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Is it possible/plausible/pursuable at ISOLDE with ISS?
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History
The 132Sn(d,p)133Sn reaction has been front and center in  
motivating the development of facilities (10 MeV/u RI beams), 
techniques, and instrumentation for 30+ years. It was central to 
the development of the solenoidal-spectrometer technique.
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Abstra ct 

The one-neutron transfer react ions d(~3z~36Xe, p)m.~37Xe 
have been investigated in inverse kinematics with xenon 
beams incident on deuter ium loaded t i tanium targets. The 
angular distr ibut ions of the protons, measured with a de- 
tector array of 100 PIN-photodiodes, have been analyzed 
using standard DWBA. General ly,  good agreement  is 
obtained with results previously obtained in reactions in- 
duced by l ight-ion beams. 

PACS: 25.45.Gh;25.70.Cd 

The new GSl-accelerator SIS in combinat ion with the 
f ragment separator FRS and the exper imenta l  storage 
ring ESR will provide cooled beams of relat ively short - 
l ived nuclei, extending to isotopes far off stability. These 
beams open the possibi l i ty for nuclear structure studies 
on radioact ive nuclei through direct reactions in inverse 
kinematics. 
Of part icular interest are invest igat ions of s ingle-nucleon 
transfer reactions near doubly-magic nuclei, as for in- 
stance the determinat ion of s ingle-part ic le energies and 
matrix e lements of the two-body residual interaction in 
the vicini ty of 132Sn (N=82,  Z=50) ,  and of inelastic scat- 
ter ing studies of low-lying col lect ive states. 

In order to test the method of inverse kinematics, the ex- 
per imental  condit ions for such studies were investigated 
in the reactions d(132Xe,p)~33Xe and d(~36Xe,p)~37Xe. Stable 
xenon beams from the UNILAC accelerator  with E~b = 5.87 
MeV/u were focussed onto 100 /~g/cm 2 deuterated 
t i tanium targets (Ti:D content 1:1) on a 200/~g/cm 2 
a lumin ium backing. The recoi l -protons were detected 
using an array consisting of 100 PIN-photodiodes (10x10 
mm 2 active area and 320 #m thickness each) in a 10x10 
quadrat ic arrangement.  With a distance of 375 mm from 
the target the angular resolut ion of one PIN-diode was 
1.5~ the whole detector array covered an angular range 
of AO~b =180 and a solid angle of 71 mrad. 

The kinematic broadening dE/d 0 for protons from (d,p)- 
react ions for the invest igated region 0~o~ =90~ re- 
quired a col l imator  system (3 m m -  8 mm slits) to reach 
an energy resolut ion better than 100 keV (CMS) in every 
case. A semicol lect ive r e a d o u t -  method al lowed to ob- 
tain energy and t ime signals from each of 100 PIN - di- 
odes using only 20 electronic channels. For that purpose 
the 100 diodes were connected for all l ines at their  N - 
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contacts and for all columns at their P - contacts. The 10 
l ines del ivered the t ime signals, the 10 columns the en- 
ergy signals and by a coincidence - condit ion the iden- 
t i f ication of the diode which had fired was obtained. A 
more detai led descript ion of the detector and the readout 
- method is given in ref. 1. 
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Fig. 2: Energy spectrum of protons emitted in the reaction 
d(136Xe, p)mXe. 0 is the laboratory angle~ 
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matrix e lements of the two-body residual interaction in 
the vicini ty of 132Sn (N=82,  Z=50) ,  and of inelastic scat- 
ter ing studies of low-lying col lect ive states. 

In order to test the method of inverse kinematics, the ex- 
per imental  condit ions for such studies were investigated 
in the reactions d(132Xe,p)~33Xe and d(~36Xe,p)~37Xe. Stable 
xenon beams from the UNILAC accelerator  with E~b = 5.87 
MeV/u were focussed onto 100 /~g/cm 2 deuterated 
t i tanium targets (Ti:D content 1:1) on a 200/~g/cm 2 
a lumin ium backing. The recoi l -protons were detected 
using an array consisting of 100 PIN-photodiodes (10x10 
mm 2 active area and 320 #m thickness each) in a 10x10 
quadrat ic arrangement.  With a distance of 375 mm from 
the target the angular resolut ion of one PIN-diode was 
1.5~ the whole detector array covered an angular range 
of AO~b =180 and a solid angle of 71 mrad. 

The kinematic broadening dE/d 0 for protons from (d,p)- 
react ions for the invest igated region 0~o~ =90~ re- 
quired a col l imator  system (3 m m -  8 mm slits) to reach 
an energy resolut ion better than 100 keV (CMS) in every 
case. A semicol lect ive r e a d o u t -  method al lowed to ob- 
tain energy and t ime signals from each of 100 PIN - di- 
odes using only 20 electronic channels. For that purpose 
the 100 diodes were connected for all l ines at their  N - 
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contacts and for all columns at their P - contacts. The 10 
l ines del ivered the t ime signals, the 10 columns the en- 
ergy signals and by a coincidence - condit ion the iden- 
t i f ication of the diode which had fired was obtained. A 
more detai led descript ion of the detector and the readout 
- method is given in ref. 1. 
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Abstra ct 

The one-neutron transfer react ions d(~3z~36Xe, p)m.~37Xe 
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beams incident on deuter ium loaded t i tanium targets. The 
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tector array of 100 PIN-photodiodes, have been analyzed 
using standard DWBA. General ly,  good agreement  is 
obtained with results previously obtained in reactions in- 
duced by l ight-ion beams. 

PACS: 25.45.Gh;25.70.Cd 
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the target the angular resolut ion of one PIN-diode was 
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12 Chapter 2. Science Opportunities

resolution measurements with SOLARIS will reveal the complete picture.

2.3 Effective Interactions Deduced from Nuclear Spectra

Access to new regions of the nuclear chart will allow for improved effective interactions from single-
particle spectra. Such data can be derived from single-nucleon transfer and inelastic scattering.
Historically, nuclei one and two nucleons away from stable doubly-magic nuclei have been well studied
and used to derive effective interactions which have led to highly refined shell-model calculations.
Transfer reactions provide the necessary information, including excitation energies (binding energies)
and cross sections, allowing for the extraction of spectroscopic factors and the determination of single-
particle energies. For particle unbound systems, it is expected that modifications to effective interactions
will arise due to coupling to the continuum [29].

Past studies have been limited to 16O, 40,48Ca, and 208Pb for the stable nuclei and, to a lesser extent,
90Zn. No such studies have been done with unstable doubly-magic nuclei. With ReA, detailed studies
around 24O, 56Ni, 68Ni, and 132Sn become possible.

