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We measured absolute cross sections for neutron transfer channels populated in the 94Rb +
208Pb binary

reaction. Cross sections have been extracted identifying directly the lead isotopes with the high efficiency

MINIBALL γ -ray array coupled to a particle detector combined with a radioactive 94Rb beam delivered at

Elab = 6.2 MeV/nucleon by the HIE-ISOLDE facility. We observed sizable cross sections in the neutron-rich

mass region, where the heavy partner acquires neutrons. A fair agreement between the measured cross sections

with those from GRAZING calculations gives confidence in the cross-section predictions of more neutron-rich

nuclei produced via a larger number of transferred nucleons.

DOI: 10.1103/PhysRevC.102.054609

I. INTRODUCTION

Due to the growing availability of radioactive beams with

suitable intensities there is presently an increasing interest in

the study of reaction mechanisms which favor the production

of neutron-rich heavy nuclei. The region of lead is particularly
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attractive since it lies near the N = 126 shell closure and

is therefore strongly connected to the path of heavy-element

synthesis [1]. To populate heavy neutron-rich nuclei, multinu-

cleon transfer reactions between heavy ions is recognized as a

very suitable mechanism [2–5]. Recently developed models

predict large primary cross sections exploiting reactions at

energies close to the Coulomb barrier. In this low-energy

regime, multinucleon transfer reactions are mainly governed

by optimum Q-value considerations and nuclear form factors

[4]. The balance of Q values is mostly controlled by the

light partner, and with stable nuclei the dominant processes

are the neutron pick-up and the proton stripping from the

light partner of the reaction. At the same time, the heavy

reaction partner gains charge while losing neutrons. This has

been confirmed in different high-resolution experiments, and

2469-9985/2020/102(5)/054609(8) 054609-1 Published by the American Physical Society
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among those having 208Pb as the reference target, in the re-

actions 32S +
208Pb [6], 40Ca +

208Pb [7], 58Ni + 208Pb [8],

and 90Zr +
208Pb [9], encompassing projectiles in a wide mass

range and with different structure properties.

With neutron-rich projectiles a change occurs in the pop-

ulation pattern of the light partner, where neutron stripping

and proton pick-up channels open up. These channels are

interesting since the correlated heavy partner of the reaction

acquires neutrons while losing protons. With stable beams, the

onset of such a population change has been observed in the

reactions 64Ni + 238U [10], 40Ar +
208Pb [11], 136Xe +

198Pt

[12], 136Xe +
238U [13], and 197Au +

130Te [14], detecting the

light partners with magnetic spectrometers, and in the reac-

tions 204Hg +
198Pt [15] and 136Xe +

198Pt [12], identifying

also the heavy partners using γ -ray spectroscopy techniques.

The particular isotope of each element in the nuclear chart

where the transition from one regime to the other occurs

has been identified by systematic calculations of low-energy

direct reactions [2]. These isotopes turn out to be somewhere

between five to seven neutrons away from the last stable

ones, highlighting the importance of the use of neutron-rich

projectiles significantly far from stability. To properly test

these predictions is a difficult task because it requires the

identification of heavy reaction partners by their mass and

charge after production with low-intensity radioactive ions.

This article reports the results of an experiment aiming to

directly identify lead isotopes and determine their absolute

cross sections by employing the high-efficiency MINIBALL

γ -ray array [16] coupled to a particle detector [17], combined

with a radioactive 94Rb beam in the 94Rb +
208Pb binary reac-

tion. The choice of the medium-mass 94Rb beam ensured quite

large primary cross sections. At the same time, the relatively

low bombarding energy (in the vicinity of the Coulomb barrier

and well suited to the upgraded HIE-ISOLDE facility), limits

secondary processes, i.e., neutron evaporation and fission,

which can significantly modify the final mass distributions.

In this work, we focus on pure neutron transfer channels,

which are the most reliable ones for a quantitative comparison

with theory. In fact, in neutron transfer processes the mod-

ification in the trajectories of entrance and exit channels is

minimal, and the nuclear form factors are better known. This

is the main reason why calculations describe the experimental

cross sections extracted in measurements with stable beams

particularly well (see Ref. [11] and references therein).

II. THE SETUP AND THE EXPERIMENT

A 94Rb ion beam was delivered by the HIE-ISOLDE facil-

ity [18,19] in CERN onto a 1-mg/cm2-thick 208Pb target with

a 99.6% isotopic enrichment. To produce 94Rb, a 1.4-GeV

proton beam from the PS-Booster was impinged on a uranium

carbide target. The rubidium atoms then effuse out of the hot

target and are ionized in a hot cavity ion source. The 94Rb1+

ions were then extracted and mass separated by the general

purpose separator. The average proton current was limited to

≈0.5 μA with an intensity of 1.2 × 1010 protons per pulse

due to the dose rate experienced inside the experimental hall.

