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PREFACE 

 

The progress on Grant No. DE-FG02-96ER40955 from 1 October 2012 to 31 August 2013 is 

summarized in this report. 

 

During this period, progress was made in the analysis of data from the 
126,128

Sn(d,p)
127,129

Sn 

experiments (RIB-168), which is the thesis project of Brett Manning, a Rutgers University graduate 

student.  Progress was also made in the analysis of particle-gamma coincidence data from the inverse 

(
9
Be,

8
Be) reaction on  

126,128,130
Sn.  Status updates of these projects are included in this report. 

 

In May 2013, data from the astrophysically important 
2
H(

56
Ni,n)

57
Cu reaction were acquired at the 

National Superconducting Cyclotron Laboratory (NSCL) and are now being analyzed.  This work is 

being done in collaboration with scientists affiliated with a number of other institutions, and used the 

VANDLE and MoNA-LISA neutron detector arrays.  In August 2013, as part of the commissioning 

of JENSA, the new gas jet target system, the 
20

Ne(p,d)
19

Ne reaction was studied using protons from 

the ORNL tandem.  A candidate for the sub-threshold state discovered previously in our 
18

F(d,n)
19

Ne 

work was observed, and we hope to extract the spin of this astrophysically important level from its 

(p,d) angular distribution.  Summaries of these experiments are included in this report. 

 

It is clear that these research activities directly impact many of the Goals and Milestones established 

by the Nuclear Science Advisory Committee (NSAC) in the area of Nuclear Structure and 

Astrophysics.  Our work specifically addresses the following Nuclear Structure & Reactions 

Physics Goals (taken and paraphrased from the NSAC document): 

 

1) to dramatically expand our understanding of the nucleus and nuclear matter and provide new 

insights into the nuclear forces through detailed studies of rare isotopes, and 2) to study the limits of 

nuclear existence and the evolution of structure between these limits, toward the ultimate goal of a 

unified microscopic understanding of the nuclear many-body system.  

  

Thus, our work clearly impacts a main focus identified by NSAC: 

  

 “..to identify the evolution of nuclear structure with mass and charge and improve theoretical 

models to gain a more complete understanding of the nucleus, and to explore nuclei at the limits of 

existence to establish their properties and test the models of nuclear structure and reactions in 

currently unmeasured regimes of nucleonic matter.”  

  

In addition to making significant additions to the nuclear structure, our research has important 

applications to the Nuclear Astrophysics Physics Goals, especially pertaining to explosive 

nucleosynthesis.  This includes the nuclear r-processes, which probably occur in core-collapse 

supernovae, and the rp-processes of novae and X-ray bursts.  Including the research reported herein 

and in our progress reports for the past several years, we have made significant contributions to the 

Milestones established by NSAC for the 2006-2012 period, some of which are: 

 

“Measure changes in shell structure and collective modes as a function of 

neutron and proton number from the proton drip line to moderately neutron-rich 
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nuclei.” (Structure, 2006)  “Extend spectroscopic information to regions of 

crucial doubly magic nuclei far from stability such as Ni-78.”  (Structure, 2009)  

“Measure transfer reactions on r-process nuclei near the N=50 and N=82 closed 

shells.” (Astrophysics, 2007)  “Measure …… spectroscopic strengths ….. of 

selected neutron-rich nuclei in the supernova r-process, and reactions to predict 

radionuclide production in supernovae.”  (Astrophysics, 2012) These are directly 

impacted by our (d,p) reaction work with radioactive beams in the N=50 region 

(some already published, one more experiment performed), and in the N=82 

region (six experiments completed, two published). 

 

“Measure properties of and reactions on selected proton-rich nuclei in the rp-

process to determine radionuclide production in novae and the light output and 

neutron star crust composition synthesized in X-ray bursts.”  (Astrophysics, 2009) 

Significant contributions to this milestone have been made through our many 

experiments using radioactive 
17

F, 
18

F, and 
26

Al beams, including elastic 

scattering, (p,), (d,p), (p,), and (d,n) reactions.  We expect an additional 

contribution to be coming from our recent 
2
H(

56
Ni,n)

57
Cu experiment mentioned 

above.  Also, we have made a number of measurements pertinent to this issue 

with stable beams and targets at the HRIBF. 

 

These goals were evaluated more recently (2008) by the NSAC Subcommittee on Performance 

Measures in the Subcommittee on Performance Measures Report.  Our work directly impacts 

ongoing milestones NS3, NS9, NA6, and NA10 listed and discussed in that report. 

 

TTU undergraduate students Zachary Bergstrom, Travis Johnson, and Dominic Robe worked in our 

group at ORNL during the summer of 2013.  Their duties included helping with the 
2
H(

56
Ni,n)

57
Cu 

experiment at the NSCL and analyzing the resulting data from the Versatile Array of Neutron 

Detectors at Low Energy (VANDLE) and testing pressure and voltage parameters for a beam 

tracking detector to be used at NSCL.  All three students applied for and received funding to attend 

the 2013 Fall Meeting of the Division of Nuclear Physics to present posters on their work in the 

Conference Experience for Undergraduates (CEU) program.  

  

We much appreciate the assistance of Linda Kreis, who served as secretary and bookkeeper for the 

program.  We also thank Elizabeth Walker, our equipment technician, for cheerfully assisting us in a 

variety of ways.  Special thanks are due the scientists and support personnel at ORNL for their 

assistance and hospitality.  Further, we thank our collaborators for providing information for this 

report.  Finally, we would like to remind the reader that the unpublished work described herein is 

preliminary and should not be quoted in the literature without prior approval. 

 

 

          R. L. Kozub 

http://science.energy.gov/~/media/np/nsac/pdf/docs/perfmeasevalfinal.pdf
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, R.L. Kozub

2
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3
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4
, D.W. Bardayan
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2
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3
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4
JIHIR;

 5
ORNL; 

6
Sungkyunkwan; 

7
Mines; 

8
LSU; 

9
UNAM 

 

Understanding single-neutron excitations in neutron-rich Sn nuclei is important for nuclear structure 

near the N=82 shell closure, and may also be important in understanding abundances of heavy 

elements because of large neutron capture rates at late times in r-process nucleosynthesis [Sur09]. 

Our collaboration has made seminal contributions to understanding the structure of A≈130 Sn 

isotopes by the earlier studies of 
132

Sn(d,p)
133

Sn [Jon10, Jon11] and 
130

Sn(d,p)
131

Sn [Koz12]. To 

complete the study of (d,p) reactions on even Sn isotopes in reverse kinematics, in early 2012 we 

measured the (d,p) reaction with beams of radioactive 
126,128

Sn as well as with stable 
124

Sn.  Our goal 

is to understand the evolution from concentrated single-particle strength in nuclei near 
132

Sn to much 

greater fragmentation in 
125

Sn [Tom11]. 

 

The (d,p) reaction was studied with ≈5 MeV/u Sn beams and ≈240 µg/cm
2
 CD2 targets.  Reaction 

protons were measured with six SuperORRUBA [Bar13] highly-segmented silicon-strip detectors at 

laboratory angles from 90° to 125°, supplemented by 6 silicon detectors in SIDAR [Bar01] covering 

laboratory angles of 125° to 160°.  An additional 2 SuperORRUBA detectors were placed from 65° 

to 90° in the lab to measure elastically scattered deuterons for cross section normalization.  Beam-

like reaction products were detected in a high-rate ionization chamber [Cha11] at 0°, which served 

not only to provide a means for light-ion-heavy-ion coincident events but also as an alternate method 

of beam normalization.  

  

Q-value spectra obtained from the backward angle SuperORRUBA detectors are displayed in Figure 

1. These spectra are reminiscent of those from the 
132,130

Sn(d,p) studies [Jon10, Jon11, Koz12] where 

concentrated 2f7/2, 3p3/2, 3p1/2 and 2f5/2 strength was observed at similar Q-values.  Differential cross-

sections were extracted for each of the states near Q=0 in Figure 1.  The transferred orbital angular 

momentum was determined for each state by comparing the experimental cross-section with a 

theoretical cross-section from a Distorted Wave Born Approximation (DWBA) calculation. 

Normalizing the theoretical cross-section to the experimental cross-section allowed us to extract 

spectroscopic factors for each state as shown in Figure 2.  Preliminary spectroscopic factors fit within 

the results from previous measurements, but more theoretical work is necessary to fully interpret 

these results.   
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Figure 1.  Preliminary Q-value spectra from six SuperORRUBA detectors covering lab angles from 90° to 125° for 
126

Sn(d,p) (top) and 
128

Sn(d,p) (bottom) studies at the HRIBF.  
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Figure 2.  Differential cross-section for a 
129

Sn state at Ex=2.67 MeV excited in the 
128

Sn(d,p)
129

Sn reaction.  The DWBA 

calculations suggest this state is well described as a 2f7/2 shell model state with a spectroscopic factor of about 0.75.  In 

particular, note that near 25° in the center of mass, the data closely follow the theoretical curve for the 2f7/2 state while 

diverging from the curve for the 3p3/2 state. 
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Levels in 
19

Ne provide important resonances for the 
18

F(p,α)
15

O reaction, which in turn is the primary 

destruction channel for the radioisotope 
18

F in nova explosions.  Observation of 
18

F decay in novae 

ejecta would provide a rather direct probe of nova models, and it is therefore of critical interest to 

determine the astrophysical rate of the 
18

F(p,α)
15

O reaction at the relevant temperatures.  A recent 

study [Ade11] of the 
18

F(d,n)
19

Ne* reaction found that a significant fraction of the single-particle 

strength was concentrated in a level near 6.289 MeV.  While this is below the proton threshold at 

~6.4 MeV, interference between this level and resonances just above the threshold can have a 

significant effect on the low-temperature reaction rate.  To properly characterize such interference, a 

better understanding of the properties of this strong single-particle level must be obtained.  In 

particular, knowledge of the spin is of critical importance.  The level is known to have either J
π
 = 1/2

+
 

or 3/2
+
, and it should be possible to distinguish between the two in a study of the 

20
Ne(p,d)

19
Ne 

reaction since its population would require either an =0 or 2 angular momentum transfer,  

respectively. 

 

To perform this measurement, we have taken advantage of the newly-constructed Jet Experiments 

for Nuclear Structure and Astrophysics (JENSA) gas jet target.  Natural abundance neon gas was 

recirculated through the target at densities approaching 3×10
18

 atoms/cm
2
 over an effective target 

size of 3-4 mm width.  The deuterons from the 
20

Ne(p,d)
19

Ne reaction were detected and identified in 

detector telescopes of the SIDAR array comprised of 65 µm thick detectors backed by 1000 µm thick 

detectors and covering angles beween 20 and 45 degrees in the laboratory.  Data were taken for 

approximately 28 h at the HRIBF with 30 MeV proton beams and intensities up to 3 nA.  A deuteron 

energy spectrum is shown in Fig. 1 where the 
19

Ne excitation region of interest is highlighted.  Work 

is ongoing to positively identify the states observed and to extract the angular distributions of protons 

for analysis. 

