92Nb2:088ð9�Þ - 0.00062

1 13 27/

2

92Nb2:088ð9�Þ 0.00117

4 4 9/2 92Nb2:287ð9þÞ 0.00093

5 4 9/2 92Nb2:287ð9þÞ 0.00051

4 4 11/

2

92Nb2:287ð9þÞ 0.00016

5 4 11/

2

92Nb2:287ð9þÞ 0.00099

3 6 13/

2

92Nb2:287ð9þÞ 0.00010

4 6 13/

2

92Nb2:287ð9þÞ 0.00096

3 8 15/

2

92Nb2:287ð9þÞ - 0.00101

3 8 17/

2

92Nb2:287ð9þÞ - 0.00116

2 10 19/

2

92Nb2:287ð9þÞ 0.00125

2 10 21/

2

92Nb2:287ð9þÞ - 0.00188

1 12 23/

2

92Nb2:287ð9þÞ 0.00036

1 12 25/

2

92Nb2:287ð9þÞ - 0.00034

89Y1:507ð3=2�Þ 4 5 11/

2

92Nbg.s.ð7þÞ 0.00590

3 7 13/

2

92Nbg.s.ð7þÞ - 0.00189

3 7 15/

2

92Nbg.s.ð7þÞ - 0.00538
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Table 5 continued

Initial state N L J Final state S.A.

2 9 17/

2

92Nbg.s.ð7þÞ - 0.00003

3 9 17/

2

92Nbg.s.ð7þÞ 0.00007

6 1 1/2 92Nb0:136ð2þÞ - 0.00495

6 1 3/2 92Nb0:136ð2þÞ 0.00272

5 3 5/2 92Nb0:136ð2þÞ 0.00329

5 3 7/2 92Nb0:136ð2þÞ - 0.00145

5 3 7/2 92Nb0:358ð5þÞ - 0.00470

4 5 9/2 92Nb0:358ð5þÞ - 0.00075

4 5 11/

2

92Nb0:358ð5þÞ 0.00371

3 7 13/

2

92Nb0:358ð5þÞ 0.00212

5 3 5/2 92Nb0:481ð4þÞ 0.00498

5 3 7/2 92Nb0:481ð4þÞ - 0.00068

4 5 9/2 92Nb0:481ð4þÞ - 0.00408

4 5 11/

2

92Nb0:481ð4þÞ 0.00162

4 5 9/2 92Nb0:501ð6þÞ 0.00602

4 5 11/

2

92Nb0:501ð6þÞ - 0.00048

3 7 13/

2

92Nb0:501ð6þÞ - 0.00560

3 7 15/

2

92Nb0:501ð6þÞ 0.00147

6 1 1/2 92Nb1:346ð2þÞ - 0.00099

6 1 3/2 92Nb1:346ð2þÞ 0.00032

5 3 5/2 92Nb1:346ð2þÞ 0.00048

5 3 7/2 92Nb1:346ð2þÞ - 0.00057

3 8 15/

2

92Nb2:088ð9�Þ - 0.00215

3 8 17/

2

92Nb2:088ð9�Þ - 0.00076

2 10 19/

2

92Nb2:088ð9�Þ - 0.00242

2 10 21/

2

92Nb2:088ð9�Þ 0.00311

3 7 15/

2

92Nb2:287ð9þÞ 0.00027

2 9 17/

2

92Nb2:287ð9þÞ - 0.00001

3 9 17/

2

92Nb2:287ð9þÞ - 0.00009

3 9 19/

2

92Nb2:287ð9þÞ - 0.00022

2 11 21/

2

92Nb2:287ð9þÞ 0.00016

89Y1:745ð5=2�Þ 4 5 9/2 92Nbg.s.ð7þÞ 0.00066

4 5 11/

2

92Nbg.s.ð7þÞ 0.00146

3 7 92Nbg.s.ð7þÞ - 0.00178

Table 5 continued

Initial state N L J Final state S.A.