To accelerate the beam to the final energy rubidium ions were

injected into the Penning trap (REX-TRAP) [20] to cool and

FIG. 1. Layout of the setup used in the study of the 94Rb +
208Pb

reaction, with schematic representation of the MINIBALL cluster de-

tectors (eight clusters were used), and the silicon CD configuration.

bunch the beam, before further charge breeding to 94Rb23+

with a total breeding time of 123 ms [21]. The highly charged

ions were injected into the REX linear accelerator and further

accelerated in the new HIE-ISOLDE superconducting linear

accelerator [19] up to Elab = 6.2 MeV/nucleon. In the center

of the target, the bombarding energy corresponds to a value

≈30% higher than the Coulomb barrier, as a compromise be-

tween having rather large primary cross sections and limiting

secondary processes. The beam had an intensity on target of

106 particles/s and a purity of ≈90% (with ≈10% of 94Sr

isobar). The high-resolution MINIBALL γ -ray spectrometer

[16] coupled to an annular position sensitive silicon detector

[17] allowed the identification of reaction products via their

associated γ rays. MINIBALL comprises 24 high-purity ger-

manium crystals, individually encapsulated in triple-cluster

cryostats which surround a spherical target chamber in com-

pact geometry [16]. The absolute efficiency was ≈8% for a

1.3 MeV γ ray, with position sensitivity obtained via six-

fold electrical segmentation of each crystal electrode. Binary

products were detected by four particle detectors of DSSSD-

type (double-sided silicon strip detectors), each one made of

16 annular strips spanning a scattering angular range θlab =

24◦–63◦. At the chosen bombarding energy this geometry

allowed most of the total transfer flux to be collected (when

tagging on Rb-like ions).

The detectors were arranged in a close geometry with

the compact-disk-shaped (CD-shaped) particle detector at for-

ward angles, symmetrically arranged around the beam axis

at a central distance of 21 mm downstream relative to the

target. Figure 1 shows a scheme of the setup. The CD detector

provided position (angle) and energy information. In addition,

a timing signal was used to construct the time-of-flight be-

tween particles and associated γ rays. This last information

allowed separation of the prompt γ rays (up to 200 ns) from
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FIG. 2. (top) Matrix of total kinetic energy vs angle for the mea-

sured 94Rb +
208Pb reaction. The upper and lower bands correspond

to Rb-like and Pb-like ions, respectively. The black line indicates

Rutherford scattering. (bottom) Same matrix of total kinetic energy

vs angle in coincidence with γ rays.

the delayed ones and to perform a background subtraction.

The delayed part of the spectrum was also used to evaluate

the decay yields of isomeric states (see below).

In these kind of binary reactions it is important to have

as complete a view as possible of the characteristics of the

process. At energies slightly above the Coulomb barrier angu-

lar distributions are bell shaped and centered at the grazing

angle. Moreover, quasi-elastic and deep-inelastic processes

partially overlap, with kinetic-energy distributions depend-

ing on the scattering angle. To visualize the whole reaction,

two-dimensional matrices of energy E vs scattering angle θlab

(Wilczynski plots) are shown for the presently studied system

in Fig. 2 (top). One sees a very clear separation between

the beam-like and target-like fragments. In the upper part

of the figure, the main “band” of the Rb-like events follows

the behavior of quasi-elastic processes, as seen also from the

superimposed calculated Rutherford scattering. In the lower

part of the figure the Pb-like events, due to binary kinematics,

cover a different kinematical angular range. One also sees that

the Rb events undergo a bending towards much lower kinetic

energies, corresponding to dissipative processes (see region

close to θlab ≈ 47◦). This behavior is more clear in the same

matrix, shown in the bottom part of Fig. 2, but constructed

with the condition of coincidence with γ rays. Evidently, the

intensity of the event distribution is higher in the region of

large energy loss, that being the region associated with higher

excitation energy and larger γ -ray multiplicities of the binary

products.

