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MEASUREMENTSOF ASI’ROPHYSICA.LREACI’IONRATESFOR
RADIOACI’I’VESAMPLES”

P.E. Koehlcr, H.A O’Brienand C.D. Bowman
Physi= Division, Los Aiamoe National IAoratory, MS-D449,

la Alamm New Mexico 87545, USA

ABsrRAcr

Reaction rates for both bi -ban and stellar nucl
! ?J T

thesis can be obtained
from the measurement of (n,p and ~V cms sections or radioactive nuclei. In
the past large backgrounds associate with the sample activity limited these

Y
s of measurements.to radioisotopes with veg Ion half lives= The advent of

# &“’~ ‘eutron ~ur~ at L I-4MAlarms Neutront e Iow-ener , hi
Scattering C nter SCE has greatly mereascd !he number of nuclei which
can be studied. Results of n,p) measurcmcnb on samplee with half lives as
short as fifty-threeday will be @vcn. The astrophysicalto be learned from these
data will be dismuwcd. Mditlonal difkulties arc encountered when makin
$)n,7 rather than (n, ) measurements. However, with a properly desi e

[
5

?“)etcctor, and with t c high peak veutron intensities now available, n,~
measurements can be made for nucki with half lives as short as several weeks.
Pro~ess on the Los Akmos (~~ crowsection measurement program for

2radioactive samples will be discussc .

INTRODUCTION

Over the year$ many reaction rates of importance to b.h bi -bang and
!stellar nucleosynthcsis cahlations have been measured in the aboratory.

?hesc rates have then been intc atcd into the reaetion network used in the
%Calculation and have improved t e general understandingof several typa of

nucleosynthesis events. At prcscn~ the rata for several important reactions
have not been measuret~ nccessitatin the w of theoretical titimatcs~. This

\may lead to large uncertainties in t e isotopic yields from nudeosynthcsis
calculations. Man of the unmeasured rates involve neutron-induced reactions

1on radioactive nuc ci. Previous measurcmentsU of this
r

have been limited
to nuclei with very Ion

P
half lives due to potential y large backgrounds

associated with the sam e activity. ‘T?ieadvent of pulsed spallation neutron
&sourccq such as IAN E’, has o~ned up the possibility of making cross-

scction measurements for neutron-reduced reactions on nuclei with short half
lives. In this aper, we will give some examples of rccsnt measurements of this

r
tand brie y discuss the nuclear astrophysics to be learned. We will then

iscuss our phmsfor additional mcasurcmcnw briefly outlining the techniques
involved and the expected results. We expect that these mcasurcrncnts will
greatly aid in the undcrstandin$ of the astrophysical en’rironmcnts in which
nucleosynthcsis occu~ and WIIIaid in the calculation of the cxpectcd
nuclcosynthcsis yield of isotopes of interest to gamma-rayastronomy.

●Worksuppmlcd by the U.S. Dcpartmen[ of Encr~



EXPERIMENTAL TECHNIQUE

The experimental techniques for these measurements requires a large peak
neutron intensity and a properlydesigned detector so that the detected rate for
the reaction of interest is larger than the backgroundrate associated with the
decay of the sample under study. At LAN= the high peak neutron intensity
is obtained by bombarding a tungsten target with an mtcnse burst of protons.
The protons are accelerated by LA.MPF,and com ressed into an intense pulse

fby the newlycommissioned Proton Storage Ring ( SR). At the desi~ intensity

d
of the PSR (100 ~ at 12 Hz , the water moderated neutron intenwty at 1 eV
for a fli~t path of 7 m is 4xl neutrons/(eV cm2see), and the neutron spectmm
of this’ white” source is approximatelyproportionalto l/En. The relatively km

E
ulse width (2S0 ns) from the PSR hmits the useful u per enc
eV at which point the ener

%
4 T ‘0 abut ‘gresolution is about 2S for the m fhght path

used in our measurements. c ‘hvhite”nature of the neutron source means
that measurements at all neutron energies are obtairled simultaneously. This
hi neutron intensity allows measurements to be made with sample sizes in the

($1 ng to a few hundred pg range. TIM small sample size means that the
necessmy radioactive sam les arc easier to produce and that only relatively

Rmodest activities must be andled. Even these small samples can still present
some rather large background problcm&but a properly desi cd detector can

Yreduce the sample-related backgrounds to accc table Ieves.
f

Ekcause the
requirements for the detectors differ, we WII discuss (n,p) and (n,~)
measurements separatelybelow.

