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CROSS-SECI’ION MEASUREMENTS FOR RADIOACI’IVESAMPLES

Paul E. Koehlcr and Harold A O’Brien

Los Alarms National Mxxatory, PhysicsDivision MS-D449

Los Alamo&New Mexico87545,USA

Ak8$KBWne me~urement of (n,p), (u) and (mq) crow sections for radioactive

nuclei & of interest to both nuclear phyda and astrophyska. For example, using

these reactions.jproperties of belt in nuclei at high excitation energiq which are

diffkult or Impssible to study using other reactlou can be Investigated. AISO,

reaction rates for both bi@ang and stellar nudeoqmthesis can be obtained from

these measurements. In the pug the large background associated with the sample

actMty limited these types of measurements to radioisotope with very long half-

Ilves. TIM ●dvent of the Iowwtergy, high+ntenslty neutron source at the Los

Alarms Neutron Scattering C!Enter(LANSCE)hu greatly increased the number of

nudel whkh can be studied. Examples of (n,p) meawrements on sampies with haif

ilvcs u short u iifty-threednyswill be given. 71senuclear phydu and astrophysics

to be iearmd from these CM will be dlscuued. Additional dii!fkultles are

encountered when making (mq) rather ~ (n~p)or(m) meuuremcn~” Howevert

with a property=deslgned demtor, and the hl@ peak neutron Intensltles now

avaiiabie, (n,~) mewrement$ can be made for nuclei with half ilvea u short os

several monthw Progms on the Lo9 Aiamo9 (n,q) crowection mmurement

progrm for radloatiW -plea wUibe dkuued.



‘Tkc is much nuclear physicsand nuclear astrophysics to be learned from

the measurement of (rep), (n,a) and (n,~) cross sections for radioactive nuclei. Due

to the potentially krge background associated with the sample activity, most

measurements of this type have ken limited in the past to stable nuclei or to

isutops with ve~ long half lives and low specific activity. The advent of pulsed

spallatlon nWron souru& such as one at the L41WCE1, have opened up the

possibilityof making cross-section measurements for neutron-induced reactions oil

nu~ei with very short half lives. In this paper, I will give some examples of recent

measurements of this type and discuss the physicsthat has been Icarrwd. I will also

discuss our plans for additional mcasuremenw outlining the techniques Involved

and the expected results.

‘Ilw experimental technique used in our (n,p) and (~) measurements, and

planned for the (n,~) measurements’ has been Published eltewhme, so only the

aallent features will be presented here. Successful meawrements require a large

peak neutron Intensity and a properly de@ed detef or so that the detected rate

for the reaction of interest Is luger than the background rate moclated with the

decay of the sampie under study. At the MN3CE’, the high pak neutron intensity

u obtained by bombarding a tunpten target with w intense burnt of protons. The

protons m accelerated by the b Alamo# Meam Physiu Facility (IAMPF), and

compressed Into an interue puiae by the newlycornmldoaed Proton Storage Ring

(PSR), At the design Intendty of the PSR (100 ~ at 12 Hz), the water moderated

neutron intensity at 1 eV for a flightpnth of 7 m is 4xl@ neutrcits/(eV cmasee), and



the neutron spcctrurn of this “white” source is approximately proportional to l/E.

The relativelylong pulse width (250 ns) from the PSR limits the useful upper energy

to about W kcV at which point the energy resolution is about 2S% for the 7 m flight

path used in our measurements. ‘he “white” nature of the neutron source means

that measurements at all neutron energies arc obtained simultaneously. This high

neutron intensity allows measurements to be made with sample sins in the 100 ng

to few hundred ~g range. Even these small samples can still present some rather

large background probk~ but a properly designed detector can reduce the

sample-related backgrounds to acceptable Icvels. Bccausc the requirements for the

detectors differ, the experimental technique for (~p) and (my) measurements will

be discuued separately belcnv.