13/

2

3 7 15/

2

92Nbg.s.ð7þÞ - 0.00342

2 9 17/

2

92Nbg.s.ð7þÞ - 0.00407

2 9 19/

2

92Nbg.s.ð7þÞ 0.01162

6 1 1/2 92Nb1:346ð2þÞ - 0.00056

6 1 3/2 92Nb1:346ð2þÞ 0.00064

5 3 5/2 92Nb1:346ð2þÞ 0.00147

5 3 7/2 92Nb1:346ð2þÞ - 0.00101

4 5 9/2 92Nb1:346ð2þÞ - 0.00364

5 3 5/2 92Nb0:358ð5þÞ - 0.00073

5 3 7/2 92Nb0:358ð5þÞ - 0.00111

4 5 9/2 92Nb0:358ð5þÞ 0.00065

4 5 11/

2

92Nb0:358ð5þÞ 0.00227

3 7 13/

2

92Nb0:358ð5þÞ - 0.00075

3 7 13/

2

92Nb0:358ð5þÞ - 0.00603

5 1 3/2 92Nb0:481ð4þÞ - 0.00080

5 3 5/2 92Nb0:481ð4þÞ 0.00105

5 3 7/2 92Nb0:481ð4þÞ 0.00047

4 5 9/2 92Nb0:481ð4þÞ - 0.00227

4 5 11/

2

92Nb0:481ð4þÞ - 0.00052

3 7 13/

2

92Nb0:481ð4þÞ 0.00639

89Y1:745ð5=2�Þ 4 5 7/2 92Nb0:501ð6þÞ - 0.00061

4 5 9/2 92Nb0:501ð6þÞ 0.00133

4 5 11/

2

92Nb0:501ð6þÞ 0.00047

3 7 13/

2

92Nb0:501ð6þÞ - 0.00313

3 7 15/

2

92Nb0:501ð6þÞ - 0.00064

2 9 17/

2

92Nb0:501ð6þÞ - 0.01235

6 1 1/2 92Nb1:346ð2þÞ - 0.00010

6 1 3/2 92Nb1:346ð2þÞ - 0.00013

5 3 5/2 92Nb1:346ð2þÞ 0.00004

5 3 7/2 92Nb1:346ð2þÞ 0.00015

4 5 9/2 92Nb1:346ð2þÞ - 0.00064

4 6 13/

2

92Nb2:088ð9�Þ - 0.00028

3 8 15/

2

92Nb2:088ð9�Þ 0.00067

3 8 17/

2

92Nb2:088ð9�Þ 0.00045

2 10 92Nb2:088ð9�Þ - 0.00167
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Appendix B: Spectroscopic amplitudes

for \89Yj92Zr[ overlaps, in the 3H cluster
transfer

See Table 6.

Table 6 3H-spectroscopic amplitudes for the target overlaps used in CRC calculation, where N, N, L, and J are the number of nodes, principal

quantum number, orbital angular momentum, and total angular momentum of the 3H cluster, respectively

Initial state N ¼ ðN þ 1Þ L J Final state S.A.

89Yg.s.ð1=2�Þ 6 1 1/2 92Zrg.s.ð0þÞ - 0.00758

7 1 1/2 92Zrg.s.ð0þÞ - 0.00029

6 1 3/2 92Zr0:934ð2þÞ 0.00812

7 1 3/2 92Zr0:934ð2þÞ 0.00026

5 3 5/2 92Zr0:934ð2þÞ - 0.00644

6 3 5/2 92Zr0:934ð2þÞ - 0.00013

4 5 11/2 92Zr2:937ð6þÞ - 0.00223

5 5 11/2 92Zr2:937ð6þÞ - 0.00000333

3 7 13/2 92Zr2:937ð6þÞ 0.00210

4 7 13/2 92Zr2:937ð6þÞ 0.00018

4 6 13/2 92Zr3:379ð7�Þ - 0.002654

5 6 13/2 92Zr3:379ð7�Þ - 0.000009

3 8 15/2 92Zr3:379ð7�Þ 0.004635

4 8 15/2 92Zr3:379ð7�Þ - 0.000013

5 3 7/2 92Zr1:495ð4þÞ 0.00674

6 3 7/2 92Zr1:495ð4þÞ 0.00015

4 5 9/2 92Zr1:495ð4þÞ - 0.00706

5 5 9/2 92Zr1:495ð4þÞ - 0.00010

5 4 9/2 92Zr2:486ð5�Þ 0.006130

6 4 9/2 92Zr2:486ð5�Þ 0.000263

4 6 11/2 92Zr2:486ð5�Þ 0.000157

Table 5 continued

Initial state N L J Final state S.A.

