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a b s t r a c t

The lead slowing-down spectrometer (LSDS) at Rensselaer Polytechnic Institute (RPI) was used to

extend previous measurements of the (n,a) cross section on 147Sm and perform measurements on
149Sm over the energy range 0.1 eV–10 keV. A compensated detector based on passivated implanted

planar silicon (PIPS) detectors was constructed. Signals from two detectors were combined in opposite

polarity and digitized providing a single detector capable of discriminating against capture g’s and

‘‘g-flash’’ while preserving the discrete signals produced by a events and providing a simultaneous

background measurement. Extrapolating the results predicts a 0.370.3 mbarn and 11.571.1 mbarn

thermal neutron (n,a) cross section for 147Sm and 149Sm, respectively. This measurement provides new

information on (n,a) reaction cross sections. The method of measuring neutron induced charged

particle emission cross sections presented here can be expanded to more isotopes of interest to reactor

engineers or astrophysicists, as well as to (n,p) reactions.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

To understand stellar processes and isotopic abundances
accurate knowledge of nuclear reaction rates is needed [1,2].
Although models exist to predict these cross sections [3–6] they
need the constraints of experimental data [7]. The success of
applying results from a scattering experiments have been limited
because coulomb interaction prevents direct measurement at
incident energies relevant to astrophysics [7]. Stellar chemical
evolution models and predictions of nucleosynthesis rates of the
proton rich p-process isotopes are very sensitive to aþnucleus
potentials. These potentials are energy and target sensitive and as
a result predictions suffer greatly from a lack of experimental data
to test against [8].

To perform measurements of low cross section reactions, large
sample masses are often employed. Because of their short range,
direct measurement of a particles emitted by the sample requires
the samples to be thin, typically having a maximum thickness of a
few mg/cm2. These contradictory requirements are normally met
using very large area samples [7,9]. Even with large sample areas,
measurement times can remain long due to low fluxes typically
employed in time of flight (ToF) methods. Even with the
ll rights reserved.

: þ1 518 276 4832.
possibility of large samples, some isotopes are not easily available
in the large quantities needed due to very low natural abundances
of stable isotopes or activity for radioisotopes.

The lead slowing-down spectrometer (LSDS) is a unique tool in
that the flux from a pulsed neutron source is amplified by �104

over the more conventional ToF methods [10] allowing for
smaller samples and shorter measurement times. The average
neutron energy, E, follows the time dependent equation

E¼
k

ðtþt0Þ
2

, ð1Þ

where t is the neutron slowing-down time and the two constants
vary slightly between spectrometers but for the LSDS installed at
Rensselaer Polytechnic Institute (RPI), also known as the Rensselaer
Intense Neutron Source (RINS), t0¼0.3 ms and k¼165 keV ms2 [13].
The flux profile used here is given by Fisher [14] as

f¼ E
�a

e�
ffiffiffiffiffiffi
b=E
p

, ð2Þ

where a¼0.776, b¼0.214. E and f are in units of eV and
cm�2 eV�1, respectively.

The LSDS produces a large neutron flux with a broad energy
resolution. The neutron population starts in an evaporation
energy spectrum but immediately begins to focus on the function
given by Eq. (1) because the faster neutrons will on average
scatter sooner and lose more energy per collision than the slower
neutrons. This focusing effect is not perfect and reaches a
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minimum full width at half max (FWHM) of �30% when the
average neutron energy is �1 keV. Below a few eV’s, the thermal
motion of the lead nuclei begin to degrade the resolution [10]. The
resolution of the RPI LSDS has been found to be [13]

DE

E

� �
FWHM

¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:128

E
þ0:0835þ3:05� 10�5E

s
: ð3Þ

In this report, results from the first use of the LSDS at RPI for
(n,a) cross section measurements will be shown. We have chosen
to study (n,a) reactions on 147Sm and 149Sm. These reactions have
been identified [11,12] as important in astrophysics in the keV
energy range. Furthermore, these isotopes are fission products
and so these reactions could be important both for thermal and
fast reactors. LSDS experiments can cover the range from below
1 eV to 10’s of keV and therefore provide data for these
applications.
Table 2
Summary of samples parameters.