A*~*~
For A“(n,p) and A’(u) meaturement& where A“ la Q radioactive nucleus,

the ‘ample-relatedbackgrounds can bc reduced to manageable Icvclsby choosing a

charged-partide detector of thkknesa no greater than that needed to stop the

protons or alphaa from the reaction of intercw. The detection efficiency for

radioactive decay emiulons from the sample can thut be reduosd to order 104 of

the proton or alpha dctoction cfficien~. Also, very few nuclei emit charged

particles under bmbardmcnt by slow neutrons. Hence, the semple can bc of

relatively low specific activity and can even be a chemical compound. ?lte main

rcqukmenta that the urnplas for the8e typa of measurements must me~t are: 1)

The specific actM& must be high enough that a sample which contains enough

target nuclei Is not too thick and 2) the Icvals of contaminant 6U and 1%, which

have large (n,a) crou 8ectlon& an% low enough that they do not Interfere with

detecting the pmtldes from the reach of intermt. For most (n,p) measurements,



even these contaminants can be surmounted by the use of a A15-Edetector

telescope.

To demonstrate the quality of the measurements possible, a typical

subtracted spectrum from ow ~a(n,p)zNe &4d ~Na(n,O)’~ measurements is

shown in fig. L These measurements were made with a sample containing

approximately 75 ng of ‘Na (tm=26 years). To our knowledge,these are the first

measurements of the relatively small ‘Na(n,o)’~ cross sections. Previous attempts

to measure these crosz sections were unsuccessful due to interference from a

relatively large ‘~ contamination m the sarnple” and/or due to the large

background associated with the radioactive sample”. In our measurements, the ‘%

contamination problem was overcome by the use of d vey pure production target

for the Irradhtion at the isotope production facility’ at LAMPF, and very careful

chemistry thercaftd. The background due to pileup from the radioactive decay

products from the sample was overcome by the use of very thin detectors.

A“&McawmW

A0(n,7)meazuranents require a separated Izotope on n low mass backing as

a zample because many nuclei have sizable (w7) m ~~io~ ●t IOWneutron

cner~. ‘I%Isrequirement should not be too diffkult to meet for the very small

samples she require&ll. For these types of menmwemcn~the decay radiation

from the sample h often of the tame type u that from the reaction of interest.

Pileup of these low-ener~ decay T=rayzcan result in a signal the same size as that

i~oma neutromcapture event. To overcome thit potentially large background one

cm make use of the fact that tie T-raydecay enew~ E@k ~mmt ~WV MUChICSN

than the totai ene~, E@,of tie neut~n capture ade~ Hen=t a dete~or which

registers all of the ene~ from the capture rode, ●nd which has a very short

output pulzewidth, ~,can effectivelyovercome this background. Of course, the size



of this background is a very strong function of the ratio, EJEC,and of ~,and one can

always think of very diffmult cases for which measurements are still not possible.

Our calculation show that measurements on many interdng samples with half

lives as short as a several months can be madc3.

A cube of barium fluoride (BaFJ covering almost 4* in solid angle is an

ideal choice for a capture detector for radioactive samples3. The high stopping

power of BaF2makes for a relatively compact (about 15cm thick) detector, and the

fast decay ccmstant of its lightoutput allows measurements on samples with short

half lives. Finally, by lining the cenwal beam hole with 1%4C the background from

neutron scattering can be reduced to manageable levels for most samples of interest

within the range of energies possible in our measurements.

In general, these measurements improve our understanding of nuclear

physicsby providing testsof nuclear models in a regime previouslyunexplored. This

is most trus for the A“(ny) measurements where data can be obtained for a wide

range of nuclei on both eidce of the valley of beta ttabllity Specifically, (n$p)

measurements provlda information about the isoapin mixing of the observed

lcvels2, (n~) measurements provide te#t# of cluster models’, an4 for all but the

lightest nuclei atudle~ level dcndty information can be obtained for Ievcls of

relatively high spin and high excitation.

Our 7Be(n,p)’IJ rasultsJ are one axample of the interesting basic nuclear

physicstht is learned from these types of measurements. Our rwlt were obtained

using an approximately W ng ~ple of’~ (t#3 *)J ~ ~~ ~ fig” z“ ~ao

d~own are the recent data of Clledenov#r aL1a. We did not oburva the resonance

su~qeatcdby Oledcnov et al. at 170cV.