Taking 132Sn as an example, determining the location of each member of the multiplets in the
particle-particle, particle-hole, and hole-hole systems (134Te, 134Sb, 134Sn, 130Sn, 130In, 130Cd, 132Sb,
and 132In) allows one to extract effective interactions [30]. The states could be probed through
neutron/proton adding and removing reactions on beams of 133Sb, 133Sn, 131Sn, and 131In. The high
resolution of SOLARIS in the Si-array mode is necessary for such measurements. A plot of the nuclei
involved in such a study is shown in Figure 2.3. It is intended that SOLARIS can operate with two
arrays in the Si-array mode (see Sections 4.2 and 4.4), such that reactions with outgoing ions moving
in both the upstream and downstream directions can be measured simultaneously. For example, the
133Sb(d,p) and 133Sb(d,t) reactions can be measured at the same time, maximizing the outcome from a
given amount of beam time.

132Te 133Te 134Te 135Te 136Te

133Sb132Sb131Sb 134Sb 135Sb

130Sn 131Sn 132Sn 133Sn 134Sn

131In130In129In 132In 133In

130Cd129Cd128Cd 131Cd 132Cd

Necessary radioactive beams
Particle-particle system

Particle-hole system
Hole-hole system

(d,3He)

e.g., (p,p), (d,n), (3He,d) 

e.g., (d,3He), (t,α) 

e.g., (d,p), (p,p) 

e.g., (p,d), (d,t) 

Figure 2.3: A plot
of nuclei used to
map out one- and
two-nucleon effec-
tive interactions. A
similar plot could
be drawn for other
doubly-magic sys-
tems, like 24O and
56Ni.

Alternatives to the use of transfer reactions include inelastic scattering. Such measurements would
be ideal for the AT-TPC mode of operation. While in some cases charged-particle spectroscopy should
be sufficient, simultaneous or complementary gamma-ray spectroscopy may be required as the level
density in these systems could be high. For example, the coupling of the g7/2 proton to the h11/2 neutron
hole results in eight states alone, often over a small excitation-energy range. The above examples imply
a range of probes, from transfer reactions that populate low and high angular momentum states to



a) Solenoidal Geometry

A magnetic solenoid with its axis oriented along the beam direction could serve as a very large-

acceptance magnetic spectrograph for low-energy light particles from inverse reactions such as

d(132Sn,p)133Sn.In this case the protons of interest are emitted in the backwards hemisphere

with energies of 1-10 MeV. The particle energy measurements are done via silicon detector

barrels surrounding the beam axis. This type of magnetic spectrograph deserves further study.

b) Toroidal Geometry

Large-acceptance magnetic spectrometers based on a toroidaJ geometry of six or eight coils sur-

rounding the beam (symmetry) axis have been used in other areas of nuclear physics, but there

are no existing devices or design studies for ISOL-type applications. ‘(Orange “ spectrometers

for electrons have been implemented in many devices in the past. .A possible geometry to be

studied is one with a detector barrel surrounding the beam axis. The device would have nearly

complete azimuthal coverage in either the backward or forward hemisphere, as well as a large

energy range. Ion-optical simulations of such a device will have to be carried out to determine

the energy resolution and detailed geometrical acceptance. The dependence on the energy and

position resolution of the focal plane “barrel” detector will also have to be investigated.

4.3 Cost and Manpower Summary

The estimated costs and manpower needs for a conventional magnetic spectrograph are approx-

imateely $3M and about 5 man-years, respectively. This estimate is scaled from the experience

with the design and construction of the S800 spectrometer at MSU. In addition, about 2 FTE

of effort are needed for preliminary studies of the two large-acceptance, low magnetic rigidity

devices mentioned above. At the present time no funds for building a “Phase-II” spectrometer

are requested.
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identification of the light charged particles, which is
technically difficult at low energies. In contrast to the
situation in normal kinematics, the light-particle energy
often varies rapidly with emission angle resulting in many
cases in a reduction of the achievable energy resolution in
the center-of-mass system, and/or multi-valued kinematics
that can be complicated to disentangle. Finally, there may
be significant backgrounds present due to beam scattering,
electrons from the target, radioactive decay products, or
competing reactions from beam or target impurities. All of
these complicate the task of carrying out the measurements.

Many current experiments rely on the detection of the
light charged particle using an array of segmented silicon
detectors, often augmented with other detectors to identify
heavy recoils or detect gamma rays (see, for example [9]).

This paper describes a new approach to studying inverse
reactions using a high-field magnetic solenoid, that has
many advantages. Such an instrument could play a very
useful role in the study of such reactions. The basic concept
was proposed by us previously at various workshops and
conferences [10,11].

2. Conceptual description

A large-bore, uniform-field magnetic solenoid with
B ! 2–5T, used as a particle spectrometer, has many
advantages over large Si-detector arrays. In this technique
the heavy-ion beam is aligned with the magnetic axis of the
solenoid as shown in Fig. 1. The target is inside the field,
and consists of either a foil or a windowed gas cell.
Particles emitted from the target follow helical trajectories
in the magnetic field, and after a single orbit return to the
solenoid axis where they can be detected. Some aspects of
particle transport in a solenoidal spectrometer are dis-
cussed below.

2.1. Charged-particle transport in a solenoid

Fig. 2 illustrates the quantities relevant to the discussion
of the motion of particles in a uniform solenoidal field.

In a homogeneous magnetic field of strength B, a
charged particle of mass m and charge qe performs helical
motion with radius r given by

r ¼
mv?
qeB

(1)

where v? is the velocity of the particle perpendicular to the
field lines. The radius is independent of the longitudinal
velocity, vk. The cyclotron period, i.e. the time for one
orbital motion, is given by

Tcyc ¼
2pr

v?
¼

2p
B

m

qe
. (2)

After one cyclotron period, the particle returns to the axis a
distance z ¼ vkT cyc from the target where it is then
detected. The cyclotron period is independent of all other
factors such as energy or scattering angle. A measurement
of time-of-flight thus yields the mass to charge ratio A=q,
which in most cases identifies the particle (except for
deuterons and doubly charged a particles). Once the
particle has been identified, Eq. (2) provides a precise
value for the cyclotron period. Using this value instead of
the measured value removes the experimental uncertainty
from the estimates of the center-of-mass energy and
scattering angle.
The component of the velocity along the beam axis vk is

given by

vk ¼ V cm þ v0 cos ycm (3)

ARTICLE IN PRESS

Fig. 1. Scheme for a solenoidal charged-particle spectrometer.