Sample Oxide mass [mg] Sample area [cm2] Average sample
thickness [mg/cm2]

Sm-147 9.670.05 1.4570.08 6.670.4

Sm-149 9.470.05 1.5570.04 6.170.2
2. Experimental set-up

2.1. LSDS

The LSDS at RPI consists of 72 t (a 1.8 m cube) of 99.99% [15]
pure lead. At its center are several air cooled tantalum plates
making up the neutron producing target. The LSDS is attached to
the end of the Gaerttner Electron Linear Accelerator Facility
(LINAC). The target is bombarded with electrons with energy up
to �60 MeV which produced Bremsstrahlung radiation that then
undergoes (g,n) reactions producing neutrons with an evapora-
tion spectrum [15]. Neutrons scatter through the lead losing
energy through inelastic collisions until dropping below the
inelastic threshold of lead, at which point they continue to lose
energy through elastic collisions.

During this work, the LINAC was operated at an average beam
current of 13 mA and at 55 MeV. The detector was placed in a
channel in the lead, �20 cm below the target and �40 cm deep.
The channel was back filled with 10 cm of lead and covered with a
sheet of cadmium. Data were collected from 147Sm and 149Sm for
4.77 h and 12.74 h, respectively.

2.2. Samples

Two samples were prepared from isotopically enriched samar-
ium oxide (Sm2O3), see Table 1 for isotopic composition. Sm2O3

was reacted with concentrated nitric acid forming Sm(NO3)3. The
heat released during this reaction was enough to boil away most
of the water so the remaining material was dissolved in deionized
water until no sediment remained after sitting overnight. The
solution was stippled to 99.9% aluminum disks forming �1 cm
diameter circles. To ensure that all of the samarium nitrate was
deposited the container was rinsed with deionized water which
was also stippled to the sample. These samples were left on a hot
plate turned to high for a day to reduce the water mass in the
sample. The samarium nitrate partially decomposed back to
samarium oxide prior to the experiment. Sample thickness is a
combination of samarium oxide, samarium nitrate, un-reacted
nitrate and water left in the crystal structure so the mass of the
Table 1
Isotopic fractions (percent) of samples as given by Oak Ridge Nation Laboratory [16]. U

Sample Sm-144 Sm-147 Sm-148

Sm-147 0.0570.00 98.3070.05 0.8570.02

Sm-149 0.035 0.371 0.781
sample was measured again to determine the sample thickness.
Mass of the samarium in the sample was derived from the mass of
the oxide initially used. Table 2 contains all of the sample
parameters.

2.3. Detector and electronics

The two PIPS detectors (Canberra model PD-150-30-40EPI-40)
were arranged in a light tight aluminum shell facing each other.
The sample was placed between the two detectors with a 2 mm
air gap between the sample and the active surface of the detector.
Fig. 1 is a photograph of the detector chamber. The PIPS detectors
have an active surface area of 150 mm2 and a depletion depth of
40 mm with the applied þ20 V bias.

The neutron pulse was preceded by a very strong burst of
g-rays or ‘‘g-flash.’’ In order to minimize the effect of the ‘‘g-flash’’
a compensating circuit was placed before the preamp, shown in
Fig. 2. Signals were extracted through a 4.7 nF capacitor and sent
though a Phillips Scientific 460 inverting transformer, one of
these transformers was modified so that it was non-inverting.
Signals were then combined and coupled to the input of a Cremat
CR-110 preamplifier modified to have a 45 ns decay time though
another 4.7 nF capacitor. The output of the preamplifier was sent
to a Cremat CR-200 shaping amplifier with a time constant of
100 ns. Although pulses from each detector were negative, the
compensating circuit inverted one signal and produced large
overshoots in both. Pulses from the detector facing the sample
were positive-lobe-leading (PLL) bi-polar signals. The other detec-
tor produced negative-lobe-leading (NLL) pulses due to back-
ground g-rays interacting with the detector or (n,a) events with
the small amount of boron used as a dopant in the PIPS detector.
An Agilent 12 bit digitizer (U1066A-001) was used to save wave-
forms and time stamps for each event, with a waveform consist-
ing of 336 samples per event at 2.38 ns per sample, with 84 pre-
trigger samples. The digitizer’s full range ran from �1 V to 1 V,
corresponding to raw digital values (RDV) of �2048 to 2047,
respectively.
3. Data analysis