A“(n,p) MIU4SUR.EMENTS

For A“(n,p) measurcmenw where A* is a radioactive nucle~ the sample-
related backgrounds can be reduced to manageable levels by chmsing a
charged- article detector of thickness no greater than that needed to stop the

rprotons rom the reaction of interest. The dctcdion efficien for radioactive
?’decay cmissicns from the sample can thus b reduced to order 0+ of the proton

detection efflcicn .
7

Also, very few nuclei emit char d particles under
bombardment by s w neutrons. Hence, the sample canc

4

of relatively low
s ecific activi , and can even & a chemical corn und. several unstable nuclei
(~Na, ‘AI,

~
ro) fiave been consi cred as candi atcs for observation bygamma-

ray telcscopes6, and at least one (aAl has been detected. Perhaps at this
iworkshopwe,will hear of other successfu observations. In certain astrophysical

11
scenarios, A n, ) reactions pl

?
an important role in the calculations of the

production o t ese isotop. or e mple, the relatively large
%

~Al(n,p)tiMg
cross section is given as evidence that ●A may not be produced in sites where
neutrons arc important.0 Also, some A (n,p) reactions may play an important
role in the nuc!eosynthesis m c~plosive environments of vety rare stable

F
isoto s.9

e will discuss 7Be(n, )7Li (t, ■53 days) as a firstexample of an im~tiant
A“(n,p) react:oc ?a~e. !qIn t IScase, he reaction is of importance to the big-ban

fnuclcos nthesis of !A Our measurements were made with WIng (=30 mCi) o
{‘Be, in css than one week of beam time with the 1% operating at onl one-

9 rfcnth of its design intensity. Prior to our measurements , only the thcrrna cross
sections had bceri measured directly10. TIM rrnte12for this reaction used in
calculations was based on this rather imprecise thermal value and on some also
rather imprccisc 7Li(p,n)7Bcmeasurements’ convcrtcd to (n, ) using detailed

tImlancc. Our ncw measurements have substantially reduce (by a factor of



almost ten at thermalcncr ) the uncertaintyin the reaction rate. The reaction
Yrate determined primarily rom our new data is com ared to the old rate in hg.

1. The rate based on our data is only 60% to d % of the old rate in the
temperature ran e of interest13

k
in the big-bang calculations (Tg = 0.3 - 1).

Calculations14”1aave shown.that this difference can lead to as much as a 20%
increase in the amount of ‘b produced ig the big bang.

A second example of our recent A (n,p) measurements17is ‘Na(n,p)zNe
(t6=2.6 gars). In this case, the measurements were made with 360 n (=2.25
m 1)of Na. This reaction may play a role in the nucleosynthesis of & a and
‘Ne and may aid in the interpretation of the neon-E anomalytain meteorites.
The ‘astro hysical reaction rate calculated from our data ia compared to the
theoretiJ ratel in fig. 2. At our energie~ most of the rate is due to protons
emitted to the fimt excited state of ‘Ne. The theoretical rate is about a factor of
ten lower than the exprimentall determined one at very low temperatures.
However, due to a resonance at z ~=170 eV, the two rates cross at Tg=9.05. We
are currentl exploringthe as~rophysicalimplicationsof this result.

{A fins example of A (n,p) measurements is our recent data on the
*l(n,p W reaction .

$c
17 llwsc measurements were made with 410 ~g 9 uCi) of

~cl . kcause the half life for this sample is long (t ■3xl@ years), a i h ~ak
‘&. However, the r~atrvelyneutron intensity is not essential to the measurernen

high average neutron intensity available from LANSCE is still important to
measuringthis comparativelysmall cross section within a reasonable time. Our
preliminary measurements are displayed in fig. 3, Because the thermal cross
section has not yet been measured, wc dis la yields rather than cross sections.
The data reveal several resonances for En>BU.7eV. This reaction is denoted by a
● in Howard ~g, a mark which they resesvc for rates important to the
nucleosynthe~isof rare nuclei (~ in this tasc) in e losive carbon buraing. It

%remains tu be seen how our measurements will a ect the results of future
calculations.

A“(n,7) Measurements

Because manynuclei have sizable (n,~) cross sections at low neutron energy,
A“(n,7) measurements require a separated isoto on a IOUmass backing as a

Rsample. This requirement should not lx too di Icmtto meet for the vesy small
samples sizes required. For these types of measurements the decay raaiation
from the sam Ie ISoften of the same type as that from the reaction of interest.

YPileup of the ow-ener~ decay ~-rayscan result in a sigrwlzhe same sin as that
from a neutran-ca~!dre event. To overcome this potentially large background
one can make usc of the fact that the gamma-ray decay e[~ergy,Ed, is almost
always much lower in energy than the total encr , EC,of the neutron capture

Ycascade. Hence, a detector which registers all o the energy from the capture
cascade, and which h= a ve short output pulse width ,~, cm effectively
overcome this background 0~ course, the sue of this background is e %cry
strong function of the ratio, E&, and of ~, and one can nlwa

J
think of very

difficult cases for which mcasurcmcnts are still not pmible. ur calculmions
show that mensu‘ements manyon interesting sam Ies with half Iivcs as short as

Ra fcw weeks can be made. A fcw of these cases are summarized m uible 1.
Onc o[hcr souicc of potentially serious backgroundis from neutrons scattcrcd
inlo the detector and subsequentlyca tured byonc of the detector nuclei. This

1’could conceivably result in a slgna indistinguishable from the reaction of
interest.