v0

vlab

Vcm

θcmθlab
z

Fig. 2. The vector diagram showing the velocity of the center-of-mass
system, V cm, the particle velocities v0 and vlab in the center-of-mass and
laboratory frames, as well as their angles ycm and ylab.
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(Pertinent) Examples

T. L. Tang, BPK et al, Phys. Rev. Lett. 124, 062502 (2020)

SINGLE-NEUTRON ENERGIES OUTSIDE 136Xe PHYSICAL REVIEWC 84, 024325 (2011)

FIG. 2. (Color online) (Top) Proton energy versus longitudinal distance traveled between the target and the point of impact on the Si array,
!z, for the d(136Xe,p)137Xe reaction at 10 MeV/u and a 2-T field. The plot is a composite of two different target positions, as discussed in the
text. (Bottom) Representative proton spectrum. Peaks are labeled by their energy (to the nearest keV) and by their " value, spin, and parity,
where these quantities are known. States marked with a ! symbol are those with energy, " value, or both, deduced for the first time in this
work. A smooth background has been subtracted to produce the displayed spectrum as discussed in the text.

was smooth and was subtracted in the analysis, the associated
uncertainty in the extracted yields is discussed below.

The proton data were binned according to their position
z along the beam axis. A typical spectrum of proton energy
versus !z, the distance between the target and point of impact
on the array, is given in the upper portion of Fig. 2. The
sloping lines in this plot correspond to the population of
different excited states in the final nucleus; the ground state
is labeled for illustration. The locus of a line for a particular
final state corresponds to different proton angles. The central
position of each PSD on the array, at the two target-array
distances, was chosen as the set of angles for the angular
distributions, although the corresponding c.m. angle does
depend on the excitation energy. For the angular distributions,
the data were binned according to the angular range covered by

the respective PSDs; however, in HELIOS, each PSD subtends
equal solid angle in the c.m. frame. The yields to specific final
states were extracted for each of these angles and normalized,
using the elastic-scattering data, to produce absolute cross
sections.

Several factors that contribute to the cross-section uncer-
tainties are estimated here. The solid angle of the monitor
detector is the dominant source of systematic uncertainty
and is estimated to be ∼11%. With typical beam intensities
of ∼ 5 × 106 ions per second, the beam current integrator
was near the limit of its sensitivity, and the corresponding
uncertainty is estimated to be 5%. From α-source data, the
yield due to the performance of individual PSDs was found
to have an rms variation of ∼7%. The uncertainty in the
measurement of the Rutherford scattering cross section is at the

024325-3

in the study of these types of reactions using the
solenoidal-spectrometer technique [38,39].
In this study, about 6000 protons were identified from

the 206Hgðd;pÞ207Hg reaction. These result from the bom-
bardment of approximately 1.5 × 1011 206Hg ions with
deuterated polyethylene targets of nominal thickness
165 μg=cm2 at a rate of around 3 to 8 × 105 206Hg ions
per second and an energy of 1.52 GeV (7.38 MeV=u), the
highest energy available at the time.
The preparation of the radioactive Hg ions is described

elsewhere [40,41]. The Hg ions (46þ) were injected into the
REX/HIE-ISOLDE linear accelerator in bursts of width
∼800 μs, every 450 ms. The beam was contaminated with
130Xe at a level of < 2%. The level of the Xe impurity was
determined from background runs with the ion-source
lasers off. A measurement using a pure 130Xe beam, at
the same MeV/u as the Hg, was carried out to corroborate
this.
Thin deuterated polyethylene targets are susceptible to

damage even with relatively low (≪ 109 pps) intensity
beams. The damage is reasonably well characterized for
light and medium mass beams [42,43] but not for heavier
beams. In the experiment described here, the target was
replaced every 4 h, on average, resulting in the use of 20
targets in the 82-h duration. No evidence of target degra-
dation was observed via elastically scattered deuterons and
carbon ions in a monitor detector.
The ISS, in this first stage of its development, was set up

in a manner similar to that described in Ref. [43] using the
HELIOS detector system. A 2.5-T magnetic field was used.
The data acquisition was triggered by signals in the on-axis
Si array [37]. A signal from the REXEBIS was used to gate
the data acquisition system during the beam release,
disabling it during the charge-breeding process. This sup-
pressed spurious background, such as α decays present due
to nuclei produced in fusion-evaporation reactions.
The excitation-energy spectrum for 207Hg is shown in

Fig. 2 both with and without a background subtraction. The
background is predominately prompt protons from fusion-
evaporation reactions of the beam and 12C in the target. The
Q-value resolution was ∼140 keV FWHM. The spectrum
represents a sum of all detectors on the Si array which
corresponds to center-of-mass angles, 20°≲ θc:m: ≲ 40°.
From the data, seven states have been observed below

3 MeV, which are associated with adding a neutron in the
vacant 1g9=2, 2d5=2, 3s1=2, 2d3=2, and 1g7=2 orbitals beyond
N ¼ 126, as shown in Table I. The high-j 0i11=2l ¼ 6

strength, estimated to lie at around 0.8 MeV, is not seen; at
an incident beam energy of 7.38 MeV=u, (d,p) yields
corresponding to l ¼ 6 transfer are expected to be <10
counts (for a pure single-particle state) in total. The
negative parity 0j15=2 orbital is expected to lie around
1.2 MeV, but yields would be smaller still. The absolute
cross sections have uncertainties of around 30%. Only

relative cross sections were used in the analysis, which are
known to better than 5%.
Calculations used to extract spectroscopic factors and

predict angular distributions were performed using the
distorted-wave Born approximation (DWBA) with the
code PTOLEMY [45]. The bound-state form factors were
taken from Ref. [46] and optical-model potentials from
Refs. [47,48] were used. Normalized spectroscopic factors
are listed in Table I; the uncertainties are dominated by the
relative variation due to different choices in the optical-
model potentials.

TABLE I. Excitation energies, tentative l and Jπ assignments,
and normalized spectroscopic factors S for states assigned to
207Hg. The normalization is such that the 3s1=2 strength is equal to
unity.

E (keV) l Jπ nls S

0 4 9=2þ 1g9=2 0.82(13)
1195(20) (2) (5=2þ) (2d5=2)

a 0.47(9)
1600(45) (2) (5=2þ) (2d5=2)

a 0.13(2)
1810(20) (2) (5=2þ) (2d5=2)

a 0.42(7)
1960(30) (0) (1=2þ) (3s1=2) ≡1.00
2335(20) (2) (3=2þ) (2d3=2) 1.00(17)
2530(20) (4) (7=2þ) (1g7=2) 0.62(12)
aThe centroid of the 2d5=2 strength lies at 1500(50) keV, withP

C2S ¼ 1.02ð17Þ.
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FIG. 2. (a) The low-lying excitation-energy spectrum of 207Hg
as measured via the (d,p) reaction on 206Hg at 7.38 MeV=u.
States are labeled by their energies in keV and l value. (b) Same
spectrum with a linear background subtracted and with fits
shown [44].

