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shell closure reveals itself as a large discontinuity, for instance at
132Sn, where E215 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 ofmagic
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
A1 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 angularmomentum,
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 (t1/25 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 630MeV. 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 ORRUBAdetectors 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 mmORRUBAdetectors were used. Amicrochannel
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
(hCM5 28–43u), were dominated by Rutherford scattering, which
can be easily calculated. Small corrections (about 6% or less) due to
nuclear scatteringwere 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
Ex5 854 keV and Ex5 2,005 keV excited states, and a previously
unobserved state at Ex5 1,3636 31 keV. The tentative spin-parity
assignments for the known states are 7/22 (presumably 2f7/2), 3/2

2

(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 l5 1 and an l5 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 r5 1.25 fm (where the radius R is given by
R5 rA1/3) and diffuseness a5 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
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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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FIG. 1. (Color online) Particle
identification spectra with 11,12B
beams. Panels (a) and (c) show plots
of "E versus E from the forward
recoil detectors and panels (b) and
(d) show excitation energy spectra
for 12B and 13B. The solid histogram
in panel (b) is obtained by selecting
events within the solid circle in panel
(a) (i.e., recoiling 12B from the (d,p)
reaction). The hatched histogram is
obtained by selecting events within
the dashed circle (i.e., recoiling 11B
from the (d,p)12B(n)11B). Panels (c)
and (d) show the same as described
for panels (a) and (b) only for the 12B
beam.

code PTOLEMY [27]. The optical-model parameters for these
calculations are summarized in Table I.

The minima in the # = 0 angular distributions are smeared
out by the angular resolution, which is indicated by the
horizontal error bars in Fig. 2. For the 1.674-MeV state,
the calculated DWBA cross section was also averaged over
the same angular bins as the data to check the comparison

in the region of the 22◦ minimum in the calculation (dash-
dotted line). The averaging has only a small effect, and the ex-
tracted spectroscopic factor is the same as that extracted from
the unaveraged curve, within the measurement uncertainty.
Also, the doublet at 2.621 and 2.723 MeV was unresolved
within our Q-value resolution, so the DWBA curve was
calculated for the sum of both transitions with previously
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tube. The assembled HELIOS detector array is shown in Fig. 9. As
constructed, the array has a square cross-section 23mm on a side
and is 710mm long with the active length covering 340mm. The
end of the array is fitted with a four-element, 5mm!5mm
square tantalum aperture for beam collimation; each element is
insulated from the array and the beam current incident on each
element can be monitored to aid beam tuning. The support for the
silicon array includes a liquid-cooled copper block, providing
cooling of the silicon detectors, although this cooling was not
operational during the commissioning experiment. A linear
bearing on the detector-array support structure permits axial
translation of the array within the solenoid volume over a range of
approximately 400mm. To ensure good transmission of the beam
through the array, it must be well aligned with respect to the
beam axis. This alignment is achieved using a translation stage,
providing motion perpendicular to the solenoid axis, and an
alignment ring which allows the plane of the array to tilt.

Conventional electronics are used to process the silicon-
detector signals. Each energy and position signal is first read out
using a charge-sensitive preamplifier (Mesytec MSI-8p), and then
fed to shaper/constant-fraction discriminator units (Mesytec
MSCF-16) that provide trigger information, and produce analog
signals that are digitized using conventional analog-to-digital
converters. The main trigger for the silicon-array readout is
formed from a logical OR of the discriminator outputs for all
energy and position signals.

Target foils in HELIOS are mounted on a nine-position target
fan, and the rotation angle is read out with a digital encoder. The
distance between the target and the array can be changed by
moving the target fan parallel to the beam axis, and the distance is
measured with a laser range finder. Both the rotation and linear
translation of the target fan can be accomplished under vacuum.
In addition to target foils, the target fan can also hold a calibration

source, a Faraday cup, and a silicon-detector telescope for beam
diagnostics.

3.3. The acceptance

HELIOS disperses charged particles along the detector array
in proportion to the reciprocal of their laboratory velocities,
parallel to the beam, vJ ¼ v0cosðycmÞþVcm. Each detector thus
subtends the same range of cosðycmÞ. The actual range of angles
covered in the center-of-mass frame depends on the position of
the array. As seen from Fig. 2, a range of center-of-mass angles
from 211 to 421 is covered for the ground-state transition in
the d(28Si,p)29Si reaction, given a field of 2.0 T, for the interval
covered by the silicon array between &680 and &340mm from
the target.

