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CROSS-SECTION MEASUREMENTS FOR RADIOACTIVE SAMPLES

Paul E. Koehler and Harold A. O'Brien

Los Alamos National Laboratory, Physics Division MS-D449
Los Alamos, New Mexico 87545, USA

Abstract: The measurement of (n,p), (n,a) and (n,y) cross sections for radioactive
nuclei is of interest to both nuclear physics and astrophysics. For example, using
these reactions, properties of levels in nuclel at high excitation energies, which are
difficult or impossible to study using other reactions, can be investigated. Also,
reaction rates for both big-bang and stellar nucleosynthesis can be obtained from
these measurements. In the past, the large background associated with the sample
activity limited these types of measurements to radioisotopes with very long half-
lives. The advent of the low-energy, high-intensity neutron source at the Los
Alamos Neutron Scattering CEnter (LANSCE) has greatly increased the number of
nucle! which can be studied. Examples of (n,p) measurements on samples with half
lives as short as iifty-three days will be given. The nuclear physius and astrophysics
to be learned from these deta will be discussed. Additional difficulties are
encountered when making (n,v) rather than (n,p) or (n,a) measurements. However,
with & properly-designed detactor, and the high peak neutron intensities now
available, {n,y) measurements can be made for nuclel with haif lives as short as
several months. Progress on ihe Los Alamos (n,y) cross-section measurement
program for radioactive samples will be discussed.



Introduction

There is much nuclear physics and nuclear astrophysics to be learned from
the measurement of (n,p), (n,a) and (n,7) cross sections for radioactive nuclei. Due
to the potentially large background associated with the sample activity, most
measurements of this typs have been limited in the past to stable nuclei or to
isutopes with very long half lives and low specific activity. The advent of pulsed
spallation ncutron sources, such as one at the LANSCE!, have opened up the
possibility of making cross-section measurements for neutron-induced reactions oin
nu<lei with very short half lives. In this paper, I will give some examples of recent
measurements of this type and discuss the physics that has been learned. I will also
discuss our plans for additional measurements, outlining the techniques involved
and the expected results.

Experimental Technigues

The experimental techniqus used in our (n,p) and (n,a) measurements?, and
planned for the (n,y) measurements’ has been published elsewliere, 30 only the
salient features will be presented here. Successful nicasurements require a large
peak neutron intensity and a properly designed deter or so that the detected rate
for the reaction of interest is larger than the background rate asjociated with the
decay of the sample under study. At the LANSCE!, the high peak neutron intensity
is obtained by bombarding a tungsten target with an intense burst of protons. The
protons are accelerated by the Los Alamos Meson Physics Facility (LAMPF), and
compressed into an intense pulse by the newly commissioned Proton Storage Ring
(PSR). At the design intensity of the PSR (100 uA, at 12 Hz), the water moderated
neutron intensity at 1 eV for a flight path of 7 m is 4x10° neutrcas/(eV em? sec), and



the neutron spectrum of this "white" source is approximately proportional to 1/E.
The relatively long pulse width (250 ns) from the PSR limits the useful upper energy
to about S0 keV at which point the energy resolution is about 25% for the 7 m flight
path used in our measurements. The "white" naturz of the neutron source means
that measurements at all neutron energies are obtained simultanecously. This high
neutron intensity allows measurements to be made with sample sizes in the 100 ng
to few hundred ug range. Even these small samples can still present some rather
large background problems, but a properly designed detector can reduce the
sample-related backgrounds to acceptable levels. Because the requirements for the
detectors differ, the experimental technique for (n,p) and (n,y) measurements will
be discussed separately below.

