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NUCLEAR ASTROPHYSICS FROM NEUTRON CROSS-SECTION

MEASUREMENTS ON R4DIOACrIVE SAMPLES
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Physics Division, Los AJamos National Laboratory,

MS-D449, Los Alamos, Ncw Mexico 87545, USA

ABSTRACT

Reaction rates for both big-b~ng and stellar nuclcosynthesis calculations can bc

obtained from the measurement of (n,p) (n,a) and (n,y) cross sections for

radioactive nuclei. In the past, Iargc backgrounds associated with the sample

~cti’.rity limited these types of measurements to radioisotopes with very long half

Iivcs. The advent of the high-intensity neutron source at the Los Alamos Neutron

Scattering CEntcr (LANSCE) has grcat!y incrcmcd the number of nuclei which c:ln

Iw studied. F?csults of rcccnt mcasurcmcnts on samples with hdf Iivcs w short ;IS

fif[y-[hrcc hys arc given. Plans for future mcasurcmcnts arc discussc:d.

1. 1NTRODUC.TION



to large uncertainties in [he results of nuclcosynthesis calculations. Many of the

unmeasured rates involve neutron-induced reactions on radioactive nuclei.

Previous memurements2’4 of this type have been limited to nuclei with very long

half lives due to potentially large backg. ounds associated with the sample activity.

The advent of the pulsed spallation neutron source at L4NSCF.5 has opened up the

possibility of making cross-section measurements for neutrominduced reactions on

nuclei with short half lives. In this paper, we will give some examples of rcccnt

mensurcments of this type and briefly discuss the nuclear astrophysics to be Icarncd.

We will then discuss our plans for additional mcasurermmts, briefly outlining the

techniques involved and the nuclear astrophysics we hope to learn. We expect that

these mcasurcmcnts will greatly aid in the understanding of the astrophysical

environments in which nuclcosynthesis occurs.

2. EXPERIMENTAL TECHNIQUE

The cxpcrimcntal tcchniquc 6 for these measurements requires a Iurgc peak

neutron intensity and a properly designed detector so that [hc tktcctcd rate for [hc

reaction of interest is Iargcr thtin the background rate associated wi[h the. dcc:)y of

[hc sample under study. For our cxpcrimems, LANSCE provides the high Pciik

rwulron intcnsily, At design intcnsi[y ( 100 PA, at 12 Hz), the ~iitcr mo(!cr;~tcd

.6 2ncutr(m intcnsi[y at I CV for our fligh[ Im[n ur 7 m is 4xl!I ncutrnns/(c V cm wj,

ml lhc nculron spcclrurn of this “white” source is ilpprW4iM:ltcly propor[ion:ll 10

1/’1:,,. ‘Ibis high ncu[rorr intcnsily ;I]lows nlc:lsurcmcnls to k made Wilh s:lmplc

sizes ill [hc ilpproXilll:ltcly 100”ng to a fcw humlrcd Vg rnngc. “I”hcsrmdl s:~nlplc si;:c

mc:lns 111:1[Ihc ncucss:lfy rildi(xlc[ivc Silmplcs :Irc c;isicr 10 pr(d~ ICCnnd Ih;ll (mty

rcl;~livcly Illo(lcsl xlivilics IlltlSt IIC llilll(ll C(l, Ilvcn Ihcw SI1l:III .;;lmp!cs L“;II1hlill

1)1’L’>L’111M)IIIC I’il[llCr Inrgc lxlckgr[~llml pl’olllClllS, bul :1 properly dcsigll~.d (1(’11.LI(JI



can reduce the sample-related backgrounds to acceptable levels. Because the

requirements for the detectors differ, we will discuss (n,p) and (n,T) measurements

separately below.

2.1 A“(n,p) and A*(n,~) Measurements

For A“(n,p) and A“(n,a) measurements, where A“ is a radioactive nucleus, the

sample-related backgrounds can be reduced to manageable levels by choosing a

charged-particle detector of minimal thickness. The detection efficiency for

radioactive decay emissions from the sample can thus be reduced to order 194 of

the proton detection efficiency. For all of our measurements so far, we have

detected the charged particles with silicon surface-barrier detectors. More details

of the apparatus are given in ref. 6. Because very few nuclei emit charged particles

umlcr bombardment by slow neutrons, the sample can be of relatively low specific

activity, and can even be a chcrnical compound. To demonstrate the quality of the

22Na(n.p)22Nt: andmeasurements possible, pulse-height spectra from our

22NiI(n,~) ‘9F mcasurcments7 arc shown in fig. 1. These mcasurcmcnts were mwlc

22Na. To our knowledge, these were the firstwi[h a s;implc containing 75 ng of

22Na(n,o)19F cross sections ut any cncrby.mcusurcmcnts of the relatively small

2.2 A*(n,7) Mcusurcmcnts

A*(n, y) mcilsurcmcnts require d s~piir:]t~d iso[opc (m ;]

snmplc hcc:lusc m;lny nuclei Il:wc SiZilhlC (n, y) cross sccti(ms



capture event. To overcome this potentially large background one can make use of

the fact that the ~-l ay decay energy, Ed, is almost always much lower in energy than

the total energy, E=, of the neutron capture cascade. Hence, a detector which

registers all of the energy 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 raiio, Ed/EC, and of r, and one

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

Our calculations indicate that measurements on many interesting samples with half

lives as short as a few months can be made.