The solid-angle acceptance also depends on the magnetic field
and the reaction being studied. An increase in the magnetic field
decreases the dispersion and thus increases the coverage in
center-of-mass angles for a given detector position. For example,
for the ground-state transition in the d(28Si,p)29Si reaction at
6MeV/u with a central magnetic field of 2.0 T, each detector
covers an interval of DcosðycmÞ ¼ 0:028 and covers an azimuthal
range of Df¼ 0:24p, giving a solid angle of 0.021 sr per element,
and a total solid angle coverage of 0.50 sr for the silicon array in
the center-of-mass frame.

4. Simulations

Monte-Carlo simulations were performed to characterize the
HELIOS response for the d(28Si,p)29Si reaction used for the
commissioning of the instrument. These simulations are similar
to those described in Ref. [5], but incorporate tracking of particles
through the actual measured field map of the HELIOS solenoid,
and a detector array with dimensions of the actual array. The
target is a deuterated polyethylene [(C2D4)n] foil with an areal
density of 84mg=cm2, and all of the silicon detectors are assumed
to have an intrinsic energy resolution of 50 keV FWHM. These
parameters were chosen to match those of the commissioning
experiment described below. Particles in these simulations were
emitted uniformly in laboratory angle.

Fig. 10 shows a simulated spectrum of proton energy versus
position for several different final states in 29Si populated in the
d(28Si,p)29Si reaction. The figure contains simulated events
for three different target-detector separations, &95, &340, and
&490mm, as measured from the target to the most forward edge
of the active silicon. The active array regions for these three
separations are indicated by the sets of lines I, II, and III,
respectively, in Fig. 10. The dashed curve shows the acceptance
limit imposed by the size of the front of the silicon-detector array.
The gaps in the spectrum that line up for different states at the
same value of z are due to the spaces between individual
detectors on the array. The combination of analytical calculation
and Monte-Carlo simulation provides a convenient means to set
up the spectrometer to study particular nuclear reactions.

5. The d(28Si,p)29Si measurement

5.1. Experimental setup

HELIOS was commissioned with a study of the inverse-
kinematic reaction d(28Si,p)29Si. The (d,p) reaction on 28Si is
well-studied [1] and eight states in 29Si are strongly populated
between Ex¼0 and 7MeV, separated by an average interval of
0.91MeV. Near 6MeV there is a pair of states separated

Fig. 8. Photograph of one silicon PSD mounted on a printed-circuit board as used
in the HELIOS silicon-detector array.

Fig. 9. The assembled HELIOS silicon-detector array held in its transport stand.
The 5mm !5mm four-element collimator can be seen at the end of the array. The
inset shows a schematic drawing of the array cross-section.
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tube. The assembled HELIOS detector array is shown in Fig. 9. As
constructed, the array has a square cross-section 23mm on a side
and is 710mm long with the active length covering 340mm. The
end of the array is fitted with a four-element, 5mm!5mm
square tantalum aperture for beam collimation; each element is
insulated from the array and the beam current incident on each
element can be monitored to aid beam tuning. The support for the
silicon array includes a liquid-cooled copper block, providing
cooling of the silicon detectors, although this cooling was not
operational during the commissioning experiment. A linear
bearing on the detector-array support structure permits axial
translation of the array within the solenoid volume over a range of
approximately 400mm. To ensure good transmission of the beam
through the array, it must be well aligned with respect to the
beam axis. This alignment is achieved using a translation stage,
providing motion perpendicular to the solenoid axis, and an
alignment ring which allows the plane of the array to tilt.

Conventional electronics are used to process the silicon-
detector signals. Each energy and position signal is first read out
using a charge-sensitive preamplifier (Mesytec MSI-8p), and then
fed to shaper/constant-fraction discriminator units (Mesytec
MSCF-16) that provide trigger information, and produce analog
signals that are digitized using conventional analog-to-digital
converters. The main trigger for the silicon-array readout is
formed from a logical OR of the discriminator outputs for all
energy and position signals.

Target foils in HELIOS are mounted on a nine-position target
fan, and the rotation angle is read out with a digital encoder. The
distance between the target and the array can be changed by
moving the target fan parallel to the beam axis, and the distance is
measured with a laser range finder. Both the rotation and linear
translation of the target fan can be accomplished under vacuum.
In addition to target foils, the target fan can also hold a calibration

source, a Faraday cup, and a silicon-detector telescope for beam
diagnostics.