 

Reference 
 

[Ade11] A. S. Adekola et al.,Phys. Rev. C 83, 052801 (2011). 
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Figure 1.  The deuteron energy spectrum observed from the 
20

Ne(p,d)
19

Ne reaction, highlighting positively identified 

states in 
19

Ne and the approximate region of interest near the proton threshold. 
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Collaboration, MoNA Collaboration 

 

In the spring of 2013 the VANDLE and MoNA Collaborations performed two (d,n) transfer-reaction 

experiments at the NSCL. The first was with a 30 MeV/u 
40

Ca beam and served as a proof-of-

principle for the second experiment which used a 35 MeV/u 
56

Ni beam. Both utilized the VANDLE 

and MoNA-LISA neutron arrays to measure the neutrons at many angles surrounding the deuterated 

polyethylene target.  

 

The purpose of the 
56

Ni experiment was to determine the proton width of the 1p1/2 resonance at 1106-

keV in 
57

Cu. By measuring the 
56

Ni(d,n)
57

Cu(1106 keV) cross section, the spectroscopic factor for 

this 1p1/2 state can be extracted along with the proton partial width, allowing one to calculate the 

resonance strength of the proton capture reaction. This reaction is the linchpin within the rp-process 

of explosive nucleosynthesis. 

 

The experimental setup is shown in Fig. 1.  Forty large (2 m long) VANDLE modules were 

positioned at very back angles while walls of MoNA-LISA modules covered side angles and forward 

angles relative to the beam direction. This configuration was chosen because in inverse kinematics, 

the energies of the neutrons from the (d,n) reaction depend on the polar angle relative to the beam 

and are much less at backward angles. The large VANDLE bars are well suited for the lower energy 

neutrons that are ejected at backward angles while the MoNA-LISA modules work best at 

intermediate and higher energies. 

 

Coincident 
57

Cu recoils were detected by a suite of charged particle detectors behind the Sweeper 

magnet. These included two Cathode Readout Drift Chambers (CRDC) that measured both the x and 

y positions of the recoils, used to determine their angle. There was also a gas-filled ion chamber to 

measure the energy loss and a plastic scintillator to measure the total energy.  A thick tungsten plate 

was inserted behind the Sweeper magnet to block most of the unreacted 
56

Ni to reduce the rate on the 

sensitive charged particle detectors.  Gates on the data from these detectors will be used to clean up 

the neutron spectra in the VANDLE and MoNA-LISA.  

 

The data acquisition (DAQ) for VANDLE was done with digitizing electronics while the MoNA-

LISA DAQ was done with conventional electronics (TDCs and QDCs). Both DAQs were run in 

time-stamping mode to record a unique counter for each event, permitting the two data streams to be 

merged, so as to facilitate gating the neutron spectra with 
57

Cu events from the charged-particle data. 
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Figure 1. Design drawing of proposed experimental setup for the 

56
Ni(d,n) experiment. The charged particle detectors 

were inside the focal plane box (light blue) downstream of the Sweeper magnet (dark blue). Additional MoNA-LISA 

walls were positioned at forward angles of 40° and 0° (180° in CM frame). The VANDLE detectors were oriented 

vertically and positioned 3 meters from the target chamber, while the MONA-LISA modules rested horizontally with the 

closest wall 3.5 meters from the side of the target chamber. 

 

Preliminary results using the 
40

Ca beam (Fig. 2) 

show a distinct kinematic curve from the (d,n) 

neutrons in the side wall of the LISA detectors. 

Improvements to the setup for the 
56

Ni run included 

moving the timing detector upstream and out of the 

room to reduce the background rate. Calibration of 

the analysis of the data taken with both beams is 

ongoing.  Recently, VANDLE data files have been 

converted to the ROOT system in preparation for 

merging with the data from the Sweeper charged-

particle detectors. Those efforts were led by 

summer undergraduate interns from Tennessee 

Technological University and the University of 

Wisconsin, La Crosse.  

 

 
Figure 2.  Spectrum of neutron energies versus position 

from the LISA detectors, showing a kinematic locus 

corresponding to neutrons from the 
2
H(

40
Ca,n)

41
Sc 

reaction. 
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Spectroscopic information on neutron-rich nuclei is needed to determine the direct neutron capture 

rates affecting the abundance pattern of the rapid neutron capture process (r-process) occurring in 

supernovae. Sensitivity studies have shown that the individual neutron capture rates and the structure 

of exotic nuclei near neutron closed shells are particularly important for constraining the r-process 

calculation [1]. However, due to the difficulty of creating and using radioactive ion beams of 

unstable nuclei, there is little experimental data for the relevant neutron-rich nuclei such as 
81

Ge.  

 

The only previous studies of the low-lying levels in 
81

Ge inferred level properties from the 

observations of γ rays following the β decay of 
81

Ga and the β-delayed neutron decay of 
82

Ga [2]. 

Precise level energies for low-lying 
81

Ge levels were obtained, but spins could only be estimated 

based on secondary arguments. A surprise was that the evidence pointed to a low-lying isomeric state 

with J
π 

= 1/2
+
 which was in contradiction to the J

π 
= 1/2

-
 spin found for the isomer in the other odd-

mass N = 49 isotones (Fig. 1). Clearly, determining the spins of these low-lying 
81

Ge levels is 

important to understanding shell structure near N = 50. Such information can be directly determined 

from measurements of (d,p) reactions. 

 

To address these uncertainties, the low-lying levels of the N = 49 nucleus 
81

Ge have been studied by 

the first neutron transfer measurement on exotic 
80

Ge, using a 
80

Ge beam of energy 310 MeV (3.875 

MeV/u) in inverse kinematics at the Holifield Radioactive Ion Beam Facility (HRIBF) at Oak Ridge 

National Laboratory (ORNL).  The beam bombarded a 174 μg/cm
2
 CD2 target for 5 days.  The 

80
Ge 

beam was produced via proton-induced uranium fission and the isotope separation on-line (ISOL) 

method and was ∼97% pure.  An average beam rate of about 120,000 pps was obtained.  A 

combination of several detector arrays, including SuperORRUBA [3], ORRUBA [4], Array for 

Nuclear Astrophysics Studies with Exotic Nuclei (ANASEN) [5], and Silicon Detector Array 

(SIDAR) [6] were used to detect light-mass reaction products. A new fast ionization counter [7] was 

placed downstream of the target for recoil identification and beam rate measurements. 

 

Excitation energies and the angular distributions of low-lying levels in 
81

Ge were measured for the 

first time using the (d,p) reaction to confirm spins and parities of the states. Three peaks were found 

in the Q-value spectrum (Fig. 2).  A peak at Ex = 634±50 keV was close to the previously observed 

doublet of Ex = 679 keV and 711 keV (Fig. 2).  No peak was observed at Ex = 896 keV, which is 

consistent with a 1/2
-
 (hole state) assignment.  The angular distribution for the peak at Ex = 634 keV 

was compared to theoretical calculations using the DWBA and ADWA methods.  Fig. 3 shows that 

the combined calculations for two levels, one  = 0 and  = 2, produces acceptable fits to the data in 

the ADWA analysis. The spectroscopic factors, Sj, extracted from the data using the ADWA method 
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are 0.32±0.14 for the 1/2
+
 state and 0.23±0.11 for the 5/2

+
. The quoted uncertainties are the 

combination in quadrature of experimental and theoretical considerations. 

 
Figure 1.  Odd-mass N = 49 level systematics, adopted from Fig. 10 of [2].  The spins shown for 

81
Ge have not been 

directly measured by Ref. [2]. 

 

Using these experimental results, the direct-semi-direct (DSD) capture cross sections for 
80

Ge(n,γ)
81

Ge have been calculated and the uncertainties were reduced by about an order of 

magnitude from previous estimates, none of which were based on experimental data (Fig. 4). This 

new result, which further elucidates the nuclear structure in this mass range, helps in the estimation 

of realistic (n,γ) reaction rate calculations for r-process nucleosynthesis for neighboring isotopes. 

 

In conclusion, these newly discovered spectroscopic properties of the low-lying levels of 
81

Ge could 

have an important impact on the final r-process abundance pattern, and they provide information 

needed to understand the evolution of nuclear shell structure away from stability. The 
80

Ge(d,p)
81

Ge 

transfer reaction in inverse kinematics has been studied at the HRIBF, and three peaks of excitation 

energies Ex = 634±50 keV, 1.13±0.07 MeV and 2.15±0.09 MeV were found from the data analysis. 

The angular distribution of the peak at Ex = 634 keV was compared to theoretical calculations and an 

acceptable fit was found for an =0 (1/2+ at Ex = 679 keV) and =2 (5/2+ at Ex = 711 keV) 

combination. There was no peak at Ex = 896 keV, implying that this is probably a 1/2- hole state. 

Spectroscopic factors from ADWA analysis were S = 0.32±0.14 (1/2+) and 0.23±0.11 (5/2+). 

Finally, neutron capture cross section calculations were performed using these experimental data and 

thereby reduced the uncertainties by an order of magnitude. This confirms that the single particle 

property scaled by the spectroscopic factor plays an important role in the neutron capture process. 
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Figure 2.  (a) Q-value spectrum of protons from the 

80
Ge(d,p)

81
Ge reaction from SIDAR with the conventional electronics 

system (blue) and from the SuperORRUBA-plus-ASICs system (purple). (b) Energy levels of 
81

Ge nucleus from NNDC 

overlaid by three peaks (red bands) found in this experiment. 

 

 
Figure 3. ADWA calculations of proton differential cross sections from the 

80
Ge(d,p)

81
Ge reaction for  =0 and =2 

angular momentum transfers with different weights on the data. The red curve is a fit with two levels (= 0 and =2). The 

blue and purple curves show individual contributions of = 0 transfer and = 2 transfer, respectively. 
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Figure 4. Calculated DSD cross sections (black curve) for the reactions 

80
Ge(n,γ)

81
Ge. Individual contributions are also 

plotted with green curve for the 3s1/2 orbital and brown curve for the 2d5/2 orbital. The cross sections are calculated for the 

Ex = 679 keV level using the density form of the EM operator with the semi-direct (SD) contribution. The lower limit of 

the red hashed band shows the calculation with S = 0.18 ( = 0 and J = 1/2) and S=0.23 ( = 2 and J = 5/2), and the upper 

limit was calculated with S = 0.46  ( = 0 and J = 1/2) and S = 0.23 ( = 2 and J = 5/2). A dashed light red band represents 

calculated cross sections for the Ex = 679 keV case with spectroscopic factor Sj = 1 (top, blue) and 0.1 (bottom, purple). 