PHYSICAL REVIEW LETTERS 124, 062502 (2020)

062502-3
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points close to the first minimum were excluded. Although the
Kr data were treated differently in this sense, the results did
not appear anomalous in the normalization analysis described
below.

There is some uncertainty in the absolute normalization
of cross sections from DWBA reaction calculations, but it
has been shown that consistent results can be obtained by
employing a systematic approach to this normalization, see
for example Ref. [43]. In the current work, a single common
normalization factor for each reaction has been chosen to
ensure that the total low-lying summed transfer strength
involving a particular single-particle orbital is unity and
therefore the Macfarlane-French sum rules [44] are satisfied.
While in the final analysis a single normalization value is
applied across all targets and all ! transfers for a given reaction,
the degree to which normalization constants, extracted from
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FIG. 10. (Color online) Angular distributions for outgoing pro-
tons in the (d ,p) reactions on 86Kr. The solid curves are DWBA
calculations, normalized to the data, based on the assigned ! values
given in Table IV (black: ! = 0; red: ! = 2; green: ! = 4; and blue:
! = 5). Excited states are labeled by their energy in MeV.

subsets of the data, are consistent between different ! transfers
and across different targets is able to give confidence about the
extent to which all the low-lying strength has been observed,
even where that strength is fragmented. The consistency with
analyses of independent data sets is also instructive.

In the (d,p) reaction, the mean ! = 0 normalization factor
was found to be 0.63(3) across the targets used. For ! = 2
transitions, there is ambiguity for some states without a
definitive J π assignment. However, where firm assignments
have been made, it appears that the d5/2 strength is largely
confined to the ground state. Following this observation, for
excited states without firm assignment, J = 3/2+ is assumed
here. This yields normalization factors of 0.63(3) for J = 5/2+

and 0.64(8) for J = 3/2+, both consistent with the ! = 0
value.

The (d,p) normalization for ! = 4 transitions is 0.58(4).
The spectroscopic factors obtained using this normalization
for the weaker ! = 4 transitions in the (d,p) reaction were
somewhat inconsistent with those from the better matched
(α,3He) reaction, even though there was reasonable agreement
for the strongly populated states. For ! = 5, the normalization
was considerably lower with a value of 0.35(3), suggesting
either that poor matching has consequences or that there is
significant unobserved strength.

Based on these considerations, a common single nor-
malization of 0.63(2) was adopted for the (d,p) reaction,
corresponding to the weighted average over ! = 0 and 2
transitions.

In the (α,3He) reaction, the ! = 4 normalization is found
to be 0.55(1), assuming a projectile spectroscopic factor for
neutron removal from 4He to the 3He+n system of ∼2.0. It is
not unexpected to find a slightly different normalization from
the (d,p) results since it is difficult to model two such different
reactions in a uniform fashion. The extracted normalization
for ! = 5 is approximately half that for ! = 4, with a value
of 0.24(3), suggesting strength remains unobserved. Missing
! = 5 strength has also been reported in previous work, for
example, in Refs. [10,17]. The ! = 4 normalization is therefore
adopted as the common single normalization for the (α,3He)
reaction.

In both reactions, the individual contributions to the average
normalization from different targets and ! values are consistent
to within a variation of ∼15%.

A number of similar experiments have now been per-
formed by our collaboration and it is instructive to compare
normalizations extracted in a similar way to those values
deduced here, as summarized in Table V. With similar methods
and bombarding energies, and the same optical potentials
and bound states, a normalization of 0.58(2) was found
for the (p,d) reaction on N = 82 targets [45]. By ensuring
that the strengths from nucleon-addition and nucleon-removal
reactions sum to the orbital degeneracy, a value of 0.64(5) has
been found for the (d,p) and (p,d) reactions on the stable
Ni isotopes, again using the same optical potentials [43].
These compare very well with the current work and the level
of consistency across a wide mass range gives confidence
in the method employed and in the value obtained. It is
interesting to note that the observation of 50%–60% of the
full single-particle strength associated with an orbital over

014312-8

86Kr(d,p)87Kr, 10 MeV/u



In the meantime, 133Sn
Excited states in 133Sn identified via decay studies (numerous 
other works too)
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TABLE I. Data for g transitions in 133Sn.
134In decay Relative intensity

Energy Neutron 134In decay 133In decay
(keV) gated b gated only b gated only

354.0(10) 2.3(7) , 2 , 10
802.0(10) a 2.1(10) 9(2) Obscured
853.7(3) 13(2) 23(2) 43(15)
1560.9(5)b 100(5) 100(4) 100(10)
2004.6(10) 5.1(10) 26(3) 19(6)
aSome contribution from the 803.1 g line from 206Pbsn, n0d
is possible in the data for the 134In decay. Note that thresh-
old effects in the neutron detectors may influence the inten-
sities of gated transitions.
bThe absolute intensity of this transition is (5–10)% per de-
cay of 134In, and about 0.5% per decay of 133In.

nuclides [6], and also by shell model calculations specific
for the neutron-rich Sn region. The work by Chou and
Warburton [7] predicts the order of the SP states partly
by using experimental data from the heavier isotones.
A different approach, presented below, is an update
of a previous calculation [8] including semiempirical
adjustments estimated from data in the Pb region. Both
sources suggest strongly that the three proposed excited
states should be assigned 3p3y2, 1h9y2, and 2f5y2 in order
of excitation energy.
Our experimental data support these assignments based

on systematics. The spin of the 134In parent is not known,
but the particle-hole interactions favor a high angular
momentum for the b-decaying state of this nucleus. In

FIG. 2. The low lying levels of 133Sn substantially populated
by delayed neutrons following the decay of 134In. The total
population of the individual final states is given in units of
percent per b decay of the parent nucleus.