Our R-matrix calculation for this rcactio~ 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.Z Prior to our measurements and analysis,

it was not totally understood why the width of the J*=T resonance appeared to

depend on the reaction used to obscwe itti. Also, the amount of isospin mixing in

the resonance was variously reported to be either relatively large13’14’16,or very

sma1115.Our new data and analWs2 have resolved these apparent contradictions,
●

The key to the solution is the fact that the pole in the S-matrixwhich describes this

resonance h on an unphysical sheet remote from the physical sheet an~ therefore,

does not obey the usual unitary relations between its displacement from the reai

energy axis and the magnitude of its residue. As detailed in ref. Z this location of

the pole explains the reported obscrvationsw~ of widely different widths for this

resonance as observed in different reactions. Also, lwcausc of the unusual position

of thim@e, it is necesmy to be careful when evaluating the isospin mixing. Our

analysk which correctly takes into accountthe spedal position of this pole, Icr.dsto

a higher To1 isospin admixture (24%) for this predominantly T=()resonance than

that of other reported ana&SeSuIi6.

A second example of a Ionptanding puzzle is the nature of the structure of

‘Na near the neutron threshold. Previous analysa of the measured ~a(n,p)=Nc

cross sectionsud had assumed that a single level dominata bow the POand PIcross

sections. Our measurements’, which were the tit of the POcr~ ~~ion at other

than thermal enc~, have condmhly Sh- t~t at Ieut two l~el~ em needed tO

explain the dsta. A M tm teen in fig. 3, the p, cross section is dominated by a

resonance at appra” Y.ately 170 ev. In fig. % M measumd P. ~ SC~iOnis

sh~, along with the expected hp of tJwP. CNMSw~~n if the ~nan~ *en in

the pi data w m$~l~e for tie Po ~e~ ~~ ~~~n’ ~lo~lYI the PI

resonance contributes very little to the P.- w~~n. l~le~d! the P. cr~ *ction



is dominated by another level in ‘Na It is most likcl~ that the ~ and pl

resonances have ~=5/2+ ●nd 7n reqwtively, and that the pO resonance is

probably the same as one observed in ~(~p)~e mcasurementsl’’ls.

It is probably not unreasonable to cxpeet that as we continue to make

measurements more interesting information about specillc levels will be learned,

while overall the measurements wil;be helping to extend the general data base.

Over the ye- cross salons for many reaction rates of importance !0

nudcosynthesis ealcuhtions have been measured in the laboratory. These rates

have then been integrated into the reaction network used in the calculations and

have improved the gcnerd understanding of several ~ of nudeosynthesis events.

At presen~ the rates for smmral important reactions hm?e not been measured,

necessitating the use of theoretical estimates’9. This may lead to large uncertainties

in the isotopic yields from nucleoaynthesis calculations. Many of the unmeasured

rates involvencutron+nduccd rcaetions on radioactive nuelei~i.

At In Alamq 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 astrophysicsstudies

on unstable nudci. For example, an active program to systematicallymeasure the

(n,~) cross wtions for radioaetwe branching points on the s-process nudeosynthesis

path would help to finally reveal the physied conditions during stellar helium

bumin~. In additio~ using these data to refine analpes will provide information

on the dynamical aspects of tie ?-proce~ ● problem where p~sent stell~ m~els

fail to reproduce the obamed lsotopk abundancesti. Alm measurements of (n,p)

and (n,O)cross sections for unstable nudel will help reveal the conditions prwdling



during explosivenuclcosynthcsisa,perhaps aiding in the explanation of the origin of

radioisotopes obscmd by gamma-ray telescope-, of the various isotopic

anomalies observed in meteorites=, and of the production of several very rare

stable isotopesm.

interpretation of

current estimates

Finally, measurements from this program will aid in the

several cosmochronomcte~ which will be useful in refining

of the age of the universe. Below, I will discuss the nuclear

astrophysicalthat has so far been learned from our measurements, and indicate

some of the thingswe hope to Ieam from future measurements.