The uncertainty of the cross section is ~ 30%, similar to the uncertainties in the measured spectroscopic factors. 
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Recent calculations suggest that the rate of neutron capture by 130Sn has a significant impact on late-

time nucleosynthesis in the r process. Direct capture into low-lying bound states is expected to be

significant in neutron capture near the N ¼ 82 closed shell, so r-process reaction rates may be strongly

impacted by the properties of neutron single particle states in this region. In order to investigate these

properties, the (d,p) reaction has been studied in inverse kinematics using a 630 MeV beam of 130Sn

(4:8 MeV=u) and a ðCD2Þn target. An array of Si strip detectors, including the Silicon Detector Array and

an early implementation of the Oak Ridge Rutgers University Barrel Array, was used to detect reaction

products. Results for the 130Snðd;pÞ131Sn reaction are found to be very similar to those from the previously

reported 132Snðd;pÞ133Sn reaction. Direct-semidirect (n,�) cross section calculations, based for the first

time on experimental data, are presented. The uncertainties in these cross sections are thus reduced by

orders of magnitude from previous estimates.

DOI: 10.1103/PhysRevLett.109.172501 PACS numbers: 21.10.Jx, 25.45.Hi, 25.60.Je, 26.30.Hj

The rapid neutron capture process (r process) is thought
to be responsible for the synthesis of about half of the
nuclear species heavier than Fe [1], but little experimental
nuclear physics information is available for r-process stud-
ies. Recent r-process calculations by Beun et al. [2] and
Surman et al. [3] suggest the 130Snðn;�Þ131Sn reaction rate
plays a pivotal role in nucleosynthesis, engendering global
effects on isotopic abundances over a wide mass range
during the freeze-out epoch following ðn;�Þ Ð ð�;nÞ equi-
librium. This is owing, in part, to the long �-decay lifetime
of the 130Sn ground state (322 s). Direct neutron capture
(DC) is expected to be significant at late times in the r
process near the N ¼ 82 closed shell, and the reaction rate
may thus be strongly impacted by the properties of single
particle states in this region. The most critical states for
s-wave DC are the 3p3=2 and 3p1=2 single neutron states,

which would be populated via E1 transitions. The DC cross
section varies widely depending on whether or not these
states are bound [4], and their excitation energies were not
known before the present work. Indeed, theoretical DC
(n,�) cross sections can vary by nearly 3 orders of magni-
tude for 130Sn, depending on the nuclear structure model
selected [4]. Thus, neutron single particle data on neutron-
rich species in this region are crucial for evaluating the role

of 130Sn in the r process and for constraining model
parameters.
Yrast cascades in 131Sn involving states with J � 11=2

have been studied by Bhattacharyya et al. [5], and the spins

and parities of some of the low-lying hole states have been

assigned tentatively from �-decay experiments [6,7].

Since there are nominally two neutron holes in the 130Sn
core (N ¼ 80), one or more low-lying, low angular mo-

mentum hole states of 131Sn may be observed in a (d,p)
experiment, depending on the complexity of the 130Sn
ground state wave function. From shell model considera-

tions, the highest orbitals below the N ¼ 82 shell gap are

expected to be the (nearly degenerate) 2d3=2 and 1h11=2,

plus the 3s1=2. From the recent 132Snðd;pÞ133Sn work of

Jones et al. [8], the lowest orbital above the N ¼ 82 gap is
expected to be the 2f7=2, followed by (in order) 3p3=2,

3p1=2, 1h9=2, and 2f5=2, all of which are vacant in 130Sn.

Since ‘ ¼ 5 transfers are very weak in the (d,p) reaction at
the energy used here (4:8 MeV=u), one expects the stron-
gest states to be ‘ ¼ 1 and ‘ ¼ 3 transfers coupled to the
130Sn ground state, i.e., negative-parity 1p-2h states.

No single particle information for any of these states in
131Sn has been reported from previous measurements.
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As mentioned above, the ‘ ¼ 1, 3p3=2 and 3p1=2 single

neutron states are of particular importance for DC in the r

process, as this typically involves the capture of an s-wave

neutron followed by an E1 �-ray transition. In this Letter,

results from the first experiment to investigate directly the

single particle properties of states in 131Sn are reported, and

direct-semidirect (n,�) cross section calculations based on

those data are presented.
The experimental technique has been described earlier

[9] and is essentially identical to that used for the (d,p)
study of doublymagic 132Sn [8]. A radioactive beamof 630-
MeV 130Sn ions (4:8 MeV=u), accelerated at the Holifield
Radioactive Ion Beam Facility at Oak Ridge National
Laboratory (ORNL), bombarded an 80 �g=cm2-thick
ðCD2Þn foil. In order to detect protons near 90� in
the laboratory, the target surface was placed at 30� with
respect to the beam axis, so the effective areal density was
’ 160 �g=cm2. The beam intensity was�2� 105 ions=s.
Reaction products were detected with arrays of silicon strip
detectors, including an early implementation of the Oak
Ridge Rutgers University Barrel Array (ORRUBA) [10]
and the ORNL Silicon Detector Array [11]. [The Silicon
Detector Array was mounted at large laboratory angles
(small center-of-mass angles) to detect protons from
possible ‘ ¼ 0 transitions, but no evidence for such tran-
sitions was observed.] The ORRUBA consisted of ten
1000-�m-thick position sensitive silicon strip detectors,
plus four thinner �E detectors that were used to form
detector telescopes for the more forward angles. Mounted
downstream from these arrays were (in order) an annular
silicon strip detector, a carbon-foil-microchannel plate de-
tector, and a segmented-anode ion counter. These detectors
were used for beam diagnostics. Coincidence signals from
particles detected in the silicon arrays and the beamlike
recoils striking the microchannel plate detector served to
reduce the background from other, non-(d,p) processes.
Proton loci from the inverse (d,p) reaction were identified
in the energy-versus-angle event spectra by comparison to
calculated kinematics lines. Cross section normalization
was achieved by detecting elastically scattered deuterons
with theORRUBAat relatively small center-of-mass angles
(33�–38�), where the ratio to Rutherford scattering is in the
range 0.92–0.99, and comparing to optical model calcula-
tions. The estimated uncertainty in normalization is 10%.
Corrections for energy loss in the target were made for both
the beam and the emitted protons. Excitation energies in
131Sn were deduced by using as a calibration known states
excited via the 2Hð132Sn;pÞ133Sn reaction [8] with the same
detectors and target. Thisworked quitewell, as the ranges of
reaction Q values overlap nicely for the two experiments.
However, the absence of clear evidence for any previously
known levels in 131Sn necessitated the inclusion of uncer-
tainties in the masses of all the isotopes involved in the
calibration (130–133Sn) in determining the errors for the
131Sn excitation energies. This contribution is about

30 keV [12,13] and we estimate an excitation energy un-
certainty of�50 keV.
A Q-value spectrum from a forward-angle strip detector

is shown in Fig. 1. This spectrum is remarkably similar to
that acquired in the (d,p) reaction study on doubly magic
132Sn [8], in which the lowest strong state was the 133Sn
ground state, which has most of the 2f7=2 single particle

strength. In both experiments, four strong proton groups
are observed, presumably corresponding to single particle
2f7=2, 3p3=2, 3p1=2, and 2f5=2 states, and the level spacings
are about the same in the two residual nuclei (Fig. 2). The
excitation energy range is�2:6–4:7 MeV in 131Sn. Prior to
the present work, none of these levels had been reported. It
is interesting to note that the lowest strong state in 131Sn
is close to where the 2f7=2 single particle state is expected
(� 2:8 MeV), based on a simple weak coupling calculation
[14]. The angular distribution data (Fig. 3) indicate the
level at 2.6 MeV is indeed consistent with an ‘ ¼ 3 angular
momentum transfer. Furthermore, the angular distributions
for the 3.4- and 4.0-MeV groups are both consistent with
‘ ¼ 1 transfers, suggesting that the order of single particle
levels is probably similar to that in 133Sn. On this basis, the
4.7-MeV group is tentatively assigned (5=2�), even though
the angular distribution is not sufficiently definitive to rule
out other possibilities. The dotted curves in Fig. 3 are 2f7=2
and 2f5=2 calculations for the 3404- and 3986-keV levels,

respectively (both with S ¼ 1:00), to illustrate the strong
preference at small angles for ‘ ¼ 1 assignments for these
states. The experimental results for 131Sn are summarized
in Table I. The spectroscopic factors listed in Table I can be

FIG. 1 (color online). Q-value spectrum of protons from a
forward-angle strip detector of the ORRUBA, covering labora-
tory angles between about 69� and 90�. Approximate 131Sn
excitation energies, assumed spins and parities, and nominal
position of the unobserved ground state are also shown. The
strong peak region is fitted with four Gaussians of equal width,
for which the �2 per degree of freedom is 1.46. The background
in the low Q-value region (low proton energies) is owing mostly
to setting analysis thresholds close to detector noise levels.
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compared directly to the distorted wave Born approxima-
tion spectroscopic factors for 133Sn [8], as they were ob-
tained by using the same bound state potential parameters
and the same source of optical model parameters [15].

It should be noted that a similar correspondence of
single particle strength between 207Pb and 209Pb was ob-
served by Mukherjee and Cohen [16], who studied the
(d,p) reaction on 206Pb and doubly magic 208Pb.
Even though a similar pattern was observed in the
206Pbðd;pÞ207Pb spectra of these authors, the apparent con-
centration of fp-shell single particle strength in only one
main level for each orbital in 131Sn is somewhat surprising,
given that 130Sn is only semimagic. This relative lack of
fragmentation suggests that the Z ¼ 50 proton core is
intact and that the 130Sn ground state has a simple neutron
structure as well. In contrast, the semimagic nucleus 134Te
(Z ¼ 52, N ¼ 82) is apparently not so simple, as the
neutron single particle strength in 135Te was found to be
significantly fragmented in a (d,p) study, also performed at
the Holifield Radioactive Ion Beam Facility [17].

The 131Sn ground state is believed to be 3=2þ, with the
first excited state being the 1h11=2 hole state at about

65 keV excitation [18]. Neither of these states was ob-
served in the present experiment. If the two neutron holes
in the 130Sn ground state were in the 2d3=2 orbital, the

orbital would be half-empty and the spectroscopic factor
S could be as large as 0.5. An upper limit of 0.3 is
consistent with the data from the present experiment. Of
course, from shell and pairing model considerations
[19,20], the ground state wave function of 130Sn is

expected to be a linear combination of hole pairs in the
1h11=2, 2d3=2, 3s1=2, 2d5=2, and 1g7=2 orbitals, roughly in

order of decreasing coefficients [14]. This suggests there
is a significant probability that the two neutron holes in
130Sn are in the 1h11=2 orbital, as it is nearly degenerate

with the 2d3=2 [18], and ‘ ¼ 5 transfers would be very

weak in the (d,p) reaction at our beam energy
(4:8 MeV=u). Indeed, even with the hole pair only in
the 1h11=2 orbital (S ¼ 0:17), the maximum differential

cross section for ‘ ¼ 5 would be �0:1 mb=sr, a factor of
20 lower than the smallest measured in the present ex-
periment. Also, from a purely statistical point of view, it
is 3 times more likely for the holes to lie in the 1h11=2
than in the 2d3=2 orbital.