To construct the coincident γ -ray spectra we selected the

regions of the E -θlab matrix corresponding to quasi-elastic

processes. This was done in order to extract the yields of the

transfer channels as close to the grazing regime as possible,

i.e., with small energy loss, which helped in optimizing the

Doppler correction of the γ rays. In fact, since γ rays were

emitted in flight, Doppler corrections had to be applied for

both the Rb-like and Pb-like fragments using the position

information from the CD detector. The Rb-like events were

kept as a reference in the analysis, since they cover most of the

transfer angular distribution. In this way, while the Doppler

correction for Rb-like events was applied directly, the one for

Pb-like ions was done by assuming binary kinematics and al-

most pure Rutherford scattering. With a velocity of the Pb-like

fragments β ≈ 5%, a final resolution of 1.2% at 1.5 MeV was

achieved. Figure 3 (top panel) shows the Doppler-corrected

spectrum for the Pb-like ions, where one observes the main

γ -ray transitions associated with the inelastic channel (208Pb)

and with the neutron pick-up and stripping transfer channels

(207,209,210Pb). The bottom panel of the same figure displays

the delayed part of the spectrum relevant for the analysis of

the isomeric decay of 210Pb (see below). For the sake of com-

pleteness we mention that, in the spectrum Doppler corrected

for the Rb-like ions, we were able to observe the main γ -ray

transitions of the populated Rb isotopes, which are, however,

associated with more complex and less known level schemes

than for Pb.

III. DATA ANALYSIS AND DISCUSSION

A. Determination of absolute cross sections

To get the absolute value of the cross sections, we have

taken as a reference the lowest 3− octupole state of 208Pb and

normalized its intensity at forward angles to a distorted-wave

Born approximation (DWBA) carried out at a bombarding

energy Elab = 575 MeV, corresponding to the center of the
208Pb target.

To extract the experimental angular distribution of the 3−

state, the dominant feeding from above needs to be taken into

account. To achieve this, we subtracted the angular distribu-

tion of Eγ = 583 keV (5−
→ 3−) from the one of Eγ = 2615

keV (3−
→ 0+). For the final experimental angular distribu-

tion of the 3− state we integrated the subtracted γ intensity

in bins of �θlab = 3.12◦ for the coincident particle in the

CD detector. Such a procedure has been carried out for

the whole angular range of the Rb-like ions (see also Fig. 2).

The data are shown in the upper part of Fig. 4 together with

the DWBA calculations. Calculations were performed with

the code PTOLEMY [23] by using the standard optical potential

and tabulated values. For completeness, in the bottom part

of Fig. 4 we show also the corresponding elastic scattering

in comparison with the extracted quasi-elastic data (divided

by the Rutherford cross section). The experimental points
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FIG. 3. Prompt, up to 200 ns (top), and delayed, up to 2μs (bot-

tom) γ -ray spectra taken in coincidence with the Rb-like detected

in CD detector, in the selected energy ranges. The observed γ -ray

transitions associated with the populated isotopes of Pb are labeled.

start to deviate from the pure Rutherford scattering in the

angular region where the inelastic scattering exhibits the main

oscillation pattern.

With the shown normalization procedure we extracted a

factor to convert the γ yields into cross sections, and that

factor was kept the same for all of the observed transfer

channels. With the structure information of Rb isotopes being

less known, in the following we concentrate only on the quan-

titative analysis of Pb isotopes, which are the heavy partners

of the reaction and the main object of the present work.

In Fig. 5 we display the level scheme of 207,208,209,210Pb

isotopes, corresponding to all transfer channels we could ob-

serve in the experiment. For the one-neutron transfers, we

expect that the strongest populated states are those of single-

particle character. In 207Pb these states are associated with the

sequence of orbitals d5/2, p3/2, i13/2, f7/2, and h9/2 in the N =

82–126 shell. We indeed saw that the γ -ray decays from the

states 5/2− (Eγ = 570 keV), 3/2− (Eγ = 898 keV) and 7/2−

(Eγ = 1770 keV). The 13/2+ state is an isomer (T1/2 = 0.8 s)

FIG. 4. (top) Experimental (diamonds) and theoretical (line) dif-

ferential cross sections for the inelastic scattering of the 3− state in
208Pb. Data have been normalized at forward angles to the DWBA

calculation at Elab = 575 MeV. Recall that the experimental points

correspond to an integration in bins θlab = 3.12◦. (bottom) Experi-

mental quasi-elastic cross sections (pentagons) and theoretical elastic

scattering (line), divided by Rutherford cross section.

and its decay could not be observed. However, the feeding

from above was taken into account in the extraction of the

total cross section. In 209Pb we expect to populate the 9/2+,

11/2+, 15/2−, 5/2+, 1/2+, 7/2+, and 3/2+ states, where

the unpaired neutron occupies the g9/2, i11/2, j15/2, d5/2, s1/2,

g7/2, and d3/2 orbitals. In fact, we observed the decays from

these states. For both 207Pb and 209Pb the cross sections were

obtained by adding the intensities of all the observed γ rays

which were not in cascade. For the even-even 210Pb the level

scheme is rather simple with all decays passing through the

first 2+ state, whose decay strength to the 0+ ground state

could be safely determined. However we have to take into

account that part of the transfer flux feeds the 6+ and 8+

isomeric states. Their contribution to the cross sections has

been extracted by adding the γ yield from the decay of the

2+ state corresponding to the delayed part of the time-of-

flight spectrum between the CD and γ -array detectors (see

also Fig. 3, bottom panel). We remark that we do not clearly

observe the population of 206Pb, even if the predicted cross

section of this channel is approximately half of the 210Pb one.