19/

2

2 10 21/

2

92Nb2:088ð9�Þ - 0.00085

1 12 23/

2

92Nb2:088ð9�Þ 0.00999

3 7 13/

2

92Nb2:287ð9þÞ 0.00004

4 7 13/

2

92Nb2:287ð9þÞ - 0.00004

3 7 15/

2

92Nb2:287ð9þÞ - 0.00014

2 9 17/

2

92Nb2:287ð9þÞ 0.00010

3 9 17/

2

92Nb2:287ð9þÞ 0.00012

3 9 19/

2

92Nb2:287ð9þÞ 0.00021

2 11 21/

2

92Nb2:287ð9þÞ 0.00008

2 11 21/

2

92Nb2:287ð9þÞ 0.00003
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Table 6 continued

Initial state N ¼ ðN þ 1Þ L J Final state S.A.

5 6 11/2 92Zr2:486ð5�Þ 0.000003

89Y0:909ð9=2þÞ 5 4 9/2 92Zrg.s.ð0þÞ 0.002779

6 4 9/2 92Zrg.s.ð0þÞ 0.000110

6 2 5/2 92Zr0:934ð2þÞ 0.002429

7 2 5/2 92Zr0:934ð2þÞ 0.000032

5 4 7/2 92Zr0:934ð2þÞ - 0.001021

6 4 7/2 92Zr0:934ð2þÞ - 0.000025

5 4 9/2 92Zr0:934ð2þÞ - 0.004250

6 4 9/2 92Zr0:9346ð2þÞ - 0.000177

4 6 11/2 92Zr0:934ð2þÞ 0.002043

5 6 11/2 92Zr0:934ð2þÞ 0.000090

4 6 13/2 92Zr0:934ð2þÞ 0.003291

5 6 11/2 92Zr0:934ð2þÞ 0.000058

6 2 3/2 92Zr2:937ð6þÞ - 0.002665

7 2 3/2 92Zr2:937ð6þÞ - 0.000024

6 2 5/2 92Zr2:937ð6þÞ - 0.003829

7 2 5/2 92Zr2:937ð6þÞ - 0.000046

5 4 7/2 92Zr2:937ð6þÞ 0.001515

6 4 7/2 92Zr2:937ð6þÞ 0.000020

5 4 9/2 92Zr2:937ð6þÞ 0.006338

6 4 9/2 92Zr2:937ð6þÞ 0.000221

4 6 11/2 92Zr2:937ð6þÞ - 0.001443

5 6 11/2 92Zr2:937ð6þÞ - 0.000052

4 6 13/2 92Zr2:937ð6þÞ - 0.004104

89Y0:909ð9=2þÞ 5 6 13/2 92Zr2:937ð6þÞ - 0.000079

3 8 15/2 92Zr2:937ð6þÞ 0.001152

4 8 15/2 92Zr2:937ð6þÞ 0.000044

3 8 17/2 92Zr2:937ð6þÞ 0.003566

4 8 17/2 92Zr2:937ð6þÞ 0.000047

2 10 19/2 92Zr2:937ð6þÞ - 0.001263

3 10 19/2 92Zr2:937ð6þÞ - 0.000043

2 10 21/2 92Zr2:937ð6þÞ - 0.006376

3 10 21/2 92Zr2:937ð6þÞ - 0.000057

5 3 5/2 92Zr3:379ð7�Þ - 0.001818

6 3 5/2 92Zr3:379ð7�Þ - 0.000869

5 3 7/2 92Zr3:379ð7�Þ - 0.000569

6 3 7/2 92Zr3:379ð7�Þ - 0.000673

4 5 9/2 92Zr3:379ð7�Þ 0.000763

5 5 9/2 92Zr3:379ð7�Þ 0.000552

4 5 11/2 92Zr3:379ð7�Þ 0.000564

5 5 11/2 92Zr3:379ð7�Þ 0.000469

3 7 13/2 92Zr3:379ð7�Þ 0.000063

4 7 13/2 92Zr3:379ð7�Þ - 0.000571

3 7 15/2 92Zr3:379ð7�Þ - 0.000142

4 7 15/2 92Zr3:379ð7�Þ - 0.000596

3 9 17/2 92Zr3:379ð7�Þ 0.000831
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Table 6 continued