3.3. The acceptance

HELIOS disperses charged particles along the detector array
in proportion to the reciprocal of their laboratory velocities,
parallel to the beam, vJ ¼ v0cosðycmÞþVcm. Each detector thus
subtends the same range of cosðycmÞ. The actual range of angles
covered in the center-of-mass frame depends on the position of
the array. As seen from Fig. 2, a range of center-of-mass angles
from 211 to 421 is covered for the ground-state transition in
the d(28Si,p)29Si reaction, given a field of 2.0 T, for the interval
covered by the silicon array between &680 and &340mm from
the target.

The solid-angle acceptance also depends on the magnetic field
and the reaction being studied. An increase in the magnetic field
decreases the dispersion and thus increases the coverage in
center-of-mass angles for a given detector position. For example,
for the ground-state transition in the d(28Si,p)29Si reaction at
6MeV/u with a central magnetic field of 2.0 T, each detector
covers an interval of DcosðycmÞ ¼ 0:028 and covers an azimuthal
range of Df¼ 0:24p, giving a solid angle of 0.021 sr per element,
and a total solid angle coverage of 0.50 sr for the silicon array in
the center-of-mass frame.

4. Simulations

Monte-Carlo simulations were performed to characterize the
HELIOS response for the d(28Si,p)29Si reaction used for the
commissioning of the instrument. These simulations are similar
to those described in Ref. [5], but incorporate tracking of particles
through the actual measured field map of the HELIOS solenoid,
and a detector array with dimensions of the actual array. The
target is a deuterated polyethylene [(C2D4)n] foil with an areal
density of 84mg=cm2, and all of the silicon detectors are assumed
to have an intrinsic energy resolution of 50 keV FWHM. These
parameters were chosen to match those of the commissioning
experiment described below. Particles in these simulations were
emitted uniformly in laboratory angle.

Fig. 10 shows a simulated spectrum of proton energy versus
position for several different final states in 29Si populated in the
d(28Si,p)29Si reaction. The figure contains simulated events
for three different target-detector separations, &95, &340, and
&490mm, as measured from the target to the most forward edge
of the active silicon. The active array regions for these three
separations are indicated by the sets of lines I, II, and III,
respectively, in Fig. 10. The dashed curve shows the acceptance
limit imposed by the size of the front of the silicon-detector array.
The gaps in the spectrum that line up for different states at the
same value of z are due to the spaces between individual
detectors on the array. The combination of analytical calculation
and Monte-Carlo simulation provides a convenient means to set
up the spectrometer to study particular nuclear reactions.

5. The d(28Si,p)29Si measurement

5.1. Experimental setup

HELIOS was commissioned with a study of the inverse-
kinematic reaction d(28Si,p)29Si. The (d,p) reaction on 28Si is
well-studied [1] and eight states in 29Si are strongly populated
between Ex¼0 and 7MeV, separated by an average interval of
0.91MeV. Near 6MeV there is a pair of states separated

Fig. 8. Photograph of one silicon PSD mounted on a printed-circuit board as used
in the HELIOS silicon-detector array.

Fig. 9. The assembled HELIOS silicon-detector array held in its transport stand.
The 5mm !5mm four-element collimator can be seen at the end of the array. The
inset shows a schematic drawing of the array cross-section.
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FIG. 1. (Color online) Particle
identification spectra with 11,12B
beams. Panels (a) and (c) show plots
of "E versus E from the forward
recoil detectors and panels (b) and
(d) show excitation energy spectra
for 12B and 13B. The solid histogram
in panel (b) is obtained by selecting
events within the solid circle in panel
(a) (i.e., recoiling 12B from the (d,p)
reaction). The hatched histogram is
obtained by selecting events within
the dashed circle (i.e., recoiling 11B
from the (d,p)12B(n)11B). Panels (c)
and (d) show the same as described
for panels (a) and (b) only for the 12B
beam.

code PTOLEMY [27]. The optical-model parameters for these
calculations are summarized in Table I.