In fact, in 206Pb, the lowest negative-parity state is an isomer

with a half-life of 125 μs, which falls completely outside our

timing gate.

B. Estimates of the ground-state cross sections of Pb isotopes

Of course, by integrating all γ intensity associated with

each specific isotope of lead we extract a lower limit for the

cross sections because we are missing at least the ground-

state population. Thus we tried to estimate such a population.

For 207Pb we compared the population strength observed in

the present experiment with those of reactions with other

heavy ions at a similar bombarding energy range close to the
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FIG. 5. Level scheme of 207,208,209,210Pb isotopes. Relative γ -ray intensities are indicated by the width of the arrows. Only prompt transitions

observed in our measurements are plotted. The energy, spin, and parity of levels, their branching ratios and energy of transitions are as in

Ref. [22]. The levels represented by a thicker line correspond to isomers.

Coulomb barrier and having 208Pb as target. This comparison

is shown in Fig. 6 for the 94Rb +
208Pb, 90Zr +

208Pb [24],
40Ar +

208Pb, and 32S +
208Pb [25] transfer reactions. One

sees that the intensity distributions among the lowest excited

states are rather similar. This fact should reflect a convolution

of Q-value arguments and structure properties. The ground-

state Q values for the one-neutron transfer channels are very

much alike and within few MeV for all the shown systems.

Therefore, the transfer flux is governed by similar Q-value

windows (recall that, for neutron transfer channels, the opti-

mum Q-value window is centered at ≈0 MeV and has a width

of a few MeV). From the structural point of view one expects

that the strongest populated states in the one-neutron transfer

channels will be those of single-particle character. In light-

ion-induced reactions, in particular in the 208Pb(p, d ) 207Pb

reactions [22], the spectroscopic factors for the three lowest

lying 1/2−, 5/2−, and 3/2− states, indicate their dominant

configuration with a hole in the p1/2, d5/2, and p3/2 orbitals.

The same is true for the two lowest 9/2+ and 11/2+ states

in 209Pb where again the g9/2 and i11/2 spectroscopic factors

show little fragmentation. Thus, by taking into account the

strong single-particle character of these states and the fact

that they differ only slightly in excitation energy (<1 MeV)

and spin, one can expect that they are populated with similar

strength.

Based on these arguments we quoted the ground-state pop-

ulation for 207Pb (1/2− state) as the average of those for

its first 5/2− and 3/2− states. For 209Pb, although in this

case heavy-ion data are more scarce, we followed a similar

procedure, keeping the ground-state population (9/2+ state)

the same as for the first excited 11/2+ state.

To estimate the ground-state population of 208Pb and 210Pb

we extracted the direct feeding of the 3− and 2+ states, re-

spectively, and we assumed that their corresponding cross

sections equals those of their ground states. This rather modest

estimation of the ground-state cross sections was corrobo-

rated with an additional analysis of the previously measured
40Ar +

208Pb reaction. In this reaction, differential and total

cross sections of the different transfer channels were extracted

by employing the PRISMA magnetic spectrometer coupled to

the CLARA γ -ray array [11]. To get the absolute value of

the cross section to excited states, we normalized the inten-

sity of the 3− state in 208Pb to DWBA calculations by using

a procedure similar to the one presented in this work. The

comparison of the cross sections measured with CLARA with

the total absolute cross section measured with PRISMA [26]

determines the proportion of the ground-state cross sections

with respect to the total cross sections.

C. Comparison with GRAZING calculations

The experimental cross sections for the Pb isotopes de-

duced in the way described in the previous section are reported

in Fig. 7, along with the values corresponding to the γ yields

directly extracted from the experiment (lower bars) and those

where the estimated cross sections to the ground states of Pb

isotopes have been added (points). The former values have

to be considered as lower limits for the cross sections. The
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latter, incorporating indirect estimates, should also contain the

contribution of the Rb partners, assuming negligible mutual

excitation.