132In, the 72 member of the pg21
9y2nf7y2 multiplet is the

lowest lying one. An analogous situation is expected also
in 134In, although a 42-62 ground state assignment is
not completely excluded. The b-delayed neutron decay
process, starting from a high J state should thus favor
population of the 7y22, 9y22, and 5y22 final states, in
agreement with the intensities given in Fig. 2.
Data from the 133In decay support these assignments

further. The 133In samples should mainly contain nuclei
in the 9y21 ground state, with only a minor proportion in
the 1y22 isomeric state. The stronger b feeding of the
1560.9 keV level as compared to the level at 2004.6 keV
thus favors the 1h9y2 assignment of the former. These
observations on the bn and b decays, combined with
the observation that the g-ray decays of the excited 133Sn
levels lead to the ground state, actually give little room for
other interpretations than the one proposed in Fig. 2. Note
that the 854 keV level is populated also in the 133In decay.
The assignment of this level as 3p3y2 has a firm basis in
the systematics [6]. The observed population is therefore
a strong indication that the 1y22 isomer of 133In indeed
was present in our samples. The observed intensity of the
854 keV g ray may correspond to several percent of the
total isomer b intensity.
Table I includes two additional, so far unplaced, g

transitions observed in coincidence with the delayed
neutrons following the decay of 134In. Our calculations,
discussed below and illustrated in Fig. 3, show that only
the single-neutron states can be expected to be bound in
133Sn. It is therefore suggested that the 802 keV g line
could be the p1y2 to p3y2 transition. The other unplaced
transition, at 354 keV, has a too low energy to correspond
to the expected p-state spin-orbit splitting unless rather
strong interactions with higher lying states are introduced.
Additional experimental work is needed to clarify the
nature of these transitions.
The new experimental SP energies are compared in

Fig. 3 to the results of a calculation using a Woods-Saxon
potential. The parameters of the potential were optimized
on the known SP and SH data at 208Pb, and the absolute
energy scale was normalized to the experimental mass
[4] of 133Sn. The calculation also included semiempirical
modifications of the positions of the p1y2 and i13y2 states.
The former has been placed relative to the p3y2 level
using an estimate of the spin-orbit splitting. The latter
has been shifted down by about 0.5 MeV, in accordance
with the expected interaction with higher lying core-
coupled states. The magnitude of the shift was estimated
by a comparison with the corresponding situation for the
j15y2 single-neutron state in 209Pb. One may remark that
the energies of SP states having low angular momenta
become substantially lowered with decreasing binding
energies. The 3p states thus occur much lower in 133Sn
than in 147Gd, the latter also having N ≠ 83.
Figure 3 also includes the estimated positions of

the lowest neutron hole states and of the f7y2 3 32
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FIG. 3. A comparison of the experimental results ( left) with a
semiempirically adjusted Woods-Saxon calculation of the 133Sn
SP states. Estimated positions of other types of states are also
illustrated. See the text for a discussion. The inset shows
the pulse-height spectrum of the delayed neutrons following
the decay of 133In as obtained with 3He ionization chambers.
The main peak, near 1.26 MeV in this spectrum, is tentatively
related to the transition from the neutron hole 1h21

11y2 state to the
neutron threshold.

septuplet, corrected by expected interaction displace-
ments. Other two-particle–one-hole levels have energies
of about 4.5 MeV or higher, thus they are present far
above the region occupied by the SP states.
As mentioned earlier, the main part of the b strength

in the 133In decay leads to delayed neutron emission. The
inset of Fig. 3 shows the spectrum of these delayed neu-
trons, as obtained with 3He filled ionization chambers.
Distinct lines in the spectrum represent neutron transi-
tions, most probably to the ground state of 132Sn, from
resonances in 133Sn populated by strong b transitions. By
analogy with the decay of 132In to 132Sn [9], we expect the
pg21

9y2 ! nh21
11y2 transition to be the strongest one feed-

ing the levels below about 4 MeV. The main peak near
1.26 MeV in the delayed neutron spectrum is quite likely

due to the decay of the neutron hole 1h21
11y2 state populated

by this b transition.
On the basis of the present experiment, three out of

the five excited single-neutron states in 133Sn have been
determined, i.e., the 3p3y2 state at 853.7 keV, the 1h9y2 at
1560.9 keV, and the 2f5y2 at 2004.6 keV. Additionally,
we tentatively propose the 3p1y2 state at 1655.7 keV, and
identify the neutron hole 1h21

11y2 state at about 3700 keV,
as discussed above.
The results demonstrate that b-decay studies continue

to be the main source of important information in regions
far from stability, although the strong selectivity of the b-
decay process itself may need to be circumvented by using
appropriate experimental approaches. The further away
from stability, the smaller becomes both the energy win-
dow comprising the bound final states and the probability
to populate these by a direct b transition. The reason is
that a given level seldom is significantly populated from
a given parent state. Although kinematically favored, the
transitions to a small number of bound low lying states
are very likely to be hindered by the differences in spa-
tial symmetry between parent and daughter states. On the
other hand, the delayed particle emission process, where
the b-decay selectivity is modified by the dispersion of
neutron l values, becomes a more general and versatile
instrument for the population of bound final states as the
total decay energy increases. Indeed, spectroscopy based
on delayed particle coincidences may become the method
of choice in the progressively more demanding studies of
very exotic nuclei.
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The Oak Ridge measurements
The famous work by K. Jones et al. at Oak Ridge ...

Missing 9/2–, 13/2+ state (cross section, sub-barrier) and note extremely low Q value

shell closure reveals itself as a large discontinuity, for instance at
132Sn, where E21 5 4,041.2(15) keV is significantly higher than that
of the other tin isotopes (about 1,200 keV) and drastically larger than
that for nearby isotopes of cadmium or tellurium (about 500 keV)
(Evaluated Nuclear Structure Data File (ENSDF) database; http://
www.nndc.bnl.gov/ensdf/). However, these excitations alone do
not prove that a nucleus is magic, because they may reflect other
properties such as changes in pairing strength8. Another sign of magic
nature comes from the sudden decrease in two-neutron separation
energies—S2n is shown in Fig. 1b—for the isotopes just beyond the
shell closure.

A critical test of the shell closure is to study the single-particle states
outside the closed shell. An important metric is the spectroscopic
factors (S) of single-particle states in the nuclei with one neutron
or one proton beyond the double-shell closure. For a good magic
nucleus A, the single-particle strength for a specific orbital in the
A 1 1 nucleus should be concentrated in one state, resulting in high
spectroscopic factors, as opposed to being fragmented through the
spectrum of the nucleus.

Situated at the beginning of the neutron 82–126 shell, the single-
particle orbitals in 133Sn are expected to be 2f7/2, 3p3/2, 1h9/2, 3p1/2,
2f5/2 and 1i13/2 (the five bound states are shown in Fig. 1d).
Candidates for four of these states have been observed9,10, with the
notable exception of the p1/2 and the i13/2 orbitals. The experimental
values of the excitation energies of single-particle states just outside a
shell closure are important benchmarks for shell-model calculations
for more exotic nuclei. Experimental investigations of the single-
particle nature of 133Sn have been confined to b-decay measure-
ments9 and the spectroscopy of prompt c-rays after the fission of
248Cf (ref. 10). In this region of the nuclear chart, b-decay preferen-
tially populates high-spin states in the daughter nucleus. In fission
fragment spectroscopy both the production of the daughter nucleus
of interest and the techniques used to extract information from the
plethora of photons emitted from a fission source favour high-spin
states. Therefore, none of the previous measurements of 133Sn were
well suited to the study of low-spin states, and none was a direct
probe of the single-particle character of the excitations.