Initial state N ¼ ðN þ 1Þ L J Final state S.A.

3 9 19/2 92Zr3:379ð7�Þ 0.001168

4 11 21/2 92Zr3:379ð7�Þ - 0.002091

2 11 23/2 92Zr3:379ð7�Þ - 0.004758

7 0 1/2 92Zr1:495ð4þÞ 0.003359

8 0 1/2 92Zr1:495ð4þÞ 0.000265

6 2 3/2 92Zr1:495ð4þÞ - 0.001337

7 2 3/2 92Zr1:495ð4þÞ - 0.000013

6 2 5/2 92Zr1:495ð4þÞ - 0.002212

7 2 5/2 92Zr1:495ð4þÞ - 0.000023

5 4 7/2 92Zr1:495ð4þÞ 0.001281

6 4 7/2 92Zr1:495ð4þÞ 0.000018

5 4 9/2 92Zr1:495ð4þÞ 0.003014

6 4 9/2 92Zr1:495ð4þÞ 0.000092

4 6 11/2 92Zr1:495ð4þÞ - 0.001660

5 6 11/2 92Zr1:495ð4þÞ - 0.000058

4 6 13/2 92Zr1:495ð4þÞ - 0.002775

5 6 13/2 92Zr1:495ð4þÞ - 0.000051

3 8 15/2 92Zr1:495ð4þÞ 0.002218

4 8 15/2 92Zr1:495ð4þÞ 0.000048

3 8 17/2 92Zr1:495ð4þÞ 0.004669

4 8 17/2 92Zr1:495ð4þÞ 0.000043

6 1 1/2 92Zr2:486ð5�Þ - 0.02179

7 1 1/2 92Zr2:486ð5�Þ - 0.00098

6 1 3/2 92Zr2:486ð5�Þ 0.00113

7 1 3/2 92Zr2:486ð5�Þ - 0.00012

5 3 5/2 92Zr2:486ð5�Þ 0.00357

6 3 5/2 92Zr2:486ð5�Þ 0.00008

5 3 7/2 92Zr2:486ð5�Þ - 0.00014

6 3 7/2 92Zr2:486ð5�Þ 0.00003

4 5 9/2 92Zr2:486ð5�Þ - 0.00119

5 5 9/2 92Zr2:486ð5�Þ - 0.00004

4 5 11/2 92Zr2:486ð5�Þ - 0.000042

5 5 11/2 92Zr2:486ð5�Þ - 0.00003

3 7 13/2 92Zr2:486ð5�Þ 0.000197

4 7 13/2 92Zr2:486ð5�Þ 0.000046

3 7 15/2 92Zr2:486ð5�Þ 0.000008

4 7 15/2 92Zr2:486ð5�Þ 0.000058

2 9 17/2 92Zr2:486ð5�Þ 0.000082

3 9 17/2 92Zr2:486ð5�Þ - 0.000043

3 9 19/2 92Zr2:486ð5�Þ - 0.000021

89Y1:507ð3=2�Þ 6 1 3/2 92Zrg.s.ð0þÞ - 0.014033

7 1 3/2 92Zrg.s.ð0þÞ - 0.000911

6 1 1/2 92Zr0:934ð2þÞ 0.009907

7 1 1/2 92Zr0:934ð2þÞ 0.000425

6 1 3/2 92Zr0:934ð2þÞ 0.012099

7 1 3/2 92Zr0:934ð2þÞ 0.000551
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Table 6 continued

Initial state N ¼ ðN þ 1Þ L J Final state S.A.