A first example of an important A“+n reaction rate is 7Be(n,p)71i. This

reaction is important to the nucksynthesis of ‘M in standard hot big-bang

Calculationsn-a. Prior to our measurcments2, only the thermal cross section had

been measured dircc@. ‘h rate’1for this reaction used in eahxlations was based

on the rather imprecise them’ud measurement and on some 71-i(p,n)7Be

measurements”” converted to (~p) using detailed balance. Our data have

substantially reduced (by a factor of almost ten at thermal energy) the umxrt.aintyin

the reaction rate. As can be seen from fig.5, the rate based mainlyon our results is

only 60% to 80% of the old rate3’ in the temperature range of interest32 (

approximately03 to 1 GK) in biyhang cdcuiatkms. TM difference can lead to as

much as a 20% increamein the amount of ‘Ii calculated to be produced in the big

bang?

Our ‘Na[n,p)~e measurements arc a second example of a reaction

involving a radioactive target

cnlculatiom This reaction may

WC in explosive environments.

wLich may be important in nucleosynthesis

play a role in the nucleosynthede of ‘Na and/or

An understanding of the nucleosynthe~u of these

Isotopes is impo-t because the origin of the Neon-E anomaly in mcteoritesm is

not well understo@ and because ~S has been suggested as a candidate for

33 The astrophyskal reaetion rate calculatedobswation by -a-ray telescops .



from our data is eomparcd to the theoretical rate*9in fig.6. N- the energies where

we can make measurements most of the rate is due to protons emitted to the first

excited state of ‘Ne. The theoretical rate is about a factor of ten lower than the

experimentally determined one at very low temperatures. However, due to the

resonanee at En=170 eV, the two rates cross at 0.05 G~ 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 signifkant change in the calculated production of %la in explosive

environments. For example, current estimates predict that approximately 3X105

solar masses of ~a are produced in a 2S-solar-mass supernova explosion~J5.

From this it has been calculated that explosions of galactic supernovae probably

would be obsavable with an orbiting gamma-ray teleseope333. The reduction in

the ~a(n,p)zNe reaetion rate indicated by our measurements makes an

obsmvation even more probable should such an event occur. Calculations

employing the new, lower rate which specifiealtyaddress the production of ‘Na are

needed to understand quantitatively the effect of this change in the rate on the

likelihood of obseming *a with gamma-ray telescopes.

I will discuss our ~Cl(n,p)* data as a final example of how our

mcaaurementa can contribute to nuclear astrophysical. ‘Ilwse measurements were

made with 410 ~g of ~. Bceausc the half life for titi WIplC is long (t1n=3xl@

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 :hcrmal cross section has not yet been measured, we

display yields rather thah cross sections. The data reveal several resonances for

energies greater than W eV. ‘fWsreaction is denoted by an astcrix in Howard et



al.m, a mark which they resmm for rates important to the nucleosynthesis of rare

stable nuclei (~ in this case) in explosive carbon burning. It remains to be seen

how our measurements willaffect the results of future nucleosynthesiscalculations.

Most of the measurements we have planned are motivated by the

astrophysics to be learned although the nuclear physics is also often vexy

interesting. lhe largest potential impact of these measurements will probably come

from the study of isotopic cross sections of interest to s-process and explosive

nucleosynthesiscalculations.

one e%arnpleof cross sections of interest to both nuclear physics and

‘iAl(n,p)aMg reactions.astrophysics are those for the From the nuclear physics

standpoin~ these measurements are interesting because they study states of high

spin and high excitation in the compound nucleus ‘iA1. ?lm information obtained

from measuring the cross sections for these reactions could be important to

theoretical level density calculations. The ‘Al+n cr.ss sections arc 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 arc widely spaced in energy, and tlw reaction rate at low

temperatures is not well determined. Also, because most of the cross section is duc

to protons emitted to the firstexcited state of ‘iM& measurements made via the

inverse reactionm~ determine only a small part of the total reaction rate. We are

currently constructing a target station to be installed in a low-energy accelerator.

With this apparatus we will make an aAl sample for measurements at the LANSCE.

This should allow us to measure the ‘Al(n,p)tiMg cross sections from therrmd

energy to approximately 50 lceV.



Other nuclei for which A“(n,p)and A“(*) measurements are possible at the

IANSCE and which are of interest to nuclear astrophyskam include ‘N and 41Ca.