One very sensitive technique for studying low angular momentum,
single-particle states is by means of a reaction in which a single
nucleon is ‘transferred’ from one nucleus to another. These transfer
reactions traditionally require a light ion beam striking a target of
higher mass. For nuclei far from stability this is not possible, because
the target would not live long enough to perform the measurement.
Recently these reactions have been performed in inverse kinematics
with light-A targets, in particular deuterons in deuterated polyethyl-
ene (CD2) targets, and radioactive ion beams11,12. These measure-
ments include the pioneering experiment on the long-lived doubly
magic nucleus 56Ni (ref. 13). In a (d,p) reaction in inverse kinematics,
a neutron is removed from a deuteron (d) in the target, and is trans-
ferred to a beam particle, ejecting a proton (p) that can be detected
(see Fig. 2 top left inset). This reaction is ideally suited to the study of
low-lying single-neutron states in the final nucleus.

To perform the 132Sn(d,p) reaction in inverse kinematics, a beam14

of the short-lived isotope 132Sn (t1/2 5 39.7 s) was produced at the
Holifield Radioactive Ion Beam Facility at Oak Ridge National
Laboratory, using the isotope separation online technique. Protons
from the Oak Ridge Isochronous Cyclotron bombarded a pressed
powder target of uranium carbide, inducing fission. Negative ions of
tin were injected into and accelerated by the 25-MV tandem electro-
static accelerator to 630 MeV. The resulting essentially pure (more
than 90%) 132Sn beam bombarded a CD2 reaction target with an
effective areal density of 160 mg cm22. Protons emerging from the
(d,p) reaction were measured in position-sensitive silicon Oak
Ridge Rutgers University Barrel Array (ORRUBA)15 detectors cover-
ing polar angles between 69u and 107u in the laboratory frame. At
forward angles, telescopes of ORRUBA detectors consisting of 65-mm
or 140-mmDE (energy loss) detectors backed by 1,000-mm E (residual

energy) detectors were employed to stop elastically scattered 12C
recoils coming from the composite CD2 target, and to allow particle
identification. Backwards of the elastic scattering region (hlab . 90u),
single-layer 1,000 mm ORRUBA detectors were used. A microchannel
plate detector16 located downstream of the target chamber provided a
timing signal for beam-like recoil particles. The elastic scattering of
deuterons from the target was used in the normalization of the trans-
fer reaction cross-sections. These data, taken at forward angles
(hCM 5 28–43u), were dominated by Rutherford scattering, which
can be easily calculated. Small corrections (about 6% or less) due to
nuclear scattering were included in the analysis of the elastic scattering
data. In this way uncertainties in the number of target deuterons and
beam ions were greatly decreased in the normalization.

Figure 2 shows the reaction Q-value spectrum for the 132Sn(d,p)
reaction as measured at 54u in the centre-of-mass frame. Four clear
peaks can be seen, corresponding to the ground state, the known
Ex 5 854 keV and Ex 5 2,005 keV excited states, and a previously
unobserved state at Ex 5 1,363 6 31 keV. The tentative spin-parity
assignments for the known states are 7/22 (presumably 2f7/2), 3/22

(presumably 3p3/2) and 5/22 (presumably 2f5/2), respectively. The
initial supposition for the nature of the new state is that it is the
hitherto unobserved 3p1/2 state.

Angular distributions of the protons from single-neutron transfer
experiments reflect the orbital angular momentum, l, of the trans-
ferred nucleon. Because the (d,p) reaction preferentially populates
low-l single-neutron states, only p-wave and f-wave states in the
region above 132Sn are expected to be significantly populated in the
132Sn(d,p) reaction. Angular distributions for the four states mea-
sured were extracted from the Q-value spectra at different angles by
using a four-Gaussian fit. The widths of the peaks were allowed to
increase for the higher excited states, reflecting the diminished
Q-value resolution for low-energy protons. For each state, transfer
angular distributions to an l 5 1 and an l 5 3 state were calculated in
the distorted-wave Born approximation (DWBA) framework, with
the use of the code FRESCO17. The Reid interaction18 was used for the
deuteron and the finite-range DWBA calculation included full com-
plex remnant in the transfer operator. The optical model potentials
were taken from ref. 19, and standard Woods–Saxon parameters for
the radius parameter r 5 1.25 fm (where the radius R is given by
R 5 rA1/3) and diffuseness a 5 0.65 fm for the final bound state were
used. Spectroscopic factors were extracted by scaling the DWBA
calculation to the data. Figure 3a, b shows the angular distributions

(5/2–)
Proton

(9/2–)
(1/2–)

132Sn
beam 133Sn

beam

3/2–

7/2–

0

10

20

30

40

50

C
ou

nt
s

–2 –1
Q (MeV)

0 1

60 2,005 keV
1,561 keV
1,363 keV

854 keV

CD2
target

0 keV

Figure 2 | Q-value spectrum for the 132Sn(d,p)133Sn reaction at 546 in the
centre of mass. Error bars are statistical, shown as a standard deviation in
the number of counts. The black solid line shows a fit to four peaks: the
ground state (green), the 854-keV state (red), the first observation of the
1,363-keV state (blue), and the 2,005-keV state (magenta). The top left inset
displays a diagram of the (d,p) reaction in inverse kinematics. The top right
inset shows the level scheme of 133Sn. The 1,561-keV state, expected to be the
9/22 h9/2 state, was not significantly populated in this reaction and therefore
was not included in the fit.
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• Varying intensity 
• ORRUBA setup



The Oak Ridge measurements
... and J. M. Allmond ...