FIG. 2 (color online). The dashed arrows connect energy levels
observed in the (d,p) reaction on 130Sn (left) and 132Sn (right)
[8]. The energy corresponding to the 133Sn ground state has been
shifted to align with the lowest state observed in 131Sn. (For a
Q-value comparison, the energy levels of 133Sn should be shifted
upward by 197 keV, so neutron thresholds are aligned.) The
states flagged with an asterisk (*) were the strongest in the
respective experiments. Lower known states in 131Sn [6] are
also shown, but they were not observed in the present work.

FIG. 3 (color online). Angular distributions of protons from
ORRUBA detectors, extracted by using bins of 5� angular width
in the laboratory. The 3986- and 4655-keV distributions have
fewer points, owing to low proton energies being below detector
thresholds at some angles. Dashed curves are distorted wave
Born approximation calculations using the optical parameters of
Strömich et al. [15], and the solid curves are the same calcu-
lations except for using the BG parameters of Sen, Riley, and
Udagawa [27] in the proton channel [obtained by fitting
136Xeðp;pÞ136Xe elastic scattering data]. The ‘‘standard’’ bound
state parameters of r0 ¼ 1:25 fm and a ¼ 0:65 fm were used for
all cases. For each level, the dashed and solid curves are shown
for the same spectroscopic factor. Dotted curves are 2f7=2 and

2f5=2 calculations for the 3404- and 3986-keV levels, respec-

tively (both with S ¼ 1:00), to illustrate the strong preference at
small angles for ‘ ¼ 1 assignments for these states. The exact
finite range code DWUCK5 [28] was used for the calculations. See
the text for discussion of tentative J� assignments.
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As mentioned earlier, the observation of ‘ ¼ 1 strength
in 131Sn is important for direct neutron capture and its
potential impact on r-process nucleosynthesis. There is
also a semidirect capture via the giant dipole resonance,
which is accounted for by adding a giant dipole resonance
term to the single particle electromagnetic operator. Direct-
semidirect (DSD) neutron capture cross sections for 130Sn
were calculated by using the data in Table I and the code
CUPIDO [21]. For low energy capture, the code implements

a conventional potential model expressed in terms of single
particle electromagnetic transition matrix elements com-
puted in a first-order approximation. In the incident chan-
nel the real part of a phenomenological Koning-Delaroche
potential [22] was used. The imaginary part of these po-
tentials is dropped, because the loss of flux into other
channels is expected to be small [23]. For the bound-state
single-neutron wave functions the Bear-Hodgson potential
[24] was used, where the depth was fitted to reproduce
binding energies for each of the capturing bound states in
Table I. The DSD capture cross sections are plotted in
Fig. 4 between 0.01 and 6 MeV for computation of
Maxwellian averages at astrophysical temperatures. At
30 keV the total computed DSD cross section is 0.14 mb
for the real parts of the Koning-Delaroche potential with an
uncertainty of � 20%. A slight variance with a DSD
capture computation of � 0:22 mb reported by Chiba
et al. [25] is likely due to using different single particle
level energies or a different single particle bound-state
potential [26].

Reaction rate and nucleosynthesis calculations require
(n,�) cross sections for both DSD capture and statistical
capture. The latter depend heavily on the level density in
the Gamow window, and while that is not yet well estab-
lished for 131Sn, there are reasons to believe that the level
density so close to the N ¼ 82 closed shell is too low for
statistical capture to dominate. In any case, the results of
the present work will be an absolutely necessary ingredient
for reaction rate calculations that may be done in the future
and are thus a critical component for determining the
impact of the important 130Snðn;�Þ131Sn reaction on global
isotopic abundances in the r process.

In summary, the inverse 130Snðd;pÞ131Sn reaction
has been investigated at 4:8 MeV=u. An apparent single
particle spectrum is observed, very similar to that

observed in the (d,p) reaction on doubly magic 132Sn.
Measurements have been made of excitation energies and
angular distributions, and ‘ assignments are consistent
with expected single particle states. In particular, the pre-
sumed ‘ ¼ 1 single particle states are both bound, which
favors a relatively large DC cross section compared to
those from models that predict one or both of these states
to be unbound [4]. Using these experimental results, cross
sections for 130Snðn;�Þ131Sn direct-semidirect capture have
been calculated, and, for reasons stated earlier, the uncer-
tainties are reduced by orders of magnitude from previous
estimates, none of which was based on experimental data.
This information will also help to constrain nuclear models
and facilitate more realistic (n,�) reaction rate calculations
for r-process nucleosynthesis involving other isotopes. At
present, we defer calculation of the 130Snðn;�Þ131Sn reac-
tion rate and r-process nucleosynthesis, as contributions
from statistical processes are not well understood at this
time.
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TABLE I. Properties of single particle states in 131Sn from the
inverse 130Snðd;pÞ131Sn reaction. Estimated uncertainties in
spectroscopic factors (S) are primarily owing to ambiguities in
the direct reaction model.

ExðkeVÞ (� 50 keV) J� S (� 30%)

2628 (7=2�) 0.70

3404 (3=2�) 0.70

3986 (1=2�) 1.00

4655 (5=2�) 0.75

FIG. 4 (color online). Direct-semidirect capture cross sections
for the 130Snðn;�Þ131Sn reaction computed by using the code
CUPIDO [21] for real parts of a phenomenological Koning-

Delaroche [22] optical model potential are plotted for levels in
Table I. An upper limit for the combined DSD capture into the
1h11=2, 2d3=2, 3s1=2, 2d5=2, and 1g7=2 orbitals (labeled other) is

not included in the total DSD. Shown for comparison (single
points) are the calculations of Rauscher et al. [4] for 30 keV
neutrons using the finite range droplet (FRDM), the Hartree-
Fock-Bogoliubov (HFB), and relativistic mean field theory
(RMFT) models. Of these, only the FRDM predicted both the
3p3=2 and 3p1=2 single-neutron states to be bound.
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Dobaczewski, P. Möller, and M.M. Sharma, Phys. Rev. C
57, 2031 (1998).

[5] P. Bhattacharyya et al., Phys. Rev. Lett. 87, 062502 (2001).
[6] Y. Khazov, I. Mitropolsky, and A. Rodionov, Nucl. Data

Sheets 107, 2715 (2006).
[7] http://www.nndc.bnl.gov/chart/getdataset.jsp?nucleus=

131SN&unc=nds.
[8] K. L. Jones et al., Nature (London) 465, 454 (2010); Phys.

Rev. C 84, 034601 (2011).
[9] R. L. Kozub et al., Proc. Sci., PoS(NIC X) (2008) 135.

[10] S. D. Pain et al., Nucl. Instrum. Methods Phys. Res., Sect.
B 261, 1122 (2007).

[11] D.W. Bardayan et al., Phys. Rev. Lett. 83, 45 (1999).
[12] M. Dworschak et al., Phys. Rev. Lett. 100, 072501

(2008).
[13] G. Audi, A.H. Wapstra, and C. Thibault, Nucl. Phys.

A729, 337 (2003).
[14] B. A. Brown (private communication).
[15] A. Strömich, B. Steinmetz, R. Bangert, B. Gonsior, M.

Roth, and P. von Brentano, Phys. Rev. C 16, 2193
(1977).

[16] P. Mukherjee and B. L. Cohen, Phys. Rev. 127, 1284
(1962).

[17] S. D. Pain et al., Proc. Sci., PoS(NIC X) (2008) 142.
[18] B. Fogelberg et al., Phys. Rev. C 70, 034312 (2004).
[19] V. G. Zelevinsky and A. Volya, Phys. At. Nucl. 66, 1781

(2003).
[20] R.W. Richardson and N. Sherman, Nucl. Phys. 52, 221

(1964); 52, 253 (1964).
[21] W. E. Parker et al., Phys. Rev. C 52, 252 (1995).
[22] A. J. Koning and J. P. Delaroche, Nucl. Phys. A713, 231

(2003).
[23] E. Krausmann, W. Balogh, H. Oberhummer, T. Rauscher,

K.-L. Kratz, and W. Ziegert, Phys. Rev. C 53, 469
(1996).

[24] K. Bear and P. E. Hodgson, J. Phys. G 4, L287 (1978).
[25] S. Chiba, H. Koura, T. Hayakawa, T. Maruyama, T.

Kawano, and T. Kajino, Phys. Rev. C 77, 015809
(2008).

[26] H. Koura and M. Yamada, Nucl. Phys. A671, 96 (2000).
[27] S. Sen, P. J. Riley, and T. Udagawa, Phys. Rev. C 6, 2201

(1972).
[28] P. D. Kunz, http://spot.colorado.edu/~kunz/DWBA.html

(unpublished).
[29] TORUS:http://www.reactiontheory.org

PRL 109, 172501 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending

26 OCTOBER 2012

172501-5

http://dx.doi.org/10.1103/RevModPhys.29.547
http://dx.doi.org/10.1088/0954-3899/36/2/025201
http://dx.doi.org/10.1103/PhysRevC.79.045809
http://dx.doi.org/10.1103/PhysRevC.57.2031
http://dx.doi.org/10.1103/PhysRevC.57.2031
http://dx.doi.org/10.1103/PhysRevLett.87.062502
http://dx.doi.org/10.1016/j.nds.2006.10.001
http://dx.doi.org/10.1016/j.nds.2006.10.001
http://www.nndc.bnl.gov/chart/getdataset.jsp?nucleus=131SN&unc=nds
http://www.nndc.bnl.gov/chart/getdataset.jsp?nucleus=131SN&unc=nds
http://www.nndc.bnl.gov/chart/getdataset.jsp?nucleus=131SN&unc=nds
http://dx.doi.org/10.1038/nature09048
http://dx.doi.org/10.1103/PhysRevC.84.034601
http://dx.doi.org/10.1103/PhysRevC.84.034601
http://dx.doi.org/10.1016/j.nimb.2007.04.289
http://dx.doi.org/10.1016/j.nimb.2007.04.289
http://dx.doi.org/10.1103/PhysRevLett.83.45
http://dx.doi.org/10.1103/PhysRevLett.100.072501
http://dx.doi.org/10.1103/PhysRevLett.100.072501
http://dx.doi.org/10.1016/j.nuclphysa.2003.11.003
http://dx.doi.org/10.1016/j.nuclphysa.2003.11.003
http://dx.doi.org/10.1103/PhysRevC.16.2193
http://dx.doi.org/10.1103/PhysRevC.16.2193
http://dx.doi.org/10.1103/PhysRev.127.1284
http://dx.doi.org/10.1103/PhysRev.127.1284
http://dx.doi.org/10.1103/PhysRevC.70.034312
http://dx.doi.org/10.1134/1.1619492
http://dx.doi.org/10.1134/1.1619492
http://dx.doi.org/10.1016/0029-5582(64)90687-X
http://dx.doi.org/10.1016/0029-5582(64)90687-X
http://dx.doi.org/10.1016/0029-5582(64)90690-X
http://dx.doi.org/10.1103/PhysRevC.52.252
http://dx.doi.org/10.1016/S0375-9474(02)01321-0
http://dx.doi.org/10.1016/S0375-9474(02)01321-0
http://dx.doi.org/10.1103/PhysRevC.53.469
http://dx.doi.org/10.1103/PhysRevC.53.469
http://dx.doi.org/10.1088/0305-4616/4/12/001
http://dx.doi.org/10.1103/PhysRevC.77.015809
http://dx.doi.org/10.1103/PhysRevC.77.015809
http://dx.doi.org/10.1016/S0375-9474(99)00428-5
http://dx.doi.org/10.1103/PhysRevC.6.2201
http://dx.doi.org/10.1103/PhysRevC.6.2201
http://spot.colorado.edu/~kunz/DWBA.html
http://www.reactiontheory.org