The minima in the # = 0 angular distributions are smeared
out by the angular resolution, which is indicated by the
horizontal error bars in Fig. 2. For the 1.674-MeV state,
the calculated DWBA cross section was also averaged over
the same angular bins as the data to check the comparison

in the region of the 22◦ minimum in the calculation (dash-
dotted line). The averaging has only a small effect, and the ex-
tracted spectroscopic factor is the same as that extracted from
the unaveraged curve, within the measurement uncertainty.
Also, the doublet at 2.621 and 2.723 MeV was unresolved
within our Q-value resolution, so the DWBA curve was
calculated for the sum of both transitions with previously
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FIG. 2. (Color online) Angular-
distribution data for the 11B(d,p)12B
reaction in inverse kinematics with
the DWBA calculations. The dashed
lines correspond to spectroscopic
factors from Ajzenberg-Selove [26]
and the solid lines are normalized
to the current data. See the text for
details.
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We have studied the 15Cðd; pÞ16C reaction in inverse
kinematics using a beam of short-lived (T1=2 ¼ 2:45 s)
15C ions from the In-Flight facility at ATLAS at Argonne
National Laboratory [20]. The beam was produced by
bombarding a cryogenic D2 gas cell with a 100 p nA 14C
primary beam with an energy of 133 MeV. The resulting
15C beam, from the 14Cðd; pÞ15C reaction, had an energy of
123 MeV, corresponding to a deuteron energy of 16.4 MeV,
where the ðd; pÞ reaction is well understood. The intensity
ranged from 1 to 2$ 106 15C per second.

Protons from the 15Cðd; pÞ16C reaction were detected
with the Helical Orbit Spectrometer (HELIOS) [21,22].
HELIOS is a new device designed to study reactions in
inverse kinematics. It consists of a large-bore, supercon-
ducting solenoid with its axis aligned with the beam direc-
tion. The magnetic field was 2.85 T, and a 110 !g=cm2

deuterated polyethelyne [ðC2D4Þn] target was used. Protons
emitted at forward angles in the center-of-mass frame
("lab > 90%) were transported in the magnetic field and
detected with a position-sensitive silicon-detector array
surrounding the beam axis upstream of the target. The
silicon-detector array measured the protons’ energy, dis-
tance z from the target, and flight time (equal to the cyclo-
tron period Tcyc ¼ 2#m=Bq). The recoiling 16C ions were

detected in coincidence with protons in an array of silicon-
detector !E& E telescopes that covered 0.5%–2.8% in the
laboratory. All events with a particle detected in the up-
stream silicon array were recorded. The beam intensity was
monitored by using a silicon detector placed at 0% behind a
mesh attenuator that reduced the beam flux by a factor of
1000. The widely spaced holes in this attenuator made this
measurement sensitive to the alignment and the shape of
the beam spot, giving an estimated 30% systematic uncer-
tainty for the absolute beam flux.

Figure 1(a) shows a spectrum of proton energy versus
position z from the 15Cðd; pÞ16C reaction for p-16C co-
incidence events. The diagonal lines correspond to differ-
ent excited states in 16C, and the excitation-energy spec-
trum derived from these data is shown in Fig. 1(b). The
resolution is approximately 140 keV FWHM, determined
by a combination of intrinsic detector resolution, energy
loss of the beam in the target, and the energy spread of the
beam from straggling in the production cell and the kine-
matics of the production reaction. This resolution was
insufficient to resolve the closely spaced 2þ2 =3

þ
1 doublet

near EXð16CÞ ¼ 4 MeV, though the width of this peak is
20% greater than those of the other three excitations.

Angular distributions for the three resolved transitions in
16C and the unresolved 2þ2 =3

þ
1 doublet are shown in Fig. 2.

The proton solid angle was defined by the geometry of the
upstream silicon-detector array. The efficiency for the
coincident proton-16C-recoil detection was calculated by
using Monte Carlo simulations of particle transport in
HELIOS as described in Ref. [21] with the measured field
map of the solenoid magnet. This efficiency was typically

80%, with an estimated 5% systematic uncertainty from
detector misalignment. The absolute cross-section scale
was determined by using the 0% monitor detector as de-
scribed above; the plotted uncertainties reflect only the
combined statistical uncertainties from the data and
Monte Carlo simulations. The horizontal bars represent
the angular range included in each data point. The angular
distributions for the ground and second-excited states show
clear ‘ ¼ 0 character, confirming the tentative assignment
of J# ¼ 0þ [23] for the second-excited state. The first-
excited state and the presumed doublet near 4 MeV are
consistent with ‘ ¼ 2.
Relative spectroscopic factors were obtained by compar-

ing the experimental cross sections with distorted-wave
Born approximation calculations done with the code
PTOLEMY [24]. The curves in Fig. 2 represent calculations
done with four sets of optical-model parameters, and each
curve was normalized to the experimental cross sections.
The deduced spectroscopic factors are listed in Table I.
Because of the uncertainty in the absolute cross sections,
the results were normalized by requiring the sum of the 0þ

spectroscopic factors to add up to 2.0. The values obtained
with each of the four parameters sets were averaged to
obtain the results in Table I. The errors are dominated by
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FIG. 1 (color online). (a) Proton energy versus position
spectrum for the 15Cðd; pÞ16C reaction measured in inverse
kinematics with HELIOS. The target is at z ¼ 0 mm, and z
increases in the beam direction. The different groups correspond
to different final states in 16C, as is indicated on the figure.
(b) 16C excitation-energy spectrum.