Data reduction was performed in two steps. First pulse shape
analysis was performed to eliminate g pile-up and ‘‘g-flash’’
events. The pulse shape analysis method used in this work
imposes two conditions based on the minimum and maximum
samples. Minimum and maximum values were first found
between samples 0 and 250 (�195 ns before the trigger threshold
was exceeded to 400 ns after). To pass the first discrimination
criteria the maximum and minimum samples were required to be
ncertainties not listed explicitly in this table are 70.01%.

Sm-149 Sm-150 Sm-152 Sm-154

0.36 0.11 0.21 0.12

97.66970.03 0.571 0.392 0.181



Fig. 1. Photograph of the detector chamber: (1) chamber shell, (2) one of the PIPS

detectors, (3) sample holder. Aluminum tape was used to ground the shell. The

sample holder is placed through the slit on the chamber shell.
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Fig. 2. Wiring diagram of the detector and electronics. The top box is the detector

chamber shown in Fig. 1, the bottom box is the compensation circuit.

Fig. 3. Histogram of the time between the minimum and maximum samples

recorded from an 241Am source.

Fig. 4. Histogram of the ratio of maximum to minimum sample values adjusted

for any DC offset from an 241Am a source. Most a’s from the 241Am source meet

the criteria given by Eq. (4).
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between 80 and 120 samples apart (�190 ns to �286 ns apart).
For PLL pulses the maximum occurred before the minimum and
for NLL pulses the minimum occurred before the maximum.
These limits were chosen from results obtained from an 241Am
source, shown in Fig. 3.
The second condition is placed on the DC adjusted ratio of
maximum to minimum values, or

0:6r
MAX�Z

MIN�Z

����
����r1:2 ð4Þ

where MAX and MIN are the maximum and minimum sample
values as a raw digital value (RDV), respectively. Z accounts for
the DC offset and is computed as the average of the first 20
samples for PLL pulses. For NLL pulses, Z is the average of samples
180 to 199 corresponding to the 20 samples after the positive lobe
of the pulse, roughly 229 ns to 274 ns after the trigger. Again, the
241Am data was used to select these limits, see Fig. 4. Fig. 5 shows
representative PLL pulses compared to noise pulses from the
‘‘g-flash’’ and g pile-up. Pulses failing either criterion were
removed from further analysis.

PIPS detectors are constructed with a boron dopant that
produces a low energy a background which are capable of passing
the pulse shape criteria and required a second method of
discrimination. Q-values of the (n,a) reactions in 147Sm, 149Sm
and 10B are 10.127, 9.436 and 2.789 MeV, respectively, so boron
a events were easily removed through pulse height discrimination.



Fig. 5. Representative pulses for PLL caused by (n,a) reactions in samarium (top)

and noise caused by the ‘‘g-flash’’ and g pile-up (bottom). The x-axis is time

relative to the event trigger.
Fig. 6. Pulse height spectra of NNL (noise and boron only) and PLL (noise,

samarium and boron) pulses for the 147Sm run for all time of flights. Some PLL

pulses were able to over-range the digitizer producing the peak at a RDV of 2047.

Below a RDV of 600 the PLL and NLL lines overlap significantly.

Fig. 7. Time spectra of counts from the 147Sm measurement. The top plot is the

spectra created by all triggers with no filtering, the middle plot is filtered to

include only pulses passing the pulse shape analysis and the bottom plot is filtered

by both pulse shape and pulse height.
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Fig. 6 shows pulse height spectra from both detectors (PLL and NLL)
during the 147Sm run. All of the NLL events were caused by boron a’s
and the ‘‘g-flash’’ so the lower limit discriminator value of 600 was
chosen to eliminate the majority of NLL events. The remaining NLL’s
comprised the time-dependent background.