One obvious choice for a detector is a lar e tank of liquid scintillator such
Eas that used in revious measurements on sta k samples. The tank would be

*almost 100%e lcient for the capturecascade, and by loading the liquid with l%!
it can be made much less sensitive to backgroundneutrons. However, we feel
that the relatively new scintillator barium fluoride (BaF) is a better choice.
Monte Carlo calculations we have made using the computer code CYLTRANm
indicate that a thickness of roughly 15 cm of BaF is adequate to make an

/ap roximately 1(K)% eff]cient deteetor in essen ial a cement with the
f fca culations of Wisshak-.21 In our a plicatio~ the sm I sample size allows

Jus to have a ve small neutron beam (O. cm diameter). Hence, a 30 cm cube of
BaFz with a 7 cm beam hole is sufficient to make a detector which is
ap roximately100% efficient. A detector of this size, composed of eight 15 cm

Lcu * is relatwely inexpensive to build compared to more com Iex designs such
as the Karlsruhe sphere %‘, The fast component of BaF (~= ns for 15 cm
crystals)provides for effective pileup rejection. Pileup of tie slow component of
BaF2 contributes essentially only a constant dfset signal which can be cancelled
with the pro~r electronics.

A BaFz scintillator has several advantages over a large Ii uid scintillator
atank. First, the total detector size is much smaller so that shiel ing from room

backgroundis much easier to accom Iish. Second, the out~ut ~ulse width can
!probablybe made shorter for M t an for a tank of liquld semtillator of the

requiredsize (=1.5 m diameter). fiir~ the pulse-height resolution of BaF can
be varied by aeccptin~ more or less of the signal from the slow decay
component. When using only the fast Componeng the c~cted resolution
should bc about equal to that obtained with a Iar c tank of Iiq%dsein:illator

&@0-30%). However, for those stable samples whi arc available only in vciy
small quantities as separated isotc~q or for radioactive samples of very low
specific ~-ray activity, the op rtum

Y?
exists with BaF2for improving the pulsc-

height resolution dramaticaly and, encc, for improving the accuracy of the
measurement, perhaps to as good as 1% (ref. 21. ‘he main disadvantage of

)BaF2 is its rester scmitivity to the background rom scattered n~utrons. We
have madeb onte Carlo calculations using the code MCN~ to estimate the
size of this background. TIMcalculations mdicatc that our detector would be
about 1% efficient to scattered neutrons at 10 kcV. 7Ws ean be reduced even
~ut~r to 0.3%)

A ?!
iinin the ecntral beam hole with a 1 cm thick layer of

encc, for a most a I eases the backgrounddue to scattered neutronscan
bc ‘reduced to acceptable levels for the range of energies possible in our
measurements.

The resultin A“(n,~) measurements will have a la~c impact cm our
fundcrstandin o the dynamica of s- rocssa nuclcoa thesis - a point where

!currentmodes fail to reproducethe oL rvations.~ x e first few measurements
at selected s-process branch points should help reveal more about the mean
properties of the s-process environment, the competition between radioactive
decny and neutron capture hel~in~ to place more stringent limits on quantities
such as the mean neutron density, A Iar cr serica of measurements will allow

%an examination of the dynamics of t e s- roeess.
$

For example, the
mcasurcmcnts will allow for a better undcrstan m of the time dependence of
the neutron flux and the peak neutron intensity, d e hope that this in turn will
spur [hc dcvclopmcnt of better models of the s-process environment.
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TABLE 1

A list of a few of the manyisotopes of importance to thes- recess of
1nucleosynthesis for which A“(n,~)measurementsshould be possi Ie at LANSCE.

Isotope

ls2~u

154EU

155EU

lS@J

163H0

l~m
171Tm

l~a
ISsw

10.7y
44.8 d
93 y

13y
8.8 y

/’L
33 y

129 d
1.9y

66::

3.8 y

Veq importantbranchpoint.
Causes some of mass flow to

w
ass sally ‘lW.

BranchrcsponsibIcfor ls~d. a.lflife depends on
temperature.
Same branchingas lTISm.
Partof branchcausingmasaflow to bypmss-only
l~Gd. Half life depends on temperature.
Importantbranchpoint.
Same branchingas lslSm.
Branchat 1~~, l“Er abundance,and yiclda
estimate for matter density.
Causes mass flow to

r
170ybm

Continuationfo bran at ‘mm.
Origin of l~& nature’srareststable isotope.
Importantbrach in~
Importantto ‘~-~clockforiear!y
solar system.



FIGURE CAPTIONS

Fi .1. The 7Be(n,p)7Lireactivityvemes temperature. The solid curve is the rate
fca culated from our data, while the dashed cume is the theoretical rate of ref. 12.

Fig. 2. The ‘Na(n,p)~e reactivityverses temperature. The solid curve is the
rate calculated from our measurement while the dashed curve is the theoretical
rate of ref. 1.

Fig. 3. Preliminary yield verses neutron ener
%

from our ~(n,p)~
measurements. The yield has not been corrected for e variationwith energy of
the neutron flux.
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