A’(n.p) and A'(n.a) Measurements

For A'(n,p) and A'(n,a) measurements, where A’ is a radioactive nucleus,
the ‘ample-related backgrounds can be reduced to manageable levels by choosing a
charged-particle detector of thickness no greater than that needed to stop the
protons or alphas from the reaction of interest. The detection efficiency for
radioactive decay emissions from the sample can thus be reducsd to order 107 of
the proton or alpha detection efficiency. Also, very few nuclei emit charged
particles under bombardment by slow neutrons. Hence, the somple can be of
relatively low specific activity and can even be a chemical compound. The main
requircments that the samples for these types of measurements must meet are: 1)
The specific activity must be high enough that a sample which contains enough
target nuclel is not too thick, and 2) the levels of contaminant °Li and 1B, which
havc large (n,a) cross sections, ars low enough that they do not interfere with

detecting the particies from the reaction of interest. For most (n,p) measurements,



even these contaminants can be surmounted by the use of a AE-E detector
telescope.

To demonstrate the quality of the measurements possible, a typical
subtracted spectrum from our 2Na(n,p)®Ne a.d 2Na(n,a)°F measurements is
shown in 7ig. 1. These measurements were made with a sample containing
approximately 75 ng of ZNa (t,,=2.6 years). To our knowledge, these are the first
measurements of the relatively small 2Na(n,a)'’F cross sections. Previous attempts
to mcasure these cross sections were unsuccessful due to interference from a
relatively large '°B contamination in the sample® and/or due to the large
background associated with the radioactive sample*S. In our measurements, the '°B
contamination problem was overcome by the use of & vary pure production target
for the irradiation at the isotope production facility’ at LAMPF, and very careful
chemistry thereafter’. The background due to pileup from the radioactive decay
products from the sample was overcome by the use of very thin detectors.

A’(n.x) Measurements

A’(n,y) measurements require a separated isotope on » low mass backing as
a sample because many nuclei have sizable (r,y) cross sections at low neutron
energy. This requirement should not be too difficult to meet for the very small
samples sizes required®!!. For these types of measurements the decay radiation
from the sample is often of the same type as that from the reaction of interest.
Pileup of these low-energy decay y-rays can result in a signal the same size as that
from a neutron-capture event. To overcome this potentially large background one
can make use of the fact that the y-ray decay energy, E,, is almost always much less
than the totai energy, E,, of the neutron capture cascade. Hence, a detector which
registers ali of the 2nergy from the capture cascade, and which has a very short
output pulse width, r, can effectively overcome this background. Of course, the size



of this background is a very strong function of the ratio, E /E_, and of r, and one can
always think of very difficult cases for which measurements are still not possible.
Our calculations show that measurements on many interesting samples with half
lives as short as a several months can be made’.

A cube of barium fluoride (BaF,) covering almost 4« in solid angle is an
ideal choice for a capture detector for radioactive samples’. The high stopping
power of BaF, makes for a relatively compact (about 15 cm thick) detector, and the
fast decay constant of its light output allows mc¢asurements on samples with short
half lives. Finally, by lining the central beam hole with °B,C, the background from
neutron scattering can be reduced to manageabie levels for most samples of interest

within the range of energies possible in our measurements.

Nuclear Physics from A’+n Measurcments

In general, these measurements improve our understanding of nuclear
physics by providing tests of nuciear models in a regime previously unexplored. This
is most trus for the A’(n,y) measurements where data can be obtained for a wide
range of nucleli on both sidez of the valley of beta stability. Specifically, (n,p)
measurements provide information about the isospin mixing of the observed
levels?, (na) measurements provide tests of clustzr models®, and, for all but the
lightest nuclei studied, level density information can be obtained for levels of
relatively high spin and high excitation.

Our "Be(n,p)’Li results? are one example of the interesting basic nuciear
physics that is learned from these types of measurements. Our result were obtained
using an approximately 90 ng sample of "Be (t,,=53 days), are shown in fig. 2. Also
sliown are the recent data of Gledenov ef al.'?. We did not observe the resonance

suggested by Gledenovetal. at 170 eV.