A time-independent background was taken as the count rate of
PLL’s from 2 to 4 ms. NLL counts were binned identically to the
PLL counts and composed the time-dependent background. The
total background rate was subtracted from the count rate.

The 147Sm(n,2a) reaction releases an additional 1.91 MeV
compared to the 147Sm(n,a) reaction, and all other (n,xa) reactions
for xr6 are energetically possible with zero incident neutron
energy. For 149Sm, the Q-values for the (n,2a) and (n,3a) are
10.62 MeV and 11.91 MeV, respectively, and all other (n,xa)
reactions for xr6 are positive but smaller than 10 MeV. When
the energy released during the reaction is divided between
multiple a particles, each individual a possesses significantly less
energy on average than during the (n,a) reaction. The likelihood
that any single a particle can deposit enough energy in the
detector to exceed the lower limit threshold is greatly reduced.
Multiple a particles from a single (n,xa) reaction are less like to
reach the detector than a single a particle, and energy lost in the
sample would increase because the energy loss per a particle
changes slowly as a function of energy in the few MeV range. The
detector was incapable to discriminating events from different
(n,xa) events, however the contribution from reactions with x41
is small due to lower a energies and no correction was made.

Energy deposition from charged particles lighter than a
particles is limited by the detector’s thin active volume. The
lower limit discriminator was able to eliminate these events
based on the pulse height criteria. Contribution from charged-
particle-out reactions other than (n,a) were assumed to be
negligible.

Time spectra from the 147Sm measurement are shown in Fig. 7.
Noise picked-up after the signals were combined caused ringing
and limited the measurement without pulse shape discrimination
to below 10 keV. As can be seen in Fig. 7, the combination of pulse
shape and height discrimination eliminated much of the ‘‘g-flash’’
counts in the high energy range and extended the measurement
from �10 ms (�1 keV) to �1 ms (�100 keV).

The number of counts, Ci, from each sample over energy bin i

can be calculated as

Ci ¼ f NsiFi ð4Þ
where N is the number of samarium atoms in the sample as
calculated from the sample mass, Fi (with units of cm�2) is the
integral of Eq. (2) over energy bin i, f is a normalization constant
which includes the detector efficiency and flux normalization, and
si is the resolution-broadened cross section averaged over bin i. Ci

is calculated from the measured events as

Ci ¼NPLL
i �NNLL

i �DtiðN
PLL
BKG�NNLL

BKGÞ ð5Þ

where NPLL
i and NNLL

i are the recorded number of PLL and NLL
pulses, respectively, over energy bin i, Dti is the width of bin i in
seconds, NPLL

BKG and NNLL
BKG are the time-independent background

counting rates of PLL and NLL pulses as measured between
neutron pulses, respectively. The resolution-broadened cross
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section over bin i was calculated as

si ¼
Ci

f NFi
ð6Þ

The error in the si was calculated from the uncertainties in
NPLL

i , NNLL
i , NPLL

BKG, NNLL
BKG and the sample mass. The 147Sm cross

section measured here was normalized over the energy range
300 eV–2500 eV to the results obtained by Gledenov et al. [7] that
were first broadened with the LSDS resolution using the method
discussed by Danon [13]. The results from 149Sm were normalized
to the 147Sm by the number of linac pulses and mass of the major
isotope. Efficiency differences are small due to the small differ-
ences in atomic mass, sample thickness and Q-value for the two
reactions.
Fig. 9. Measured 149Sm(n,a) cross section compared to previous measurements

[17,19–24] and evaluations [18] broadened by the method given by Danon [13].
4. Results

Fig. 8 shows the 147Sm(n,a)144Nd cross section measured here
compared to ENDF/B-VI.8, ENDF/B-VII, JENDL-3.3, JENDL-4.0 eva-
luations and the measurement by Gledenov et al. [7], all of which
were broadened using the method described by Danon [13]. The
new measurement presented here shows the best agreement
with the shape of the measurement made by Gledenov et al. [7].