PRL 105, 132501 (2010) P HY S I CA L R EV I EW LE T T E R S
week ending

24 SEPTEMBER 2010

132501-2

X*(a*(>L42&%%(.-&5@*M().,2*(V"0*(;"`*("76<(E_IbFE(OIFEFP(

0:=:+5>"6I<-A"5I<+B"77+C0D+EFGH



!"#$%&(,721(1+);6(F+)=3

+""#(34(2""(.4N(a=;8:9(?"1541&2(N'3.(H"%&2(45(2'&'J%1(&%22(34(3.42"(
%14L#@(E_I9#(T(7*()*:07-):/*(/9(JQ]$N^(F+)=3

>"(?"1541&"@(3."2"(3"232(N'3.(%(H'3(45(?.,2'G2('#(&'#@(T(5?[WP_+X-C(7*(@7812(/9(
37*8@+A-).:0@+(2.+*53(7*(21+(`(a(TO(73/2/*+3()*5(5?[WR_+X-C()3()*(+).@6(
+G-@/.):/*(/9(*+42./*(;)0)*06(?.+@)2+5(2/(RbO!(=)2.7G(+@+=+*23C

13 15 17 19 21 23 25 27 29 31 33
–500

–300

–100

100

300

500

700

900

1100

E
n
e
rg

y
 d

if
fe

re
n
c
e
 (

k
e
V

)

7 9 11 13 15 17 19 21 23 25 27 29 31 33
400

800

1200

1600

2000

2400

2800

(A)

(B)

Energy difference lowest 11/2--7/2+

Energy difference !h11/2-!g7/2

Energy difference lowest 13/2+-9/2-

Energy difference !i13/2-!h9/2

N-Z N-Z

4 12 20 28 36
–1000

0

1000

4 12 20 28 36
200

1200

2200

3200

!"#$%&'(()*+'+',)*-

!"##$%&'&!()$%

(.)*-'+'/)*+

*+#,$%'+'*"-$%

N – Z

0
1
$
23
4'
5
67
$
2$
1
8$
'9
:$
;
<

124
Sn

138
Ba

132
Sn

144
Sm

112
Sn

132
Sn

136
Xe

134
Te

N – Z!)+(.-&5@*M().,2*(;"`*(!56!M(IEo(OIFFCP

Z. Phys. A - Hadrons and Nuclei 340, 339-340 (1991) 

Short note 

""~ Hadrons  fi3r Physik A 

and Nuclei 
 9 Springer-Verlag 1991 

Investigation of the (d, p)-reaction on 
in inverse kinematics* 

1 3 6 , 1 3 2 X e  

G. Kraus l  p. Egelhofl, H. Emling ~, E. Grosse 1, W. Henning ~, R. Hohmann 1, H.J. Kdrner 2, J.V. Kratz 3, 
R. Kulessa  4, Ch.  Schiel l l  2, j . p .  Sch i f fe r  5, W.  W a g n e r  2, W.  W a l u s  4 and H . J .  W o l l e r s h e i m  1 

GSI Darmstadt, W-6100 Darmstadt, Federal Republic of Germany 

2 Physik-Department TU Mfinchen, W-8046 Garching, Federal Republic of Germany 

3 Institut f~r Kernchemie, Universit/it Mainz, W-6500 Mainz, Federal Republic of Germany 

Jagiellonian University, Cracow, Poland 

5 Argonne National Laboratory, Argonne, IL 60439, USA 

Received May 14, 1991; revised version July 2, 1991 

A b s t r a c t  

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 - 

*Dedicated to Prof. Dr. P. Kienle on the occasion 
of his 60th birthday 

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. 

132 13"2 
d( Xe, d} Xe 
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Fig. 1 :Angular distribution of the differential cross section 
for la2Xe + d elastic scattering normalized to the 
Rutherford cross section. The solid line is the result of an 
optical - model calculation. The errors shown are statis- 
tical. 
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