5 3 5/2 92Zr0:934ð2þÞ - 0.012022

6 3 5/2 92Zr0:934ð2þÞ - 0.000506

5 3 7/2 92Zr0:934ð2þÞ - 0.012295

6 3 7/2 92Zr0:934ð2þÞ - 0.000489

4 5 9/2 92Zr2:937ð6þÞ - 0.002941

5 5 9/2 92Zr2:937ð6þÞ - 0.000117

4 5 11/2 92Zr2:937ð6þÞ - 0.004086

5 5 11/2 92Zr2:937ð6þÞ - 0.000157

3 7 13/2 92Zr2:937ð6þÞ 0.005289

4 7 13/2 92Zr2:937ð6þÞ 0.000223

3 7 15/2 92Zr2:937ð6þÞ 0.005958

4 7 15/2 92Zr2:937ð6þÞ 0.000231

4 6 11/2 92Zr3:379ð7�Þ - 0.004419

5 6 11/2 92Zr3:379ð7�Þ - 0.000018

4 6 13/2 92Zr3:379ð7�Þ - 0.005011

5 6 13/2 92Zr3:379ð7�Þ - 0.000023

3 8 15/2 92Zr3:379ð7�Þ 0.008506

4 8 15/2 92Zr3:379ð7�Þ 0.000031

2 8 17/2 92Zr3:379ð7�Þ 0.010021

4 8 17/2 92Zr3:379ð7�Þ 0.000047

5 3 5/2 92Zr1:495ð4þÞ 0.008443

6 3 5/2 92Zr1:495ð4þÞ 0.000405

5 3 7/2 92Zr1:495ð4þÞ 0.009877

6 3 7/2 92Zr1:495ð4þÞ 0.000398

4 5 9/2 92Zr1:495ð4þÞ - 0.011693

5 5 9/2 92Zr1:495ð4þÞ - 0.000383

4 5 11/2 92Zr1:495ð4þÞ - 0.01231

5 5 11/2 92Zr1:495ð4þÞ - 0.000360

5 4 7/2 92Zr2:486ð5�Þ 0.000446

6 4 7/2 92Zr2:486ð5�Þ 0.000006

5 4 9/2 92Zr2:486ð5�Þ - 0.000268

6 4 9/2 92Zr2:486ð5�Þ - 0.000012

4 6 11/2 92Zr2:486ð5�Þ - 0.000148

5 6 11/2 92Zr2:486ð5�Þ - 0.000015

4 6 13/2 92Zr2:486ð5�Þ 0.001335

5 6 13/2 92Zr2:486ð5�Þ 0.000027

89Y1:745ð5=2�Þ 5 3 5/2 92Zrg.s.ð0þÞ 0.007518

6 3 5/2 92Zrg.s.ð0þÞ 0.000244

6 1 1/2 92Zr2:486ð2þÞ 0.008055

7 1 1/2 92Zr2:486ð2þÞ 0.000208

6 1 3/2 92Zr2:486ð2þÞ 0.006533

7 1 3/2 92Zr2:486ð2þÞ 0.000201

5 3 5/2 92Zr2:486ð2þÞ - 0.005059

6 3 5/2 92Zr2:486ð2þÞ - 0.000070

5 3 7/2 92Zr2:486ð2þÞ - 0.005351

6 3 7/2 92Zr2:486ð2þÞ - 0.000113
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Table 6 continued

Initial state N ¼ ðN þ 1Þ L J Final state S.A.