Our R-matrix calculation? for this reaction, obtained from a fit to both our
data as well as data from several other reactions proceeding through the %Be
compound nucleus is also shown in fig. 2. Prior to our measurements and analysis,
it was not totally understood why the width of the J*=2" resonance appeared to
depend on the reaction used to observe it'’. Also, the amount of isospin mixing in
the resonance was variously reported to be either relatively large!>41, or very
small’®. Our new data and analysis? have resolved these apparent contradictions.
The key to the solution is the fact that the pole in the S-matrix which describes this
resonance is on an unphysical sheet remote from the physical sheet and, therefore,
does not obey the usual unitary relations between its displacement from the real
energy axis and the magnitude of its residue. As detailed in ref. 2, this location of
the pole explains the reported observations'*" of widely different widths for this
resonance as observed in different reactions. Also, because of the unusual position
of this pole, it is necessary to be careful when evaluating the isospin mixing. Our
analysis, which correctly takes into account the special position of this pole, lecds to
a higher T»1 isospin admixture (24%) for this predominantly T=0 resonance than
that of other reported analyses'$ 16,

A second example of a longsianding puzzie is the nature of the structure of
DNa near the neutron threshold. Previous analyses of the measured 2Na(n,p)2Ne
cross sections**4 had assumed that a single level dominates both the p, and p, cross
sections. Our measurements®, which were the first of the p, cross section at other
than thermal energy, have conclusively shown that at least two levels ere needed to
explain the data. As can be seen in fig. 3, the p, cross section is dominated by a
resonance at appro: ‘Tately 170 eV. In fig. 4, the measured p, cross section is
shown, along with the expected shape of the p, cross section if the resonance seen in
the p, data was responsible for the p, thermal cross section. Obviously, the p,

resonance contributes very little to the p, cross section. Instead, the p, cross section



is dominated by another level in Na. It is most likely® that the py and p,
resonances have J*=52* and 7/2' respectively, and that the p, resonance is
probably the same as one observed in ”F(a,p)*Ne measurements'™!®,

It is probably not unreasonable to expect that as we continue to make
measurements more interesting information about specific levels will be learned,

while overall the measurements wili oe helping to extend the general data base.
Nuclear Astrophysics from A’+ n_Mecasurements

Over the years, cross sections for many reaction rates of importance to
nucleosynthesis calculations have been measured in the laboratory. These rates
have then been integrated into the reaction network used in the calculations and
have improved the general understanding of several types of nucleosynthesis events.
At present, the rates for several important reactions have not been measured,
necessitating the use of theoretical estimates'. This may lead to large uncertainties
in the isotopic yields from nucleosynthesis calculations. Many of the unmeasured
rates involve neutron-induced reactions on radioactive nuclei®?!,

At Los Alamos, the very high peak intensity of the LANSCE white neutron
source can be combined with laboratory facilities’ for the production and separation
of radioactive samples to open up new opportunities for nuclear astrophysics studies
on unstable nuclei. For example, an active program to systematically measure the
(n,y) cross sections for radioactive branching points on the s-process nucleosynthesis
path would help to finally reveal the physical conditions during stellar helium
burning®. In addition, using these data to refine analyses will provide information
on the dynamical aspects of the s-process, a problem where present stellar models
fail to reproduce the observed isotopic abundances®. Also, measurements of (n,p)

and (n,a) cross sections for unstable nuclei will help reveal the conditions prevuiling



during explosive nucleosynthesis®, perhaps aiding in the explanation of the origin of
radioisotopes observed by gamma-ray telescopes®*?, of the various isotopic
anomalies observed in meteorites®s, and of the production of several very rare
stable isotopes®. Finally, measurements from this program will aid in the
interpretation of several cosmochronometers, which will be useful in refining
current estimates of the age of the universe. Below, I will discuss the nuclear
astrophysics that has so far been learned from our measurements, and indicate
some of the things we hope to learn from future measurements.