Wear measurement of highly cross-linked UHMWPE using a 7Be
tracer implantation technique

Markus A. Wimmer,1 Michel P. Laurent,1 Yasha Dwivedi,1 Luis A. Gallardo,1 Kelly A. Chipps,2

Jeffery C. Blackmon,3 Raymond L. Kozub,4 Daniel W. Bardayan,5 Carl J. Gross,5

Daniel W. Stracener,5 Michael S. Smith,5 Caroline D. Nesaraja,5 Luke Erikson,6 Nidhi Patel,6

Karl E. Rehm,7 Irshad Ahmad,7 John P. Greene,7 Uwe Greife6

1Department of Orthopedic Surgery, Rush University Medical Center, Chicago, Illinois 60612
2Department of Physics and Astronomy, Rutgers University, Piscataway, New Jersey 08854
3Department of Physics and Astronomy, Louisiana State University, Baton Rouge, Los Angeles 7080
4Department of Physics, Tennessee Technological University, Cookeville, Tennessee 38505
5Physics Division, Oak Ridge National Laboratory (ORNL), Oak Ridge, Tennessee 37831
6Physics Department, Colorado School of Mines (CSM), Golden, Colorado 80401
7Physics Division, Argonne National Laboratory (ANL), Argonne, Illinois 60439

Received 12 December 2011; revised 24 August 2012; accepted 29 October 2012

Published online 29 January 2013 in Wiley Online Library (wileyonlinelibrary.com). DOI: 10.1002/jbm.b.32868

Abstract: The very low wear rates achieved with the current

highly cross-linked ultrahigh molecular weight polyethylenes

(UHMWPE) used in joint prostheses have proven to be difficult

to measure accurately by gravimetry. Tracer methods are there-

fore being explored. The purpose of this study was to perform a

proof-of-concept experiment on the use of the radioactive tracer

beryllium-7 (7Be) for the determination of in vitro wear in a

highly cross-linked orthopedic UHMWPE. Three cross-linked

and four conventional UHMWPE pins made from compression-

molded GUR 1050, were activated with 109 to 1010 7Be nuclei

using a new implantation setup that produced a homogenous

distribution of implanted nuclei up to 8.5 lm below the surface.

The pins were tested for wear in a six-station pin-on-flat appara-

tus for up to 7.1 million cycles (178 km). A Germanium gamma

detector was employed to determine activity loss of the

UHMWPE pins at preset intervals during the wear test. The wear

of the cross-linked UHMWPE pins was readily detected and esti-

mated to be 17 6 3 lg per million cycles. The conventional-to-

cross-linked ratio of the wear rates was 13.1 6 0.8, in the

expected range for these materials. Oxidative degradation dam-

age from implantation was negligible; however, a weak depend-

ence of wear on implantation dose was observed limiting the

number of radioactive tracer atoms that can be introduced.

Future applications of this tracer technology may include the

analysis of location-specific wear, such as loss of material in the

post or backside of a tibial insert. VC 2013 Wiley Periodicals, Inc.

J BiomedMater Res Part B: Appl Biomater 101B:423–429, 2013.

Key Words: polyethylene (UHWMPE), cross-linked, wear, radio-

active tracer
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INTRODUCTION

Accurate measurement of the wear of materials used in
prosthetic joint bearing surfaces is an important part of
developing and improving these materials because of the
negative clinical implications of wear debris. In particular,
ultrahigh molecular weight polyethylene (UHMWPE) par-
ticles from acetabular cup liners used in total hip replace-
ment and tibial inserts in knee arthroplasty have been
found in the tissues surrounding implant components and
associated with bone resorption and aseptic loosening.1,2

Loosening of the implant due to osteolysis is still a problem
leading to increased health risks for the patient and costly
revision surgery.3 However, the very low wear rates
achieved with the current highly cross-linked UHMWPE
used in hip and knee prostheses have proven to be difficult
to measure accurately. The method of choice has been gra-
vimetry, but its accuracy and precision are limited by poly-
mer fluid absorption and static charging.4 The correction for
fluid absorption can significantly exceed the wear value, and
its accuracy is limited because fluid absorption in a wear
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specimen cannot be reproduced exactly in the soak or load-
soak controls used to effect the correction.

Efforts have therefore been made to circumvent these
limitations with various methods, including metrological
techniques5,6 and rare earth tracers.7,8 Tracer methods
using radioactive labeling have also been tried.9–11 In
related tribological fields, such as mechanical engineering,
the radionuclide technique enabled wear and corrosion
diagnostics of vital parts during machine operation. In one
of the available methods, the so-called ‘‘thin layer activation’’
(TLA), the decrease of the radioactive layer during the wear
process is measured using a gamma ray detector outside
the machine.12

Radioactive thin-layer labeling of metallic and ceramic
machine parts is usually achieved via nuclear reactions of
fast charged particles (e.g., protons) in the solid material.
However, for plastics this activation method becomes highly
inefficient. This led to the concept and first tests of direct
implantation of a radioactive beryllium-7 (7Be) into plastic
materials. The first documented test was performed at the
Naples accelerator lab, but without reported wear tests.13 In
a separate approach, a French group implanted 7Be via the
so-called recoil implantation method where an ion beam
hits a target foil in front of the plastic samples.9,14,15 How-
ever, due to the lack of control in implantation energy a
quite inhomogeneous implantation depth profile of 7Be was
produced.14

An important consideration in using a radioactive tracer
is the possibility that the tracer will substantially alter the
wear properties of the UHMWPE, either through energy
deposition during the implantation process or through the
decay radiation, causing cross-linking, chain scission, and
oxidation. Indeed, it is well known that subjecting UHMWPE
to high energy radiation or particulate matter (e.g., elec-
trons) can affect the mechanical and wear properties of the
material, sometimes to a great extent, which is the basis for
manufacturing the highly cross-linked UHMWPEs. It should
also be noted that because of the radioactivity of the tracer
material, this technology is meant primarily for in vitro
applications and is not suitable for human use.

The purpose of this study was to effect a proof-of-con-
cept on the use of the radioactive tracer beryllium-7 (7Be),
implanted by an energy modulation technique, to determine
wear in a highly cross-linked orthopedic UHMWPE and com-
pare it to conventionally processed UHMWPE of the same
resin. The potential issue of alteration of wear properties
and oxidative damage to the UHMWPE was also addressed.

MATERIALS AND METHODS

Materials
Testing materials were manufactured from UHMWPE. GUR
1050 UHMWPE powder (Ticona) was filled into two 2.5 in. di-
ameter molds and sintered to 1 in. thick pucks. Molding was
performed by Zimmer (Warsaw, IN). The pressure and tem-
perature protocol was similar to that typically used for GUR
1050. One of the pucks underwent cross-linking with 9.5
Mrad of electron-beam irradiation and a post-cross-linking
annealing to remove free radicals from the material. Pins of

0.37500 (9.53 mm) diameter � 0.75000 (19.1 mm) length were
machined from each of the molded pucks. The as-molded sur-
face conditions of the puck bottoms were maintained and
used for 7Be implantation. All pins were packaged in nitrogen
for storage until the start of the experiment.

Implantation dose and damage analysis
To have high enough resolution for wear determination but
at the same time avoid polyethylene damage, a maximum
allowable implantation dose needed to be considered. Using
the equations of Lee,16 it was estimated that an implanta-
tion of 1011 7Be-ions over an area of about 1 cm2 would
yield about 80 kGy of radiation during the implantation pro-
cess. This is more than twice the radiation dose applied
during gamma sterilization (approx. 25–37 kGy). Because it
is known that radiation doses in the range of 50–100 kGy
can induce substantial changes in the wear and mechanical
properties of UHMWPE,17,18 the 7Be-implantations were
performed staying below this range.

In addition, the potential damage due to high energy im-
plantation was investigated experimentally. The considerable
resources and logistic constraints required to produce the
7Be-implanted pins made them impractical for the damage
investigation. Instead, one UHMWPE pin was irradiated
using a ‘‘cold’’ 7Li beam at a dose of 1011 ions and another
pin at 1013 ions, both values exceeding the maximum
intended doses for 7Be implantation. The potential damage
to the TLA surfaces was investigated microscopically includ-
ing the use of AFM. An oxidation index versus depth profile
was then acquired by Fourier transform infrared spectros-
copy on thin films obtained by microtoming the pins along
their axes every 200 lm. These measurements were per-
formed in duplicates per sample. The oxidation index was
defined as the carbonyl peak (1740 cm�1) absorbance nor-
malized to the vinylene group (1360 cm�1) absorbance.19

These oxidation profiles were compared with those for
untreated and artificially aged20 control pins.

Beryllium-7 production and implantation
The radioactive 7Be (half life T1/2 ¼ 53.3 days) material for
the experiment was produced using a proton beam at the
ATOMKI (Institute of Nuclear Research of the Hungarian
Academy of Sciences) cyclotron in Debrecen, Hungary, via the
7Li(p,n)7Be reaction. In this approach, 7Be needs to be chemi-
cally extracted from the metallic Lithium target matrix, which
was done via several consecutive ion exchange cycles21 at
Oak Ridge National Laboratory (ORNL). Subsequently, the 7Be
was incorporated into a sputter cathode for an ion source,
which injected the 7Be into the 25 MV Tandem accelerator of
the Holifield Radioactive Ion Beam Facility (HRIBF) at ORNL.
The 7Be ions were accelerated to an energy of 8 MeV and
guided to a dedicated beamline and implantation setup. The
activity available resulted in 7Be beam currents of 105–106

ions/s at the sample location lasting for several days.
The beam diameter was adjusted to homogenously illu-

minate the surface of the samples. To achieve a uniform
depth distribution in the sample, the beam energy of
8 MeV needed to be modified to a broader distribution.
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For this purpose, in the implantation setup, the 7Be beam
was passed through a rotating wheel on which 20 plastic
foils with increasing thickness were mounted (Figure 1).
Additionally, the energy distribution was broadened using
foils with large density and thickness variations. The initial
and final energy distributions were measured with a sili-
con surface barrier detector in the sample location. Based

on the energy spectra measured and using energy loss sim-
ulations with the Stopping and Range of Ions in Matter
(SRIM) code22 a homogeneous (within app. 6 10% varia-
tions) distribution of implanted 7Be nuclei up to 8.5 lm
below the surface was achieved. However, due to range
scattering, a continuously decreasing 7Be concentration
extends beyond 8.5 lm. During the implantation operation

FIGURE 1. (a) Tailoring the energy distribution: 20 different combinations of 0.5- and 2-lm thick plastic foils on a rotating wheel (range 0–9.5

lm); (b) 7Be Implantation setup at the HRIBF beam line. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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three cross-linked and four conventional UHMWPE pins
received an implanted dose of 109–1010 nuclei. Thus, the
amount of beryllium in each pin amounted to approxi-
mately 10 pg.