4 5 9/2 92Zr2:486ð2þÞ 0.008511

5 5 9/2 92Zr2:486ð2þÞ 0.000116

5 3 7/2 92Zr2:937ð6þÞ 0.001309

6 3 7/2 92Zr2:937ð6þÞ 0.000047

4 5 9/2 92Zr2:937ð6þÞ - 0.001624

5 5 9/2 92Zr2:937ð6þÞ - 0.000020

4 5 11/2 92Zr2:937ð6þÞ - 0.001613

5 5 11/2 92Zr2:937ð6þÞ - 0.000037

3 7 13/2 92Zr2:937ð6þÞ 0.002893

4 7 13/2 92Zr2:937ð6þÞ 0.000040

3 7 15/2 92Zr2:937ð6þÞ 0.002545

4 7 15/2 92Zr2:937ð6þÞ 0.000059

2 9 17/2 92Zr2:937ð6þÞ - 0.006404

3 9 17/2 92Zr2:937ð6þÞ - 0.000077

5 4 9/2 92Zr3:379ð7�Þ 0.002049

6 4 9/2 92Zr3:379ð7�Þ 0.000021

4 6 11/2 92Zr3:379ð7�Þ - 0.001944

5 6 11/2 92Zr3:379ð7�Þ - 0.000006

4 6 13/2 92Zr3:379ð7�Þ - 0.002306

5 6 13/2 92Zr3:379ð7�Þ - 0.000003

3 8 15/2 92Zr3:379ð7�Þ 0.004232

4 8 15/2 92Zr3:379ð7�Þ - 0.000002

3 8 17/2 92Zr3:379ð7�Þ 0.004307

4 8 17/2 92Zr3:379ð7�Þ 0.000004

2 10 19/2 92Zr3:379ð7�Þ - 0.009513

3 10 19/2 92Zr3:379ð7�Þ 0.000029

89Y1:745ð5=2�Þ 6 1 3/2 92Zr1:495ð4þÞ - 0.005354

7 1 3/2 92Zr1:495ð4þÞ - 0.000174

5 3 5/2 92Zr1:495ð4þÞ 0.004344

6 3 5/2 92Zr1:495ð4þÞ 0.000047

5 3 7/2 92Zr1:495ð4þÞ 0.004091

6 3 7/2 92Zr1:495ð4þÞ 0.0000358

4 5 9/2 92Zr1:495ð4þÞ - 0.005423

5 5 9/2 92Zr1:495ð4þÞ - 0.000017

4 5 11/2 92Zr1:495ð4þÞ - 0.005241

5 5 11/2 92Zr1:495ð4þÞ - 0.000048

3 7 13/2 92Zr1:495ð4þÞ 0.010810

4 7 13/2 92Zr1:495ð4þÞ 0.000039

6 2 5/2 92Zr2:486ð5�Þ 0.000454

7 2 5/2 92Zr2:486ð5�Þ 0.000010

5 4 7/2 92Zr2:486ð5�Þ 0.000218

6 4 7/2 92Zr2:486ð5�Þ 0.000011

5 4 9/2 92Zr2:486ð5�Þ - 0.000450

6 4 9/2 92Zr2:486ð5�Þ - 0.000027

4 6 11/2 92Zr2:486ð5�Þ - 0.000100

5 6 11/2 92Zr2:486ð5�Þ - 0.000018
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Appendix C: Spectroscopic amplitudes

for \89Yj91Zr[ , \91Zrj92Nb[ ,

and \91Zrj92Zr[ overlaps, for the sequential 3He
and 3H transfer

See Tables 7, 8, and 9.

Table 6 continued

Initial state N ¼ ðN þ 1Þ L J Final state S.A.

4 6 13/2 92Zr2:486ð5�Þ 0.000469

5 6 13/2 92Zr2:486ð5�Þ 0.000012

3 8 15/2 92Zr2:486ð5�Þ - 0.000082

4 8 15/2 92Zr2:486ð5�Þ 0.000001

Table 7 Spectroscopic amplitudes for deuteron-like transfer

reactions

Initial state (n1l1j1) (n2l2j2Þ Final state J12 S.A.

89Yg.s. (1/2)
� (1g7=2) (1f5=2) 91Zrg.s.(5/2)