A first cxample of an important A"+n reaction rate is ’Be(n,p)’Li. This
reaction i8 important to the nucleosynthesis of ’Li in standard hot big-bang
calculations”®, Prior to our measurements?, only the thermal cross section had
been measured directly’®. The rate® for this reaction used in calculations was based
on the rather imprecise thermal measurement and on some 7l..i(p,n)713e
measurcments'>!* converted to (n,p) using detailed balance. Our data have
substantially reduced (by a factor of almost ten at thermal energy) the uncertainty in
the reaction rate. As can be seen from fig. 5, the rate based mainly on our results is
only 60% to 80% of the old rate’ in the temperature range of interest’? (
approximately 0.3 to 1 GK) in big-bang calcuiations. This difference can lead to as
much as a 20% increase in the amount of "Li calculated to be produced in the big
bang?.

Our ®Na(n,p)®Ne measurements® are a second example of a reaction
involving a radioactive target wiich may be important in nucleosynthesis
calculations. This reaction may play a role in the nucleosynthesis of ZNa and/or
2Ne¢ in explosive environments. An understanding of the nucleosynthetis of these
isotopes is important because the origin of the Neon-E anomaly in meteorites® is
not well understood, and because ZNa has been suggested as a candidate for
observation by gamma-ray telescopes®. The astrophysical reaction rate calculated



from our data is compared to the theoretical rate! in fig. 6. At the energies where
we can make measurements, most of the rate is due to protons emitted to the first
excited state of ZNe. The theoretical rate is about a factor of ten lower than the
experimentally determined one at very low temperatures. However, due to the
resonance at E_»170 eV, the two rates cross at 0.05 GK, and the theoretical rate is
about a factor of six high at the highest temperatures measured. If this difference
between the experimental and theoretical rates persists to higher temperatures, it
may result in a significant change in the calculated production of Z?Na in explosive
environments. For example, current estimates predict that approximately 3x10°
solar masses of ZNa are produced in a 25-solar-mass supernova explosion®.
From this it has been calculated that explosions of galactic supernovae probably
would be observable with an orbiting gamma-ray telescope®>*. The reduction in
the 2Na(n,p)®Ne reaction rate indicated by our measurements makes an
observation even more probable should such an event occur. Calculations
employing the new, lower rate which specifically address the production of 2Na are
needed to understand quantitatively the effect of this change in the rate on the
likelihood of observing ZNa with gamma-ray telescopes.

I will discuss our *Cl(n,p)*S data as a final example of how our
measurements can contribute to nuclear astrophysics. These measurements were
made with 410 ug of %Cl. Because the half life for this sample is long (t,,=3x10°
years), a high peak neutron intensity is not essential to the measurements.
However, the relatively high average neutron intensity available from the LANSCE
is still important to measuring this comparatively small cross section within a
reasonable time. Our preliminary data for energies greater than 700 eV are
displayed in fig. 7. Because the :hermal cross scction has rot yet been measured, we
display yields rather than cross sections. The data reveal scveral resonances for

energies greater than 800 eV. This reaction is denoted by an asterix in Howard ef



al.®, a mark which they reserve for rates important to the nucleosynthesis of rare
stable nuclei (*S in this case) in explosive carbon burning. It remains to be seen

how our measurements will affect the results of future nucleosynthesis calculations.

Future Plans

Most of the measurements we have planned are motivated by the
astrophysics to be learned, although the nuclear physics is also often very
interesting. The largest potential impact of these measurements will probably come
from the study of isotopic cross sections of interest to s-process and explosive
nucleosynthesis calculations.