Wear testing and analysis
At the time the wear experiments started, the activity of
each pin was approximately 1–2 kBq. A six-station pin-
on-flat apparatus (OrthoPODTM, AMTI, Boston, MA) was
used to wear test the activated pins, along with nonacti-
vated control pins. In this test, the flat face of the pin slid
against a polished wrought cobalt-chromium disk with an
average roughness of Ra ¼ 20 nm. Each pin was immersed
in 15 mL of solution of new born calf serum (Hyclone,
Logan, UT) diluted with a distilled water mixture containing
EDTA, Tris-hydroxy-methylamine and sodium chloride to
achieve a 30 g/L protein content buffered at pH 7.6. The
temperature of the lubricant was maintained at 37�C. The
pins were subjected to a constant nominal contact pressure
of 3 MPa along a 5 � 5 mm2 curvilinear square path, such
that the shear direction on the pin surface changed �90� as
the pin traversed each corner. Co-located with the wear tes-
ter at a radiation laboratory of Argonne National Laboratory
(Illinois) was a lead-shielded, high purity Germanium
gamma radiation detector to measure the 478 keV radiation
from the 7Be decay. The Ge detector had an efficiency of
25% relative to that of a 300 � 300 NaI crystal at a c-energy
of 1.333 MeV. After the initial determination of each
UHMWPE pin’s activity, remeasurements in a specially
designed holder were done at regular intervals in between
wear cycles. The wear of each pin was calculated from the
measured reduction in radioactivity, taking the natural
decay of 7Be into account. Pin activity was measured every

75,000 wear cycles the first 525 kilocycles (kc), then every
150 kc until 1125 kc, every 250 kc until 2125 kc, and then ev-
ery 500 kc until the end of test. Test duration depended on
maintaining a measurable activity. Tests were stopped after
3500–4000 kc for the conventional UHMWPE pins and 7125
kc for the cross-linked UHMWPE pins. The wear rates were
calculated using a variance-weighted average of the activity
loss values determined at each cycle milestone. Activity loss
values in excess of 73% were not used for the wear rate cal-
culations because at this point the homogeneous radioactive
layer of 8.5 lm, as simulated with SRIM, had been removed.

RESULTS

Wear analysis
The fraction of radioactivity lost, corrected for natural
decay, versus wear cycles was much lower for the three
highly cross-linked pins than for the four conventional pins,
as shown in Figure 2. Indeed, for the conventional
UHMPWE, the wear was high enough to remove the homo-
geneous radioactive layer, leading to a tapering-off of lost
activity starting at approximately 2 million cycles. The tail
in the implanted distribution was expected from the 7Be
energy distribution observed in the silicon surface barrier
detector measurement and the range scattering of the ions
in the plastics as simulated with SRIM.

The relative conventional-to-cross-linked ratio of the ac-
tivity loss (equivalent to the wear rate) was 13.1 6 0.8. To
calculate absolute values, the simulated homogeneous 7Be
layer depth of 8.5 lm was associated with 73% of activity
loss as measured in the conventional pins. The average ac-
tivity loss, linear wear, and mass wear rates per million
cycles (Mc) thus derived are given in Table I for the
two polyethylenes. A linear wear rate of 0.26 lm/Mc,

FIGURE 2. Activity loss versus wear cycles for the cross-linked and conventional UHMWPEs
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corresponding to 17 lg/Mc, was detected for the cross-linked
UHMWPE in this experiment, with an estimated detection
limit of 50–100 nm/Mc. The wear rates as a function of ion
fluence (i.e., time integrated ion flux) for the seven pins are
shown in Figure 3. A slight trend of wear rate decrease with
ion fluence increase is apparent. Extrapolating linearly to
zero fluence, it is estimated that the decrease of the average
wear rate due to implantation was 20% for the conventional
UHMWPE and 17% for the cross-linked UHMWPE. Using a
two-factor linear regression model, the effect of material type
(conventional vs. cross-linked UHMWPE) and of fluence were
found to be statistically significant, with p values of < 0.0001
and 0.039, respectively.

Damage analysis
There was no visible damage of the activated surfaces com-
pared with control. However, the pin subjected to 1013

implanted nuclei developed a yellowish tinge. The average
oxidation index was 0.040 6 0.010 for the pin that received
the 1011 dose and 0.112 6 0.026 for the pin with 1013

implanted nuclei, versus 0.044 6 0.006 for the nonim-
planted control and 0.393 6 0.001 for the accelerated aged
nonimplanted control (Figure 4). Thus, the lower ion im-
plantation rate did not have a detectable effect on the oxida-
tive degradation of the UHMWPE. The higher implantation
dose had an effect, but the oxidation index was still well
below that for the aged sample.

DISCUSSION

The primary objective of this study, which was to measure
the very low wear rate of cross-linked UHMWPE, was read-
ily achieved, yielding an average value of 17 6 3 lg/Mc for
the three pins that were tested. Equally important, the
conventional-to-cross-linked wear rate ratio of 13.1, corre-
sponding to a wear rate reduction of 92%, was in the
expected range for these materials.23–25 In particular, this
wear reduction is in reasonable agreement with the wear
reduction of 84–93% reported for acetabular liners made
from the same type of UHMWPE and cross-linked by the
same WIAM process and tested in a hip simulator.25 The
wear rates in these hip simulator tests were markedly

higher than in the present pin-on-flat test, due in part to
the much higher loads (3200 N peak load), which allowed
the gravimetric method to produce reasonably accurate
results. However, this would no longer be the case for highly
cross-linked polyethylenes with even lower wear rates or
for conditions when the correction for fluid absorption sig-
nificantly exceeds the wear value.

Because of logistical difficulties stemming from the strin-
gent safety measures associated with the use of a radioac-
tive material, we were unable to have access to an analytical
balance with sufficient precision to make meaningful gravi-
metric measurements for this experiment at the wear test-
ing location, and therefore, a direct comparison of the
tracer-derived wear with gravimetric wear was not possible.
The wear rate of 230 lg/Mc for the conventional UHMWPE
is comparable to, but lower than, the wear rate of 580 lg/Mc
reported for a similar UHMWPE tested in the same pin-on-
disc tribometer in our regular laboratory.8 The wear rate
reduction attributable to the implantation process due to
cross-linking was estimated to be less than 20%. This appears
reasonable considering that the radiation dose during
implantation was about 42 kGy. However, this wear sensitiv-
ity to ion implantation fluence limits this method to low
Be-fluences. The remaining difference may stem from several
factors, including slight differences in the materials, counter-
face roughness, and the lubricant. We have, for example,
noticed a substantial dependence of wear on the bovine calf
serum lot.

The wear factor of 0.057 � 10�6 mm3/Nm obtained in
this study for the conventional UHMWPE (Table I) is much
lower than the values of 2.2 � 10�6 mm3/Nm,26 0.34 � 10�6

mm3/Nm,27 1.6 � 10�6 mm3/Nm,28 2.7 � 10�6 mm3/Nm,29

and 1.2 � 10�6 m3/Nm30 found in other studies using similar
testing conditions. Other factors, in addition to the serum lot,
that can influence the wear rate are variations in antimicrobial
agents, lubricant protein content and composition, lubricant
interval change, differences in the polyethylene material, con-
tact pressure, path geometry, counterface topography, and

TABLE I. Activity Loss and Estimated Wear Rates for the

Conventional and Cross-Lined UHMWPEs

Conventional
UHMWPE

Cross-linked
UHMWPE

% Activity loss (Mc) 40.6 6 1.1 3.1 6 0.1
Linear wear (lm/Mc)a 3.40 6 0.40 0.26 6 0.04
Volumetric wear

(mm3/Mc)
0.242 6 0.028 0.019 6 0.003

Mass loss (lg/Mc) 230 6 27 17 6 3
Mass loss per unit

area (lg/mm2/Mc)
3.20 6 0.40 0.24 6 0.04

Wear factor
(mm3/Nm)

(0.0565 6 0.065)
� 10�6

(0.0044 6 0.0007)
� 10�6

Mc ¼ million cycles.
a Assumes 10% error in SRIM range.

FIGURE 3. Wear rate versus ion fluence for the four conventional and

three cross-linked UHMWPE pins tested. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]
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test temperature. The low wear factor obtained in this study
helped illustrate the power of the tracer method, which was
able to readily detect not only the low wear rate for the con-
ventional UHMWPE, but also the much lower wear rate of the
highly cross-linked polyethylene, yielding the correct ratio for
the wear rates of these two materials.

7Be has been used for radiolabeling because it is a light
isotope with a low nuclear charge Z, producing less damage
and change of material properties than heavier ions. It also
has a reasonable half life of approximately 53 days, which
allows long-term wear tests without excessive disposal bur-
den. Warner et al.11 used 97Ru to investigate particle trans-
port mechanisms and dispersion pathways of UHMWPE. In
their study, they implanted 97Ru to a maximum depth of
5 lm into polyethylene; however, they did not investigate
the mechanical effects of increased dose due to higher Z of
the ion. Additionally, the lighter 7Be could be implanted sev-
eral micrometers deeper into the plastic, thus allowing long-
term studies for prosthetic research. However, one of the
limitations of the method described herein is the complexity
of beam production which makes a serial application diffi-
cult to unlikely. In this respect, the recoil implantation tech-
nique described by Warner et al. is much simpler. As has
been shown by Hoffmann et al.,15 it is possible to produce
7Be via recoil implantation without significantly increasing
the dose and thereby affecting the tribological properties of
UHMWPE. Perhaps the combination of these recoil particles,
which would lower the logistic burden, together with the
energy modulation technique described in this article, could
represent a feasible future activation route. As the wear rate
measurements have shown, the rotating wheel with twenty

plastic foils of varying thickness produced a relatively uni-
form distribution of 7Be ions in the upper polyethylene
layer with a satisfactory depth profile for tribological
studies.