þ 2 - 0.0008

(1g7=2) (2p3=2) - 0.0026

(2d5=2) (1f5=2) - 0.0010

(2d5=2) (2p3=2) - 0.0220

(2d5=2) (2p1=2) 0.7334

(2d3=2) (1f5=2) 0.0001

(2d3=2) (2p3=2) - 0.0074

(2d3=2) (2p1=2) - 0.0002

(3s1=2) (1f5=2) - 0.0013

(3s1=2) (2p3=2) - 0.0094

(1h11=2) (1g9=2) 0.0417

(1g7=2) (1f5=2) 3 0.0015

(1g7=2) (2p3=2) 0.0023

(2d5=2) (1f5=2) - 0.0008

(2d5=2) (2p3=2) 0.0117

(2d5=2) (2p1=2) 0.8680

(2d3=2) (1f5=2) - 0.0009

(2d3=2) (2p3=2) 0.0047

(1h11=2) (1g9=2) - 0.0385

89Yg.s.(1/2)
� (1g7=2)(1f5=2) 91Zr1:2048(1/2)

þ 0 - 0.0010

(2d3=2) (2p3=2) 0.0185

(3s1=2) (2p1=2) - 0.5377

(1g7=2) (1f5=2) 1 0.0025

(2d5=2) (1f5=2) 0.0039

(2d5=2) (2p3=2) - 0.0301

(2d3=2) (1f5=2) 0.0008

Table 7 continued

Initial state (n1l1j1) (n2l2j2Þ Final state J12 S.A.

(2d3=2) (2p3=2) - 0.0048

(2d3=2) (2p1=2) 0.0006

(3s1=2) (2p3=2) - 0.0008

(3s1=2) (2p1=2) - 0.9315

(1h11=2) (1g9=2) 0.1404

89Yg.s.(1/2)
� (1g7=2) (1g9=2) 91Zr1:2048(1/2)

þ 4 0.0545

(2d5=2) (1g9=2) - 0.1830

(2d3=2) (1g9=2) 0.1476

(3s1=2) (1g9=2) - 0.6452

(1h11=2) (1f5=2) 0.0003

(1h11=2) (2p3=2) - 0.0005

(1g7=2) (1g9=2) 5 - 0.0359

(2d5=2) (1g9=2) - 0.2497

(2d3=2) (1g9=2) - 0.1194

(3s1=2) (1g9=2) - 0.7139

(1h11=2) (1f5=2) - 0.0076

(1h11=2) (2p3=2) - 0.0153

(1h11=2) (2p1=2) 0.1288

89Yg.s.(1/2)
� (1g7=2)(1f5=2) 91Zr1:8822(7/2)

þ 3 0.0034

(1g7=2)(2p3=2) 0.0225

(1g7=2)(2p1=2) - 0.3124

(2d5=2)(1f5=2) - 0.0005

(2d5=2)(2p3=2) - 0.0165

(2d5=2)(2p1=2) 0.0010

(2d3=2)(1f5=2) - 0.0022

(2d3=2)(2p3=2) 0.0162

(3s1=2)(1f5=2) 0.0007

(1h11=2)(1g9=2) 0.0263

(1g7=2)(1f5=2) 4 0.0041

(1g7=2)(2p3=2) - 0.0176

(1g7=2)(2p1=2) - 0.3547

(2d5=2)(1f5=2) - 0.0063

(2d5=2)(2p3=2) 0.0094

(2d3=2)(1f5=2) - 0.0027

(1h11=2)(1g9=2) - 0.0105
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Table 7 continued

Initial state (n1l1j1) (n2l2j2Þ Final state J12 S.A.

89Y0:909(9/2)
þ (1g7=2)(1g9=2) 91Zrg.s.(5/2)

þ 2 - 0.0463

(2d5=2)(1g9=2) 0.3675

(2d5=2)(1g9=2) 3 0.3010

(2d3=2)(1g9=2) 0.0577

(1h11=2)(1f5=2) - 0.0025

(1g7=2)(1g9=2) 4 - 0.0174

(2d5=2)(1g9=2) 0.2913

(2d3=2)(1g9=2) - 0.0192

(3s1=2)(1g9=2) 0.0471

(1h11=2)(1f5=2) 0.0004

(1h11=2)(2p3=2) 0.0038

(1g7=2)(1g9=2) 5 0.0129

(2d5=2)(1g9=2) 0.3191

(2d3=2)(1g9=2) 0.0291

(3s1=2)(1g9=2) 0.0642

(1h11=2)(1f5=2) - 0.0015

(1h11=2)(2p3=2) 0.0100

(1h11=2)(2p1=2) - 0.0478

89Y0:909(9/2)
þ (1g7=2)(1f5=2) 91Zr1:2048(1/2)