One example of cross sections of interest to both nuclear physics and
astrophysics are those for the 2Al(n,p)*Mg reactions. From the nuclear physics
standpoint, thesc measurements are interesting because they study states of high
spin and high excitation in the compound nucleus ?Al. The information obtained
from measuring the cross sections for these reactions could be important to
theoretical level density calculations. The ZAl+n cr.s8 sections are also important
for a better understanding of the environment in which explosive nucleosynthesis
occurs. Although some measurements of this cross section have already been
made®, the results are widely spaced in energy, and the reaction rate at low
temperatures is not well determined. Also, because most of the cross section is due
to protons emitted to the first excited state of Mg, measurements made via the
inverse reaction’?® determine only a small part of the total reaciion rate. We are
currently constructing a target station to be installed in a low-energy accelerator.
With this apparatus we will make an Al sample for measurements at the LANSCE.
This should allow us to measure the ¥Al(n,p)®Mg cross sections from thermal

energy to approximately 50 keV.



Other nuclei for which A’(n,p) and A’(n,a) measurements are possible at the
LANSCE and which are of interest to nuclear astrophysics® include *’Ar and *'Ca.
We hope to measure the cross sections for these nuclei in the future. We have
already made preliminary (n,p) measurements for the stable nuclei N and ¥Cl,
and plan to extend these measurcments in the near future.

Potentially, the largest number of measurements to be made are of A'(n,y)
cross sections which are mainly of interest for a better understanding of s-process
nucleosynthesis. Once our A'(n,y) detector is operational, we will begin these
measurements with an isotope such as Tm (t,,#128.6 days) which has been
predicted by theory to have the largest cross section in a region of branching in the
s-process flow. Such isotopes determine the "freeze-out” timeZ, an important
parameter used in the comparison of the neutron density determined from
empirical or "classical” calculations to the density calculated by stellar models. The
first couple of measurements of this type will help to put more stringent limits on
the mean propertics of the s-process environment. After more measurements, the
inconsistencies in the mean properties obtained from the "classical” anaiyses of the
different branching points will lead to a better understanding of the dynamics of the
s-process environment®, These measurements on radioactive samples, coupled
with the planned very precise measurements on stable isotopes®, and new
calculational approaches® should lead to a much better understanding of the s-

process, including its dynamics.
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Eigure Captions

Pulsc-height spectra at thermal neutron energy from our “Na+n
measurements. The peaks are labeled according to the outgoing particle.
These spectra were taken with a sample containing 75 ng of 2Na. The upper
spectrum was taken with a detector which was 150 ym thick by 25 mm? in
area. The lower spectrum was taken with a detector of 10 um thickness by 50

mm? in area.

The "Be(n,p,)’Li reduced cross section verses laboratory neutron energy.
Our data from rei. 2 are shown as open circles, while the data of ref. 12 are
depicted as solid circles. For claricy, only every fifth data point of ours is
shown below 100 eV. The solid curve is from an R-matrix fit to our data as

well as data from other reactions as explained in ref. 2.

The ®Na(n,p,)2Ne’(1.27 MeV) reduced cross section verses laboratory
neutron encrgy. Both the open and solid circles are our data from ref. 8.
For clarity, only every fifth data point is shown below 100 eV. The squares
are the data of ref. 6. The solid curve is a two-level, Breit-Wigner fit to our
data, while the dashed curve is a single-level fit.

The ZNa(n,p,)*Ne reduced cross section verses laboratory neutron energy.
The open circles are our data from ref. 8. The dashed curve is the expected
cross section if the iesonance seen in the p, data was responsible for the p,

thermal cross section, while the solid curve Is from a fit to a sirict 1/v shape.



3)

6)

The ’Be(n,p)’Li astrophysical reaction rate verses temperature. The solid
curve is the rate calculated mainly from our data shown in fig. 2. The dashed

curve is the theoretical estimate for this rate from ref. 31.

The #Na(n,p)*?Ne astrophysical reaction rate verses temperature. The solid
curve is the rate calculated from our data f ref. 8, while the dashed curve is
the theoretical rate of ref. 19.

Preliminary yield verses laboratory neutron energy from onr Cl(n,p)*S
measurements. The yield has not been corrected for the variation with
cnergy of the neutron flux. Also, because we are currently measuring the
absolute thermal cross section for this reaction, these yields have not yet
been normalized to obtain cross sections.
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