Exploiting the power of the (9Be,8Be➞2αγ) [but p3/2 (j>) preferentially 

populates j<, e.g., h9/2 over h11/2, and i11/2 over i13/2] ... still a missing 13/2+ state

spectroscopy. Evidence is provided for a complete set of
single-neutron candidates in 133Sn, 2f7=2, 3p3=2, 3p1=2,
1h9=2, 2f5=2, and 1i13=2. However, the evidence for the
1i13=2 candidate is inconclusive due to inconsistencies
between the spectroscopic results and expectations for an
unbound l ¼ 6 neutron. In addition, the 3s1=2 single-
neutron hole-state candidate in 131Sn was populated by
(9Be, 10Be). Level energies, γ-ray transitions, absolute
cross sections, spectroscopic factors, asymptotic normali-
zation coefficients (ANCs), and excited-state lifetimes are
reported and compared with shell-model expectations. This
is the first report on excited-state lifetimes of 133Sn.
Because 8Be is unbound (T1=2 ¼ 8.2 × 10−17 s [21]),

two correlated alphas are detected following the (9Be, 8Be)
reaction. Scattered targetlike nuclei were measured at
forward laboratory angles relative to the beam direction,
corresponding to backward angles in the center-of-mass
frame, to provide a clean trigger for selecting the γ-ray
transitions emitted from the beamlike reaction products.
The effectiveness of this technique was recently demon-
strated [30–32] in the study of 135Te and 137Xe. The
selectivity of single-neutron states with heavy-ion induced
reactions has been discussed in Refs. [31,33].
Doubly closed-shell 132Sn and 208Pb beams were

provided by HRIBF at sub-Coulomb energies of 3 MeV
per nucleon. A Bragg detector, placed behind a
1.57ð8Þ mg=cm2 monoisotopic 9Be target, measured an
energy loss of 140(2) MeV for a 395-MeV beam of 124Sn
and 193(10) MeV for a 624-MeV beam of 208Pb. The
radioactive 132Sn beam, which was ≥ 96% pure [34,35] and
had an intensity of 1 × 105 ions=s, was incident on the
target for 5 days. The 208Pb beam was incident on the target
for 1 day.
Recoiling target nuclei were detected in the “bare”

HyBall (BareBall) CsI(Tl) array [36], using the first four
rings at laboratory angles 7°–14°, 14°–28°, 28°–44°, and
44°–60° relative to the beam direction. Coincident γ rays
were detected in the CLARION array of 11 Compton

suppressed, segmented HPGe Clover detectors [37], which
was configured with five detectors at 90°, four at 132°, and
two at 154°. The Clover detectors were at a distance of
21.75 cm from the target with a total efficiency of 3.00(5)%
at 1 MeV. The experimental trigger (≥ 99% live time)
required either a scaled-down particle event or a particle-γ
coincidence event.
The particle-gated γ-ray spectra are shown in Fig. 2 for

(a) 209Pb from (9Be, 8Be → 2αγ) with a Doppler correction
for the 969-keV transition, (b) 131Sn from (9Be, 10Beγ) with
a Doppler correction for the 332-keV transition, and (c)
133Sn from (9Be,8Be → 2αγ) with a Doppler correction for
the 854-keV transition. The recoiling velocity, β ¼ v=c,
and Doppler-corrected energy were determined individu-
ally for each transition [32]. The 513- and 2792-keV γ-ray
transitions from 133Sn were previously unobserved.
The 513-keV transition in 133Sn was found to be in

coincidence with the previously known 854-keV transition
using the (9Be,8Be → 2αγγ) coincidence data (cf. Fig. 3).
The 513-keV γ ray originates from a state at 1366.8(4) keV,
which corresponds to the p1=2 candidate state recently
reported at 1363(31) keV in the (d, p) study of 133Sn [25].
The experimental cross sections were determined from a

γ-ray intensity balance, i.e., the difference between the total
intensity out of a state and the total intensity feeding that
state, which included a kinematic correction to the solid
angle. The absolute normalization was obtained from the
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Where is the 13/2+?

R. Talwar, BPK et al., Phys. Rev. C 96, 024310 (2017)

Most likely at around 2700 keV in excitation energy (Sn = 2402 keV)

HIGH-j NEUTRON EXCITATIONS OUTSIDE 136Xe PHYSICAL REVIEW C 96, 024310 (2017)

uncertainty on the absolute spectroscopic factors of about
the same order, around 30–40%, which is dominated by
the uncertainties in the cross sections. However, the relative
spectroscopic factors have comparably smaller uncertainties,
around 5%, as seen in the rms spread of the normalizations
using different optical-model parametrizations. The uncer-
tainties shown in Table I for the cross sections are those of
the statistical uncertainties and those related to the fitting
procedure. Due to the high statistics of the recorded yields,
these are of the order of 1% for the relative cross sections.
The normalized spectroscopic factors have an uncertainty of
approximately 5–10%, which reflects the variation between
the different optical-model parametrizations.

IV. DISCUSSION

A. Single-particle energies and the tensor force

The ν0h9/2 and ν0i13/2 single-particle energy centroids at
137Xe are calculated to be εh9/2 = 1327(10) keV and εi13/2 =
2206(20) keV. The latter includes the probable “third 13/2+

3
state” at 3440 keV. We include this in the remainder of the
discussion. The uncertainties, as presented in the figures and
the tables, assume this state is correctly assigned, i.e., they
do not include the ∼140 keV difference between the centroid
were the assignment of the spin-parity for the 3440 keV state
be in error. The centroids, εh9/2 and εi13/2 , are reconstructed
from the fragments as their centers of gravity, where εj =∑

EiSj/
∑

Sj . They are shown in Fig. 3 along with other
data. The binding energies of these centroids are shown in
Fig 4. The centroids move closer together in binding energy
by about 0.8 MeV going from Xe to Sm, with the binding
of the ν0i13/2 increasing more rapidly with increasing proton
number than that of the ν0h9/2 orbital.

The π0g7/2 and π1d5/2 orbitals are filling above Z = 50.
The tensor interaction is attractive when the proton and neutron
orbits have a different spin orientation with respect to their
orbital angular momentum ($ + 1/2 and $ − 1/2, or vice

Xe Ba Ce Nd Sm

Bi
nd
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g 
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gy
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eV
)

0i13/2

0h9/2

FIG. 4. Binding energies of the neutron 0h9/2 and 0i13/2 excita-
tions, corresponding to the centroids in Fig. 3, as a function of proton
number.

versa) and repulsive when the spin orientation is the same. Its
magnitude increases with increasing $ and is greatest between
orbitals with zero nodes. In the present case, the π0g7/2,
ν0h9/2, and ν0i13/2 states are nodeless and have significant
radial overlap.

The evolution of a given single-particle energy with
respect to another can be expressed as εjν = εinitial,jν +∑

VM (jνj
′
π )Njπ , where εinitial,jν is a starting value. VM (jνj

′
π )

is the magnitude of the monopole interaction from the tensor
force, which has the effect of decreasing the separation
between the 0i13/2 and 0h9/2 orbitals by 0.18 MeV per each
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FIG. 5. (a) The differences in the centroids of the 0i13/2 and 0h9/2

single-neutron strengths (where data for Ba, Ce, Nd, and Sm are
from Ref. [1]) are shown as the black squares connected by a solid
line. The dashed line is the energy difference between the 13/2+

1
and 9/2−

1 states for the N = 83 isotones between Te and Sm [37].
In Panel (b) the black squares connected by the solid line are the
experimental differences as in (a). The shaded and hatched areas
represent calculations based on the tensor interaction [9], anchored
to estimates of the 0i13/2 single-particle energy in 133Sn, based on two
different predictions. The shaded region is anchored to the gray circle
at Z = 50, which is based on the average value of εi13/2 from Urban
et al. [38] and Korgul et al. [39], 2.682 MeV. The location of the εh9/2

is taken as 1.561 MeV, the location of the observed 9/2−
1 state [37].