Future applications of this tracer technology may include
the analysis of location-specific wear, such as loss of material
on the post or backside of a tibial liner. It may also be suitable
for continuous wear measurements while applying various
loading profiles, thus allowing a quicker and more sophisti-
cated assessment of input variables on UHMWPE wear. Such
a wear test, utilizing activated ceramic materials in a self-mat-
ing hip joint bearing, has been described by Fehsenfeld
et al.31 In these wear tests, the upper/lower loads on the joint
were changed from 2.5/0.5 to 3.0/0.3 kN and the tests were
performed at different frequencies of 1 and 2 Hz. In addition,
the lubricant was varied between deionized water and bovine
serum. The authors could demonstrate, within a relatively
short 3600 cycle interval, that changing the load affected the
wear rate, namely it increased from 0.08 to 0.13 lg/kc. Inter-
estingly, the increase in frequency caused a drop in the wear
rate to approximately half, while the choice of lubricant had
no effect. These results suggest that the sensitivity and on-
line monitoring capabilities of the radiolabeling method could
make it particularly suitable for the rapid sequential testing
of the effect of a series of parameters on wear. Screening with
radioisotopes would thus help to quickly identify the most in-
fluential parameters, which could then be subsequently inves-
tigated as variables in a more traditional wear test.

In summary, this study demonstrated the feasibility of using
7Be as a radioactive tracer to measure the wear of a highly

FIGURE 4. Oxidation index versus depth for UHMWPE pins irradiated with a ‘‘cold’’ 7Li beam at a dose of 1011 ions and 1013 ions. Both values

exceed the maximum intended doses for 7Be implantation. The irradiated pins are compared to a nonirradiated control pin and a nonirradiated

pin that was subjected to accelerated aging in oxygen at 5 atm and 70 �C for 2 weeks. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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cross-linked polyethylene. By optimizing the activation condi-
tions and by improving the reproducibility of the gamma meas-
urements, additional sensitivity to measure wear rates should
be achievable. The ion implantation at the rates used in this
study were not found to have a significant effect on oxidative
degradation. However, the observed trend toward a decrease in
the wear rate with increased ion fluence requires further analy-
sis and may be a significant limitation for this method.
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The SuperORRUBA (Oak Ridge Rutgers University Barrel Array) of double-sided silicon strip detectors

has been constructed at the Holifield Radioactive Ion Beam Facility (HRIBF) at Oak Ridge National

Laboratory (ORNL). The array will primarily be used to study single-nucleon transfer reactions in

inverse kinematics at exotic beam facilities. The detector exhibits good intrinsic energy resolution

(� 25 keV) and large solid-angle coverage over the polar angular range 55–1251. The detector is now in

routine use and has been used for several measurements at the HRIBF.

& 2013 Elsevier B.V. All rights reserved.
1. Introduction

The development of exotic beam facilities has created oppor-
tunities for some of the first studies of many short-lived nuclei of
interest for nuclear astrophysics [1], nuclear structure [2], and
homeland security applications [3,4]. A particularly powerful
method is to study single-nucleon transfer reactions induced by
bombarding exotic beams on light targets (inverse kinematics)
[5,6]. The light ejectiles from such reactions carry the nuclear
spectroscopic information of interest, and it is therefore critical to
detect, identify, and accurately measure their energies and angles
of emission. The difficulties with such measurements are illu-
strated in Fig. 1. Because of the extreme inverse nature of the
reaction, the ejectile energy rapidly changes as a function of
laboratory angle, necessitating the need for accurate emission
angle measurements. Large angular bins or inaccurate angle
measurements would result in a concomitant loss of energy
resolution, which would in turn make it difficult to distinguish
the nuclear states under study. In addition to requiring good
energy and angular resolution, the detector system should also
have large solid-angle coverage and high efficiency for detecting
ll rights reserved.

ayan).
low-energy charged particles, since such exotic beam measure-
ments are typically performed with beam intensities many orders
of magnitude less than traditional stable beam studies.

Owing to the importance of such measurements, a variety of
approaches have been adopted to address these difficulties.
Catford et al. [7] combined charged-particle silicon detectors with
prompt g-ray detection to measure the energy of excited states
with simultaneous angular distribution measurements of the
emitted ejectiles. While a g-ray coincidence was not required,
the coincidence data were extremely useful in clarifying the
proton-energy spectra. Hoffman et al. [8] took the different
approach of detecting reaction products in a large helical spectro-
meter with reduced resolution compared with the g-ray studies
but with a much greater efficiency. Adekola et al. [9] recon-
structed the ejectile’s momentum from detection of the breakup
of the beam-like recoil ions into lighter charged particles. While
all of these approaches resulted in important results, disadvan-
tages still exist, including respectively, relatively low efficiencies
when requiring g-ray detection; high costs, a limited range of
accepted rigidities, and lack of portability when using a multi-ton
solenoid; and lack of sensitivity to bound levels in break-up
studies.

The alternative method described here is to detect the light
ejectiles in a barrel-shaped array of highly segmented double-
sided silicon strip detectors which are placed far enough away

www.elsevier.com/locate/nima
www.elsevier.com/locate/nima
http://dx.doi.org/10.1016/j.nima.2013.01.035
http://dx.doi.org/10.1016/j.nima.2013.01.035
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Fig. 1. The expected energies of protons from the 2H(132Sn,p)133Sn reaction at

4.5 MeV/A calculated with a Monte Carlo code and accounting for energy loss and

straggling in the target, detector energy resolution, and assuming 11 angular bin

sizes for the population of mythical states at 0, 0.5, and 1 MeV excitation energies.

Simulations are shown for both normal and inverse kinematics. The area of the

plot highlighted in white shows the approximate polar angular range in which

detection of protons is practical in inverse kinematics.

Fig. 2. The ORRUBA detector design drawing. Detectors at the top of the barrel

have been recessed to make room for insertion of the target ladder [11]. The

assembly is mounted on an annular chamber housing signal feedthroughs to

attach preamplifier modules.
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from the target to maintain relatively small angular bins. The
array is of sufficient size that much higher efficiencies are
obtained compared to the g-ray coincidence technique, while
the portability of the system is maintained for efficient and
flexible use at the variety of facilities operating now and in the
future throughout the world. The first generation of this detector
array was named the Oak Ridge Rutgers University Barrel Array
(ORRUBA) and is described in Ref. [10] and briefly below.
Fig. 3. Preamp traces for 140- and 1000-mm-thick detectors for particle hits near

and far from the readout point. Risetimes for the hits near the readout points are

around 100 ns but the far hit signals are still rising even after 1 ms.
2. The ORRUBA detector

The ORRUBA detector consists of two rings of silicon detectors
(Fig. 2) designed to operate with one ring forward of 901 in the
laboratory and the second backward of 901. Each ring can hold up
to 12 detectors, 500- or 1000-mm-thick X3 style manufactured by
Micron Semiconductor [12], but typically some elements are
removed to make space for target insertion and viewer access
for beam tuning diagnostics. The X3-style detectors have an
active area of 7.5 cm�4 cm and are segmented into four strips
of 7.5 cm�1 cm area. Each of the strips has a resistive layer ion-
implanted into them with readout at both ends such that the
position of the particle hit along the strip can be determined by
comparing the charge collected at both ends. The total energy
deposited is then determined from the sum of the charge
collected. At forward angles, the array of X3 detectors is aug-
mented with additional non-resistive 65-mm-thick energy-loss
detectors placed in front of the X3 detectors to create particle
telescopes, which is important for distinguishing reaction pro-
ducts from elastically scattered target constituents. When fully
instrumented, the array provides 80% azimuthal angular coverage
over the polar angular range 43–1371. Approximately 60 keV
energy resolution and 0.5 mm position resolution were obtained
for detecting monoenergetic protons scattered from a Au target at
11.5 MeV [10]. An early implementation of the ORRUBA detector
along with the Silicon Detector Array (SIDAR) [13] was used for
inverse-kinematics studies of the 132Sn(d,p)133Sn [14],
130Sn(d,p)131Sn [15], and 134Te(d,p)135Te [16] reactions, and the
array was first fully implemented for a study of the 10Be(d,p)11Be
reaction [17].

The choice to use resistive charge division for position sensi-
tivity in the ORRUBA design was necessary to reduce the number
of electronics channels (only eight channels per detector) while
still covering a large solid angle for efficient usage of the available
exotic beams. This resistive layer, however, results in an elon-
gated charge pulse at the preamplifier with a lengthening depen-
dent on the linear distance traveled (see Fig. 3). This results in an
apparent reduction in gain toward the center of the strip for
amplifiers with reasonable (� 1 ms) shaping times. Additional
complications arise because the already small energy signal is
split for collection on the two ends of the strip. If the charged
particle hits toward one end of the strip, the amount of charge
that is collected on the other end may be smaller than the channel
noise, which in turn can result in energy-dependent effective strip
lengths. While these effects can be somewhat mitigated, the
existence of energy- and threshold-dependent strip lengths, and
thus efficiencies, complicates the analysis of reaction data. With
the emergence of high-density electronics such as Application
Specific Integrated Circuits (ASICs) [18,19], a more straight-
forward approach was possible with SuperORRUBA.



D.W. Bardayan et al. / Nuclear Instruments and Methods in Physics Research A 711 (2013) 160–165162
3. The SuperORRUBA detector

To avoid the problems associated with the resistive charge
division approach, the SuperORRUBA design was based upon
double-sided non-resistive silicon strip technology. The detectors
covered the same geometrical area, 7.5 cm�4 cm, but the front
sides were divided into 64 1.2 mm�4 cm strips, and the back
sides were segmented into 4 7.5 cm�1 cm strips. The 1.2-mm
strips were oriented perpendicular to the beam direction while
the 1-cm strips were parallel. The strip pitch (1.2 mm) on the
front side was chosen to produce the desired (o11) angular
resolution in the critical polar angle measurement while
Fig. 4. Detector element of the new SuperORRUBA array. The detectors are of

Micron style BB15 and have 64 1.2-mm pitch strips on the front and 4 7.5-cm long

strips on the back.

Fig. 5. (a) A design drawing of the SuperORRUBA assembly with the annular chamber an

of the target chamber and with preamplifier units mounted. (c) A side view highlighting

detector.
maintaining a reasonable channel count and matching of detector
channels to the signal processing electronics (described below).
The azimuthal angular resolution is less important, and thus
larger strip pitches were used on the backside.