We hope to measure the cross sections for these nuclei in the future. We have

already made preliminary (rep) measurements for the stable nuclei “N and ‘sCl,

and plan to extend these measurements in the near future.

Potentially, the largest number of measurements to be made are of A“(n,~)

crow sections which are mainly of intererit for a better understanding of s-process

nuckosynthesis. Once our A“(n,V)detector is operational, we will begin these

mCSUKCmCnbwith an isotope such as 1- (tW=128.6days) which has been

predicted by thcoy to have tie largest cross section in a region of branching in the

s-process flow. Such isotopes determine the “freeze~ut” time=, an important

pararnetc~ used in the comparison of the neutron density determined from

empirical or “classical”calculations to the density calculated by stellarmodels. The

first couple of measurements of thin type will help to put more stdngent limits on

the mean propcrtlcs of the s-process environment. After more measurements, the

inconsistencies in the mean properties obtained from the “classical’ analyses of the

different branching ~ints will lead to a better understanding of the dynarnlcaof the

s-process environment*. These measurements on radioactive sampleb coupled

with the planned ve~ precise measurements on stable isotopesw, and new

calculational stpproachcss should lead to a much better understanding of the s=

process, including its dynamics.

The author is indebted to several people who have Iwen instrumental to the

continuing successof the program of measurcmentf presented here. I would Ilke to

thank C.D. Bowmanfor hls considerable help In getting this program undemay and



the tit measureme.~taon ‘Be eomplete~ and for many helpful discussions. I

would also like to thank P.W. LisowskLE.D. Arthur and D.W. Barr for their

support of thb program. ‘I%CSCmeaaurementa were supported by the U.S.

Department of EncrW.
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1) Pulse-height spectra at thermal neutron energy from our ‘Na+n

meawrements. The peaks arc labeled accordingto the outgoing particle.

These spectra were taken with a aamplc containing 75ng of Wa. The upper

sped.mrn waa taken with a detector which wu 1S0 pm thick by 25 mm? h

area. The lower spectrum wu taken with a detector of 10pm thidmcas by50

mrn2In area.

2) ?lie 7Be(n,p~7U reduced crou oectlon versa Iabomtory neutron energy.

Our data from ref, 2 areshownasopen cird~ while the data of ref. 12 arc

depicted M solid clrc.k For darky, only every fifth data point of ourt h

shown below 1(M)eVi The tolld cum 10!koman R=matrlxfit to our data as

well at data from other rewtloru aa cxpldned in ref. 2.

3) The ~a(n,pl)=Ne’(1.27 MeV) reduced crou mtlon versa laboratory

neutron entir~. Both the open and solid drclm me our data from rd. 8.

For clarity, only eve~ fifth dau point It shoum below 1(M)eV. ‘l’hesquaree

are tho data of ref.6. The solid cume it a W04evel, Brelt=Wlgnerfit to our

data, while the duhed cwe IJa slngle=levelfit.

+ TIM%(n,pJ~Ne reducedcrow sectionversmMxxatory neutronenergy,

7M open clrclu are our data fromref.8, The duhed curveII the expected

crou section If the ~esonmweseen In the pl data wu resporulble for the pO

thermalcroMMctlm whilethe solldcurveb froma fitto a Wkl 1/%thape.



5) ‘I%c 7BC(Lp)7Liastrophysical reaction rate verm tempcmture. The solid

curve b the rate calculated mainly from our data shown in fig. 2. The daahed

curve b the theoretical esthnatc for this rate from ref. 31.

6) llw ~a(n,p)ZNe astrophydcal reaction rate verses temperature. llw solid

curve is the rate calculated from our data ~f ref. 8, while the dashed cuwe is

the theoretical rate of ref. 19.

n Prcllminary yield vmcs laboratory neutron energy from our W(n,p)%

mcasuremenb. ?lie yield ha not been corrected for the variation with

cncr~ of the neutron flux Also, lMcaueewe are currently measuring the

absolute thermal crest wtion for thb reactiom thct.cyields have not yet

been normalized to obtain cross sections.
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