Fig. 9 shows the results of the 149Sm(n,a)146Nd cross section
compared to the broadened evaluations from ENDF/B-VII, JENDL-
3.3 and JENDL-4.0. The measurement here lacks the structure
predicted in both ENDF and JENDL below 10 eV. Some structure is
present in the 10 eV–1 keV region but not to the degree that
appears in the evaluations. It seems that due to lack of informa-
tion the evaluated (n,a) cross section is a simple scaled down
version of the total cross section. The lack of structure near the
0.0976 and 0.88 eV resonances would suggest that these reso-
nances do not contribute significantly to the (n,a) reaction
(Ga5G).

Large error bars are present in both measurements above
1 keV and in the 147Sm measurement below �2 eV. The primary
cause of the large error bars is from the counting statistics.
Although the large error bars make it difficult to determine
resonance parameters, the results are useful to compare gross
structures and difference between different evaluations.

Despite the heavy filtering above 10 keV, the 147Sm data show
good agreement with ENDF/B-VII, JENDL-4.0 and Gledenov [7]
Fig. 8. Measured 147Sm(n,a) cross section compared to previous measurements

[7,17] and evaluations [18] broadened by the method given by Danon [13].
and the trends in 149Sm agree with ENDF/B-VII from about 20 eV
to 1 keV. The overall data trend is in good agreement with the
previous measurement made by Popov [19] of o6 mbarn at
30 keV and the few measurements made by Andzheevski [22,23].

Data from 0.09 eV–1 eV were fitted to the equation s¼ AEm

using the nonlinear, iterative Levenberg–Marquardt method
described by Press et al. [25] and taking the error in the
measurement as the weight, where A and m are constants, and
cross sections were extrapolated to values at 0.0253 eV. This
model was chosen over the characteristic 1/v shape (m¼�0.5)
because the low-lying or bound level resonances can cause
deviations from the 1/v shape. The results of this extrapolation
predict thermal cross section of 0.370.3 mbarn for 147Sm. The
thermal cross section predicted here for 147Sm is lower than the
0.6970.15 mbarn reported by Cheifetz [17]. Low count statistics
below 1 eV from 147Sm lead to the large uncertainty in the
predicted thermal cross section and no correction was made for
nearby resonance at 3.397 eV [18]. Using the same method, the
results predict an 11.571.1 mbarn thermal neutron cross section
for 149Sm. Okamoto [20] reported a 28.573.7 thermal cross
section, Cheifetz et al. [17], Beg and Macfarlane [21], and Andreev
and Sirotkin [24] reported higher values closer to 43 mbarn.
Again, this measurement predicted a slightly lower thermal cross
section than previously measured. This extrapolation method was
chosen because it best represents the effects of bound level
(negative energy) resonances to the cross section.

The 147Sm cross section is very low compared to the 149Sm below
1 eV making a 149Sm contamination of the 147Sm sample a concern in
this energy range. To eliminate any cross contamination from the two
samples different glassware and pipettes were used and each con-
tained only the one solution being disposed. The small amount of
149Sm in the enriched 147Sm sample (0.36%) contributes less than 5%
of measured 147Sm(n,a)144Nd cross section.
5. Conclusions

The high flux provided by the LSDS makes it is an obvious
choice for measuring reactions with small cross sections on
samples whose masses are required to also be small either due
to the reaction of interest, expense of enrichment of natural
material or limitations on the creation of radioactive isotopes.
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Results from 147Sm are in better agreement with Gledenov et al.
[7] than with ENDF/B-VII. Extrapolation of the data presented for
149Sm yields a thermal cross section of 11.571.1 mbarn, which is
smaller than the few thermal cross section points previously
measured. This method demonstrates that (n,a) cross sections
near 1 mbarn can be measured in a very reasonable amount of
time (o10 h per sample) with sample of only a few mg.
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