þ 4 0.0545

(1g7=2)(2p3=2) 0.0225

(1g7=2)(2p1=2) - 0.3124

(2d5=2)(1f5=2) - 0.0005

(2d5=2)(2p3=2) - 0.0165

(2d5=2)(2p1=2) 0.0010

(2d3=2)(1f5=2) - 0.0022

(2d3=2)(2p3=2) 0.0162

(3s1=2)(1f5=2) 0.0007

(1h11=2)(1g9=2) 0.0263

89Y1:507(3/2)
� (1g7=2)(1g9=2) 91Zrg.s.(5/2)

þ 2 - 0.0463

(2d5=2)(1g9=2) 0.3675

(2d5=2)(1g9=2) 3 0.3010

(2d3=2)(1g9=2) 0.0577

(1h11=2)(1f5=2) - 0.0025

(1g7=2)(1g9=2) 4 - 0.0174

(2d5=2)(1g9=2) 0.2913

(2d3=2)(1g9=2) - 0.0192

(3s1=2)(1g9=2) 0.0471

(1h11=2)(1f5=2) - 0.0015

(1h11=2)(2p3=2) 0.0038

(1g7=2)(1g9=2) 5 0.0129

(2d5=2)(1g9=2) 0.3191

(2d3=2)(1g9=2) 0.0291

(3s1=2)(1g9=2) 0.0642

(1h11=2)(1f5=2) - 0.0015

(1h11=2)(2p3=2) 0.0100

Table 7 continued

Initial state (n1l1j1) (n2l2j2Þ Final state J12 S.A.

(1h11=2)(2p1=2) - 0.0478

89Y0:909(9/2)
þ (1g7=2)(1f5=2) 91Zr1:2048(1/2)

þ 4 0.0545

(1g7=2)(2p3=2) 0.0225

(1g7=2)(2p1=2) - 0.3124

(2d5=2)(1f5=2) - 0.0005

(2d5=2)(2p3=2) - 0.0165

(2d5=2)(2p1=2) 0.0010

(2d3=2)(1f5=2) - 0.0022

(2d3=2)(2p3=2) 0.0162

(3s1=2)(1f5=2) 0.0007

(1h11=2)(1g9=2) 0.0263

89Y1:507(3/2)
� (1g7=2)(1g9=2) 91Zrg.s.(5/2)

þ 2 - 0.0463

(2d5=2)(1g9=2) 0.3675

(2d5=2)(1g9=2) 3 0.3010

(2d3=2)(1g9=2) 0.0577

(1h11=2)(1f5=2) - 0.0025

(1g7=2)(1g9=2) 4 - 0.0174

(2d5=2)(1g9=2) 0.2913

(2d3=2)(1g9=2) - 0.0192

(3s1=2)(1g9=2) 0.0471

(1h11=2)(1f5=2) - 0.0015

(1h11=2)(2p3=2) 0.0038

(1g7=2)(1g9=2) 5 0.0129

(2d5=2)(1g9=2) 0.3191

(2d3=2)(1g9=2) 0.0291

(3s1=2)(1g9=2) 0.0642

(1h11=2)(1f5=2) - 0.0015

(1h11=2)(2p3=2) 0.0100

(1h11=2)(2p1=2) - 0.0478

89Y0:909(9/2)
þ (1g7=2)(1f5=2) 91Zr1:2048(1/2)

þ 4 0.0545

(1g7=2)(2p3=2) 0.0225

(1g7=2)(2p1=2) - 0.3124

(2d5=2)(1f5=2) - 0.0005

(2d5=2)(2p3=2) - 0.0165

(2d5=2)(2p1=2) 0.0010

(2d3=2)(1f5=2) - 0.0022

(2d3=2)(2p3=2) 0.0162

(3s1=2)(1f5=2) 0.0007

(1h11=2)(1g9=2) 0.0263

In the second column, the first orbital, which corresponds to n1l1j1, is
related to neutrons, and the second orbital, n2l2j2, to protons
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