σ
 (

m
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)

Mass number
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FIG. 7. Total cross sections of Pb isotopes. The measured cross

sections are indicated as lower limits, while those which include the

estimated values for the ground states are indicated with full points.

The histogram is the GRAZING prediction for Elab = 575 MeV, the

same as that for the DWBA calculations shown in Fig. 4.

94
Rb+

208
Pb
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Rb+

208
Pb

Mass number

σ
 (

m
b

)

FIG. 8. GRAZING calculated total cross sections for Pb isotopes

in 94Rb +
208Pb (full line) and 87Rb +

208Pb (dashed line) reactions at

Elab = 575 MeV.

Data have been compared with calculations performed by

the GRAZING model [27–29]. This model calculates the

evolution of the reaction by taking into account, besides the

relative motion variables, the intrinsic degrees of freedom of

projectile and target. These are the surface degrees of freedom

and the one-nucleon transfer channels. The relative motion

of the system is calculated in a nuclear plus Coulomb field.

The exchange of many nucleons proceeds via a multistep

mechanism of single nucleons. This model has been so far

successfully applied in the description of multinucleon trans-

fer reactions as well as of fusion reactions. In particular, the

model turned out to describe well the experimental neutron

transfer cross sections for a large amount of data sets taken in

reactions with stable beams (see Refs. [4,11] and references

therein). Therefore, this represents a good basis to judge the

quality of agreement with data for reactions involving nuclei

far from stability, and to confirm the transition to the regime

where the heavy partner acquires neutrons while loosing pro-

tons, discussed in the introduction.

In Fig. 7 we show the GRAZING predictions, taking into

account neutron evaporation. One sees clearly the sizable

cross sections in the neutron-rich mass region, which confirms

the predicted change of population pattern. One also finds a

rather fair agreement between the data and calculations. In the

higher mass region, the experimental cross section for 209Pb is

particularly well reproduced. The values of the cross sections

have their justification mainly in the optimum Q-value argu-

ments discussed in Ref. [2]. To better illustrate this crucial

point we show for comparison in Fig. 8 the corresponding

calculated cross sections for the reaction using 87Rb, the most

neutron-rich stable isotope of Rb, which differs by seven neu-

trons from the presently employed 94Rb. One clearly observes

much lower values for the neutron-rich Pb isotopes and, re-

versely, much larger values for the neutron-poor isotopes. This

follows from the fact that, with the 87Rb projectile, channels
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FIG. 9. GRAZING calculated total cross sections for Hg isotopes

in the 94Rb +
208Pb reaction at Elab = 575 MeV.

corresponding to neutron pick-up (and proton stripping) from

the light partner of the reaction are favored. For the same

reason, the cross sections obtained with 94Rb for the neutron

rich heavy partners are orders of magnitudes larger than those

with 87Rb when considering proton pick-up channels.

These results give us confidence to predict the transfer

cross sections for channels where larger number of nucleons

are involved. As an example, we show in Fig. 9 the calculated

cross sections for the Hg isotopes. In these nuclei the two pro-

tons removed from the Z = 82 core should act as spectators,

thus encompassing the same neutron valence space as in Pb

isotopes. The existence of moderately-high-spin isomers in

this part of the nuclear landscape is attributed to a stretched

configuration of the coupled valence neutrons. The popula-

tion of such high-spin states will be favored by the transfer

mechanism because it maximizes the transferred angular mo-

mentum [30,31]. One also expects a strong excitation of states

connected with the surface degrees of freedom, relevant in the

mechanism of the transfer of energy and angular momentum

from the relative motion. Properties of such states serve as the

first indication of shape changes. The sensitivity to study these

states could be reached in experiments with beam intensities

an order of magnitude larger than the present one, actually

already achievable at radioactive beam facilities.

IV. SUMMARY AND OUTLOOK

Absolute cross sections for the population of lead isotopes

have been measured in the 94Rb +
208Pb binary reaction using

a neutron-rich 94Rb radioactive beam at a bombarding en-

ergy ≈30% above the Coulomb barrier. The neutron transfer

channels have been identified by means of the high-efficiency

MINIBALL γ -ray array coupled to a particle detector. The

data show sizable cross sections for the population of the

neutron-rich mass region, confirming the theoretical predic-

tions of the GRAZING code. A reasonable agreement with

the experiment was found, giving us confidence for cross-

section predictions of channels involving a larger number of

nucleons and populating more neutron-rich regions. This is

important for future studies of nuclear structure, in particular

near the N = 126 shell closure, exploiting the unique possibil-

ities offered by multinucleon transfer reactions. The present

experiment has to be considered as first step in this direction.
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