The hatched area represents a similar calculation but anchored to the
gray square at Z = 50 which uses the estimate of εi13/2 = 2.366 MeV
of Reviol et al. [15]. The width of the shaded region reflects the
uncertainties in the proton occupancies [19,36].
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TABLE I. Excitation energies (to the nearest keV unless other-
wise stated), differential cross sections (σ ), and normalized spectro-
scopic factors (S) for states populated via " = 5 and " = 6 transfer
in the (α,3He) reaction on 136Xe at θlab = 6◦.

E (keV) " jπ σ6◦ S

1218 5 9/2−
1 6.45(4) 0.51(4)

1515(5)a 5 9/2−
2 3.67(3) 0.29(3)

1753 6 13/2+
1 21.0(1) 0.78(7)

3137(1) 6 13/2+
2 5.62(4) 0.22(2)

3440(15) (6) (13/2+
3 ) 2.97(3) 0.12(2)

aThis energy of this state was previously estimated to be at
1590(20) keV in Ref. [14].

The spectroscopic factors quoted in Table I were extracted
from the θlab = 6◦ cross sections. The relative spectroscopic
factors were derived from a common normalization Nj ,
such that Nj =

∑
(2j + 1)C2Sj/(2j + 1) [7]. Across the nine

different combinations of optical-model parametrizations, the
θlab = 4◦ and θlab = 6◦ data, and the two different j values,
a normalization for the 137Xe states of 0.52(3) was found,
where the quoted uncertainty is the rms spread. This spread,
though small, also includes different summed strengths based
on whether the previously unobserved 3440-keV state is
assigned jπ = 9/2− or jπ = 13/2+. The spectroscopic factors
in Table I include the 13/2+

3 state in the normalization.
The normalized spectroscopic factors for states populated

in 145Sm agree well with those reported in Ref. [1]. The
resulting centroids for 145Sm derived from the current data are
εh9/2 = 1531(10) keV and εi13/2 = 1589(10) keV (cf. Table II).
These values are within 10 keV of those calculated in Ref. [1].
In the remaining discussion we adopt the spectroscopic factors,
centroids, and mixing matrix elements given in Ref. [1] for
145Sm as a matter of convenience, as they also include a
consistent analysis of the same properties for 143Nd, 141Ce,
and 139Ba.

The relative spectroscopic factors from the 136Xe(d,p)
study carried out at 10 MeV/u in inverse kinematics [14] agree
within the quoted uncertainties with those of the present study.
This bodes well for future (d,p) studies at comparable energies
on isotopes of Te and Sn, where the α-induced reactions are
likely to prove challenging.

As mentioned above, the state at 3440 keV was unexpected
and its relatively large cross section and angular distribution

TABLE II. Centroids, in MeV, for the 0h9/2 and 0i13/2 excitations
from 54 < Z < 62. Those for 56 < Z < 62 are from Ref. [1]. The
uncertainties are less than ±0.02 MeV unless stated otherwise.

Isotope εh9/2 εi13/2

137Xe 1.327(10) 2.206(20)a

139Ba 1.407(10) 1.879(24)
141Ce 1.447(10) 1.702 (52)
143Nd 1.493(5) 1.627(31)
145Sm 1.526(10) 1.594(29)

aIncludes the tentative 13/2+
3 state.
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FIG. 3. The excitation energies of the 9/2− (a) and 13/2+

(b) states at N = 83. The solid symbols are states for which
spectroscopic factors from the (α,3He) reaction are available. A third
tentatively assigned 13/2+ state in 137Xe is also shown. The 0h9/2

and 0i13/2 centroids, εh9/2 and εi13/2 , are also shown as black dots.

suggest a high " value. There is little to discriminate between
" = 5 and " = 6 angular distributions at this incident beam
energy (as seen in Fig. 2). The systematics of the 9/2− and
13/2+ excitations are shown in Fig. 3. Were the 3440-keV
state to have a jπ = 9/2− assignment, it would have a
spectroscopic factor ∼0.3 and the resulting centroid would lie
at approximately 1885 keV, some 560 keV higher in excitation
energy. This would be at odds with the systematics shown in
Fig. 3. An assignment of jπ = 13/2+ is perhaps most likely,
with a spectroscopic factor of 0.12(2) as quoted in Table I.
With the 3440 keV state included in the normalization as
jπ = 13/2+, and subsequent calculations of the centroid, it
only shifts the energy of the 0i13/2 orbital by ∼140 keV. We
searched for evidence of the 3440-keV state in other works,
the most promising one being that of Reviol et al. [15]. This
state could possibly decay via a 1687-keV γ -ray transition
to the 13/2+

1 state or to the 13/2+
2 state via a 303-keV γ

ray. However, the statistics in these data are limited and there
appears to be no clear evidence for such decays [15,35].

The uncertainties on the absolute cross sections are of
the order of 30% as discussed in Sec. II. This implies an
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Is it possible at ISOLDE?

Assuming 200 µg/cm2, 1×105 pps, 10-40° c.m. (10-35° for l=6) @ 70% geometrical efficiency, 
S=0.6 for standard OMP parameters in DWBA using Ptolemy. 1 UT = 8 hrs.
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Conclusion
It is possible/plausible/pursuable at ISOLDE with ISS, though 
limited by the beam energy (higher at Argonne, probably at ReA), 
but the intensity and purity are likely excellent cf. other facilities 

Likely not possible elsewhere in next 3-5 years 

Recoil detection explored, is likely possible based on experience at 
Argonne 

The cross section for l=6 are just possible, unlike for Hg case (where 
we had lower MeV/u, higher Z) 

Would be the clear determination of all s.p. levels outside 132Sn

It also raises an obvious question about 134Te(d,p) -- many have 
considered, and trying elsewhere (Oak Ridge, Argonne)



• Which direction in the laboratory are ejectiles emitted? Backwards 
• Do you require recoil detection? Yes (No) 
• Specific targetry requirements? No 
• Absolute or only relative cross sections required? Relative (abs. preferred) 

• Other ancillary detectors? "ELUM"

Notes for Liam and David