We feel that the relatively new scintillator barium fluoride (13aF2) is the best

choice as a detector for these measurements. Monte Carlo calculations we have

made using the computer code CYLTRA.N9 indicate that a thickness of roughly 15

cm of BaFz is adequate to make an approximately 100% efficient detector in

‘ 10 In our application, theessential agreement with the calculations of Wisshak ef at.

small sample size allows us to have a vcqJ small neutron beam (0.5 cm dicmctcr).

Ilcncc, a 30 cm cube of BaF:2 with a 4 cm beam hole is sufficient to make a dctccq~r

which is approximtitcly 100% efficient. The fast component of BaFz (:=20 ns for 15

cm crystals) 11 provides for cffcctivc pileup rejection. We arc currently constructing

such i.Idetector composed of eight i5 cm cubes. More details can be four,d in rcfs. 8

:md I2. At present, two of the eight 15 cm cubes have been dclivcrcd imd

preliminary tests rcvc;d thcm to bc of good quality. The rcmnining ayst:ils :Irc

suhcdulcd to hc dclivcrd by November 1°88.

3. NU(lI,KAR AS’I’ROPIIYSI(:S FROM A“+ n hll?ASIJRII:MINTS



Ahtmos, the very high peak intensity of the LANSCE white neutron source can bc

15 for the production and separation ofcombined with lahoratoty facilities

radioactive samples to open up new opportunities for nuclear astrophysics studies

on unstable nuclei. For example, establishing a program to systematically measure

the (n,T) cross sections for radioactive branching points on the s-process

nucleosynthesis path would help to finally reveal the physical conditions during

16. In aGdition, using these data to refine analyses willstellar helium burning

provide information on the dynamical aspects of the s-process, a problem where

present stellar models fail to reproduce the obsemed isotopic abundances 17. AISO,

measurements of (n,p) and (nJa) cross sections for unstable nuclei will help reveal

. 18the conditions prevailing during explosive nucleosynthesis and perhaps also

during the s-process 19. This should aid in the explanation of the origin of

radioisotopes obsemed by ~-ray tclescopes20, of the various isotopic anomalies

observed in rneteorites21, and of the production of several very rare stable

isotopes 13. Finally, measuremerds from this program will aid in the interpretation

of several cosmochronomcters, which will be useful in refining current estimates of

the age of the universe.

7Be(n,p)7Li. IlisA first cxampic of an ir;:portant A“+n reaction rate is

, 22-24 of 7Li. Our rcccntreaction is important to lhe primordial nucleosymhesls

mc:wurcmcnts6, which were made wi[h a 90 ng sample of 7Bc, have subs[tin[iully

rcduccd (hy a factor of a!most tcn at [hcrmal energy) the uncertainty in the rc;~ction

rntc. Furthermore, the r:ltc Imscd on our duta is only 60% to 80% of the old rntc25

in lhc lcmpcrulurc riirlgc of i[ltcrcst in hig-tmng calcul:ltions. Hlis dilfcrcmx C:ln

Ic;ld I(J :1s milch as il ?.()% incrcasc in thC amount of 71.i CJICUlil[Cd [0 hc produwd

()in Ihc big tmng .

( )ur 22N:i(n, p)22Nc nw:wurcmcnts7 [1rc il

illv(}lvillg ii r;ldi(xiclivc t;lrgct which C:lll hc



calculations. This reaction may play a rde in the nucleosynthesis of 22Na and/or

22Ne in explosive environments. An understanding of the rmcleosynthesis of these

isotopes is important because the origin of the Neon-E anomaly in meteorites 21 is

22FJa has been suggested as a candidate fornot well understood, and because

26. The astrophysical reaction rate calculated fromobservation by v-ray telescopes

our data is compared to the theoretical rate 1 in fig. 2. The theoretical rate is about

a factor of ten lower than the experimentally determined one at ve~ low

temperatures. However, due to a resonance at En=170 eV, the two rates cross at

0.05 G~ and the theoretical rate is about a factor of six low at the highest

temperatures measured. If this difference between the experimental and theoretical

rates persists to higher temperatures, it may result in a significant increase in the

22Na in explosive environments.calculated production of

Our 36Cl(n,p)36S data are a third example of how our measurements can

contribute to nuclear astrophysics. Tlese measurements were made with 410 ~g of

36CI. Because the half life for

intensity is not essential to the

neutron intensity available from

compmativcly small cross section

for cncrgics greater than 700 CV

this sample is veq long, a high peak neutron

measurements, but the relatively high average

LANSCE is still important to measuring this

within a reasonable time. Our preliminary data

are displayed in fig. 3. Because we have yet to

complete our measurement of the thermal cross section, we display yields rather

[ban cross sections. The data reveal several resonances for energies greater thi]n