The detectors were manufactured by Micron Semiconductor
[12] (Micron style BB15) and are illustrated in Fig. 4. Owing to the
significantly increased number of detector elements that needed
to be connected to the detector header, the detector PCB board
had to be widened to 59 mm while the length was maintained at
103 mm. Similar to the ORRUBA detectors, the individual ele-
ments were assembled into two dodecagonal rings (Fig. 5), one
forward of 901 in the laboratory and the other backward. The
radius of the forward (backward) angle ring was 11.2(12.5) cm,
respectively, as measured from the beam axis to the center of the
detector, and the angular range 55–1251 is covered. This range
can be changed by modifying the brackets that hold the detectors.
The small offset between the two was implemented such that the
forward and backward rings could be overlapped with no loss in
polar angle coverage between them except for the 1.6-mm length
of PCB board on the end of the detector. The same energy-loss
detectors that were used with ORRUBA can also be used with
SuperORRUBA to create particle telescopes at forward angles.
When fully instrumented, the SuperORRUBA detector has 70%
azimuthal coverage at forward angles and 60% azimuthal cover-
age at backward angles. The detector assembly was mounted to
an annular chamber that could translate along rails into the
downstream side of the target chamber. High-density ribbon
cables connected the detectors to vacuum feedthroughs on the
annular chamber, and the entire assembly was instrumented
before insertion into the target chamber.

The detectors were connected to custom-designed preampli-
fier units constructed at Louisiana State University. Each self-
d detector inserted into the target chamber. (b) A photo of the assembly pulled out

the nearly continuous coverage of polar angle around 901. (d) A beam view of the
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contained unit housed two identical preamplifier and bias dis-
tribution circuit boards. The layout of the board is shown in Fig. 6.
Typically the detectors are operated with the front side p-type
silicon strips held at ground and the rear side n-type strips held at
a positive (� 200 V) potential. The highly configurable nature of
the boards with adjustable bias jumpers and the subdivision of
channels into groups allow the preamplifier units to be used for
both the SuperORRUBA and the Array for Nuclear Astrophysics
Studies with Exotic Nuclei (ANASEN) [20] detectors. With 36
channels available on each board, the combination of two boards
in a single preamplifier enclosure was sufficient to amplify signals
from a single SuperORRUBA detector element. The preamplifier
chips used on the board were charge-sensitive amplifiers (CSAs)
obtained from ZeptoSystems, Inc. and are described in Ref. [21].
The detector bias was supplied by a CAEN [22] high-voltage
mainframe instrumented with 12-channel A1837P modules. The
detectors typically drew 0:521:5 mA of leakage current when
biased at þ200 V.

Subsequent signal processing was performed with ASICs elec-
tronics designed at Washington University in St. Louis and South-
ern Illinois University Edwardsville [18]. Preamplifier signals are
routed to ASIC chipboards capable of shaping, triggering, and
timing 32 independent channels. Up to 16 chipboards can
populate an ASICs motherboard, and 5 motherboards were
implemented with the data acquisition system allowing for a
maximum channel count of 2560. Typical channel counts were
somewhat lower, however, because of the desire to control and
stabilize the operating temperature of the electronics system.
Slow control and setup of system parameters utilized a field
programmable gate array (FPGA) on board XLMXXV modules
[23]; one XLM module was required per motherboard. The XLM
modules also contained 14-bit ADCs for peak-height digitization
of the shaped signals which were pipelined from the mother-
board. Software was written to allow communication between
the XLM modules and the ORNL data acquisition system [24].
Resident in the same VME crate with the XLM modules is a
Motorola MPC7455 1 GHz PowerPC module, which transfers the
Fig. 6. A schematic for the LSU preamplifier board is shown. The input header

takes signals from the detectors and routes them to plug-in resistor chips. The

inputs are subdivided into two groups of 16 and groups of 4, respectively. The

intention is that front side signals would be routed through the groups of 16 with

the 4 backsides being output through the special group of 4 in the middle. Each of

these groups can be connected via jumpers to any of 6 externally supplied high

voltage lines. Two of these boards are contained in a single preamplifier unit

which is sufficient to amplify signals from a single SuperORRUBA detector

element.
data via Ethernet to computers running the ORNL data acquisition
software. Using this configuration, whole array data rates on the
order of 1 kHz could be acquired with o30% deadtime. This
deadtime should not be construed as the limitation of the ASICs
system but rather as the ORNL implementation of this system.
Multi-hit as well as singles data can be acquired. Auxiliary
detector signals are digitized using CAEN V785AE 32-channel
peak-sensing ADCs resident in the same VME crate with the XLM
modules. The master trigger is user configurable and can be any
combination of triggers from the SuperORRUBA detector and
auxiliary detectors.
4. Commissioning of the SuperORRUBA detector

Initial tests of the SuperORRUBA detector were performed
with a mixed 239Pu, 241Am, and 244Cm open a source. The bias
required to fully deplete each 1000-mm-thick SuperORRUBA
detector was determined by letting the decay a particles impinge
on the n-type backside of the detector (i.e., opposite the intrinsi-
cally depleted junction side). As the bias was increased, the
depletion depth and thus the active volume was also increased.
Since the particles lose energy as they traverse the detector, the
detector signal height increases to a maximum value when the
detector becomes fully depleted at the depletion voltage. Raising
the detector bias above this voltage results in little further
increase and only marginal improvement in the performance. In
fact, raising the bias significantly above the depletion voltage can
eventually cause detector break down and degrade the perfor-
mance. It is, therefore, desirable to keep the detector bias just
high enough to ensure full depletion of the detector even if small
fluctuations in the leakage current occur. Typical signal heights
are plotted as a function of bias voltage in Fig. 7. Most detectors
depleted in the bias range 125–150 V with leakage currents
typically around 0:8 mA. During routine operations, the detector
bias voltages are uniformly set to þ200 V which was found to be
safely above the required depletion voltages for all of the detector
elements.

Particle spectra taken under these conditions from the 1.2-
mm-wide front-side strips are shown in Fig. 8. The decay of the
triple a source produces particle energies and branching ratios as
follows: 239Pu [5.105 (12%), 5.144 MeV (17%), 5.156 MeV (71%)],
241Am [5.388 (2%), 5.443 MeV (13%), 5.486 MeV (85%)], 244Cm
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Fig. 7. The dependence of the peak height as measured from the front (junction)

side of the detector is plotted as a function of bias voltage for a particles entering

through the ohmic side. Data are plotted for 3 channels of a single detector and are

shown as circles, squares, and diamonds, respectively. The difference in height

between different strips is due to the slightly different gains for those electronic

channels. The gains are corrected in software after the source data are taken.
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Fig. 9. The energy extracted from the front side strip versus the back side energy

produced with the triple a source. The approximate calibration is 16 keV/channel.
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Fig. 10. The centroid of the scattered proton energy peak as a function of

bombarding energy obtained while bombarding an Au foil with a proton beam.

The detected protons penetrate more deeply into the detector at higher energies,

and thus any deviation from a linear dependence could indicate a lack of

depletion. No such deviations were observed.

Fig. 11. The energy of light ejectiles (protons) from a bombardment of a

139 mg=cm2 CD2 target with an energetic 124Sn beam as detected by the new

SuperORRUBA detector and in coincidence with forward-going recoils. Several

bands are evident from the population of excited 125Sn states from the (d,p)

reaction. Data from a single detector of the backward angle ring of detectors are

shown. The other detectors showed similar distributions. The angle bins (� 0:51)

arise from the segmentation of the front-side strips.
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[5.763 MeV (24%), 5.805 MeV (76%)]. Detector resolutions from
the front-side strips in the range of 25 keV FWHM were typical,
compared to 80 keV from the larger-capacitance back-side strips.
This resolution can be compared to the 60 keV obtained with
ORRUBA and 11.5 MeV protons. The detection threshold (i.e., the
energy threshold above which spurious noise triggers were
reduced to o1 Hz) was also observed to have been reduced from
� 1500 keV for ORRUBA to � 500 keV for SuperORRUBA. A plot of
the energy measured from the front side of the detector versus
the back side is shown in Fig. 9. The peaks from the triple a source
are visible as localized groups in this spectrum. Tails from the
main groups are also evident and arise from effects such as
incomplete charge collection and cross-talk. These events are
eliminated from further analysis via a gate on the data requiring
that the energy extracted from the front strip be approximately
the same as the back side energy. Such events were relatively rare
and occurred for o3% of detected particles.

Several tests with accelerated beams were also performed. As
a further test that the detectors were fully depleted, proton beams
of varying energies were delivered from the HRIBF [25] and used
to bombard Au targets. Protons were scattered from Au targets
with nearly the same energy as the beam and with very little
dependence on the scattering angle. As the beam energy was
increased, the detector signals should increase proportionally and
any deviation from this would indicate non-depletion of the
detector or a nonlinearity in the signal processing electronics.
The peak heights observed are plotted in Fig. 10 and show a linear
dependence on the bombarding energy indicating that the detec-
tors were indeed fully depleted.

Additional commissioning runs utilized heavy-ion beams on
CD2 targets. A 630-MeV 124Sn beam was used to induce (d,p)
reactions on a 139 mg=cm2 target and reaction protons were
detected by the SuperORRUBA array. Beam intensities were kept
below 400 kHz so that the beam and beam-like recoils could be
detected in coincidence in a fast ionization counter placed down-
stream of the target location. The (d,p) events of interest were
distinguished from fusion-evaporation ejectiles and other back-
ground reactions by requiring a time coincidence with beam-like
recoils in the ionization counter. The resultant coincident spec-
trum is plotted in Fig. 11. The population of several states is
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resolution obtained was � 200 keV, which was consistent with the simulation.
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observed in the SuperORRUBA spectrum, and the excitation
energy resolution obtained in this data set was � 200 keV
(FWHM), with about 170 keV of that coming from the target
thickness and the rest of the broadening from the angular bin size
(� 0:51), the beam spot size (� 3 mm), and the intrinsic detector
resolution (� 25 keV). A Q-value spectrum from the measure-
ment is plotted in Fig. 12 in comparison with simulated data.
5. Conclusions

A new array has been constructed to detect reaction products
from transfer reactions induced by radioactive beams bombarding
light targets. Such studies benefit from the detection of charged
particles near 901 in the laboratory with good energy and angular
resolution and large solid-angle coverage. The SuperORRUBA
array takes advantage of double-sided non-resistive silicon detec-
tor technology and the availability of ASIC signal-processing
electronics to fulfill the difficult experimental requirements. The
array has been constructed and commissioned at the HRIBF
achieving 25 keV intrinsic resolution and 200 keV resolution in
a study of 124Sn(d,p)125Sn, the latter primarily due to the target
energy loss and harsh kinematic broadening near 901. In the
future, the array will be combined with g-ray detectors to
improve the energy resolution of the measurements.

The SuperORRUBA detector is now in routine use and studies
have been performed of the 10Be(p,p)10Be, 26Al(d,p)27Al [27],
80Ge(d,p)81Ge [28], 126Sn(d,p)127Sn, 128Sn(d,p)129Sn [29], and
132Sn(d,t)131Sn reactions in inverse kinematics at the HRIBF. In
the future, the detector will be used with the Jet Experiments for
Nuclear Structure and Astrophysics (JENSA) gas-jet target, which
is currently under construction at HRIBF [30]. The JENSA target in
combination with SuperORRUBA is planned for studies of (3He,d)
and other transfer reactions on exotic beams at the ReA3 facility
at Michigan State University [31].
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