800 cV. This reaction is denoted by an tistcrisk in Howard ef al.’3, a mark which

ihcy rcscwc for rates important to the nuclcosynthcsis of rare stable nudci (36S in

[his c:wc) in explosive carbon burning. A]tcrnativcly, 13ccr ild Pcnzhorn
I()

30S mtiy huvu been prmluccd in Ihc s process, ill~ill~(ll~it~[Ililt most or till of lh~

-%(n p)% rcnc[ion is ill$O important.~llli~ll t::~sc [tl~ It rcnmins to hc seen IN)W

tmr mc:lsurcmcnls will i]ff~~[ Ihc results of future nuclcosynthcsis cnlculnti(~ns.



As a final example, our very recent (n,p) measurements cm the stable sample

14N indicate that this cross section has very close to a IN shape from thermal

27 based upon an interpolationenergy to approximately 30 keV. The reaction rate

28 and for En> 150 keV (ref. 29),between direct measurements at thermal energy

30 for EnZ29 keV, is inand upon measurements made using the inverse reaction

fairly good agreement with our data. These results are in disagreement with a

31 which is a factor of 2 to 3 lower than the rate27 basedrecent direct measurement

on the previous measurements. With the larger reaction rate indicated by our data

and previous data 28-30, it appears that, in contrast to the claim in ref. 31, 14N acts

13C(~,n)160 reactionas an effective neutron poison in many scenarios in which the

might othenvise be a viable s-process neutron source.

4. FUTURE PLANS

There are a few more (n,p) and (n,o) cross sections of interest to nuclear

astrophysics which should be measurable at IANSCE. Potential samples include

“ 25Mg, 33s, and 35CI, and the radioactive samples 37Ar andboth the stable nuclel

4] Ca. These measurements could have a significant impact on our understanding of

nuclcosynthesis both in explosive environments and during the s process. For

22Nc(a,n)xMg reaction is often cited as the bestexample, the

neutron source during the s process. However, there have been

of this cross section low enough in energy to correspond

candidate for the

no mcasurcmcnts

to the s-process

temperature. Furthermore, it is unlikely thut direct measurements will ever bc

made ~t the very low s-process tcmpcraturc and hcncc all extrapolation from higher

energy mctisurcmcnts will bc ncccssary. This problcm could hc circumvented by

25Mg(n,m)22Nc reaction, and then usingnwi~surkig the cross section for [hc inverse,

tl~lilil~d tmlnncc to convert [0 the dcsirccl cross section. Sll~h ii ll~cilsllr~m~l~t



should be feasible at LANSCE, although it may require the development of a new

detector which allows for a larger sample and solid angk (e.g. an ionization

chamber) than our present apparatus, because this cross section is predicted to be

ve~ small.

Potentially, the largest number of future measurements to be made are of

A“(n,~) cross sections which are mainly of interest for a better understanding of the

dynamics of s-process nucleosynthcsis. Our planned measurements on radioactive

samples, coupled with the anticipated very precise measurements on stable

17 should lead to a much betteris~topes32, and new calculaticmal approaches

understanding of the s-process, including its dynamics.
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FIGURE CAP’TTONS

Fig. 1. Pulse-height spectra at thcnnal neutron ener~ from our 22Na+n

measurements (ref. 7). The peaks are labeled aeeording to the outgoing particle.

The upper spectrum was taken with a detector which was 150 pm thick by 25 mm2

in area. The lower speetrum was taken with a detector of 10 ~m thickness by 50

mm2 in area .

Fig. 2. The 22Na(n,p)22Ne reactivity verses temperature. The solid curve is the

I ate calculated from our measurements (ref. 7), while the dashed cume is the

theoretical rate of ref. 1.

Fig. 3. Preliminary yield verses neutron energy from our 36Cl(n,p)36S

mcasurerneuts. The yield has not been corrected for the variation with energy of

the neutron flux.



Figure 1. Koehler and O’Brien

22Na+n

. Xlooy

lGOOOO -

L
a2 al ‘.

~,1m
.

J4 ~o
50000: - b

.

- Pi

- Xloo

P(j-

I
100:

i

100 150 200

m m , .

6Lit a2 ~ al 6Lia
/

I“*

1
a.
/u hI

o: L
10 50 100 150

Channel



rlgults ; . hocrller mu u- brien

22Na(n,p)22Ne
If#lo, I m

/\

---- ---- ---- ---- ---- --F -%----l

10 8

10–6 10–5 10–4 10-3 10-2 10-1

T (GK)



210
110
010
–110
-210
-310

1
I 11[ t I 1 I [ [ml I 1“ I Illlq

d

-

310 510


