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ARBSTRACT

Mrasarements of (n,p) i (n0) cross sec ems are crcial Tor a betier anderstimding ot wmany
sceraion ol macleosynthesis, Cacrent probleins ain sanct snch reactions play a rotl inclnle the possible
synthiesis of heavy clements diting the big bang, me pradineion ol severid 1are ismopes in explosive
mcteosymbesis, and a beher mderstanding of the node of the s pnicess in the symhesis of light amxl
intermediale mass anelei. We have recently compeeesl measneements ot sevep:d (g and (ng cposs
swelions ol impotlance 1w omelem ashophysies. e i seelions were meianted in the range tiom
thenmal eneipy o approvinilely t MeV by nsmy i white nenion simree al the Mamnel 1 njgin, b
Nentcon Scattenmg Center (0 ANSCE in L Alanxs . We have alsa made complenweniaty measmemenis
an che Kanlsimhe Vamate Gaaatl and an the Oak Ridpr Bacrimm Linein Accelesann (ORFELAL We discass
e anpact of the aesnlis on mnclear astrophysies as wel asaer em aprovements and e plans,



1. Introduction

Mcasurements of (n,p) and (n.t) cross sections are crucial for a better
understanding of many scenarios of nucleosynthesis.  Problems of current interest in
which such reactions play a roll include the possible synihesis of heasy elenients during
the hig bang!, the production of rare stable isotopes in explosive nuceosynthesis2, and
the role of the s process in the synthesis of light and inte e diate mass nocleid,

2. Fxamples

Recent rxamples of micasurements of interest to nuelear astrophy sics which were
made at LANSCE and at Karlsruhe will be described below.  ‘The discussion will be
divided into subsectians dealing with diflerent scenarios ol nucleasynthesis,

2.1 Big Bang Nucleosynthesiy

Recently there has been much interest m the possibility af svnthesizing heavy
clements in so-called nonstandard models af the big bang.  Whereas nucleosynthesis in
standard big-bang mmxdels effectively stops at A=7, it has been specutated that the Liige
density inhamogenceities passible in nonstandard models may leid 10 the synthesis of
clements with mass A>12. Netwark calculatians indicate that most of the flaw towanrds
heavier elements proceeds mainly through a series of neutron captures! wntil 170 is
reached. Using previonsly known resanance parimmeters and thernmal cross sections it was
nnlicipnled4 that the (n,a) reaction an 170 wauld daminate over (n.y). Asaresult, much
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U165, 2. the 170m.a)14¢ cross section from 100keVia 1 MeV. The solid cireles are
tle dama from our LANSCL measuremienis?d. "1l solid diamonds are our data trom he
measarcments at the Karlsrule Van de Graalt™>. ‘the open Iriangles are the inverse dala
of Sunders® which we convened using detailed bidance. “The solid curve resulied trom
averaging the data of Sanders over the enerpy spread of our measarcinents.

af e nucleosynthesis 1ow wauld cyele back ta 14C. The severity of cycling was
wneertim because no direet measurements of the cross section had been made and
becanse the resanance parameters were not well known.  In principal, the TOmw.a14¢
crass section conld be delermined from published measurements® of the inverse reaction.
Below an energy of a few lmndred ke V. hawever, the rapid decrease of the 1@ 170
crass section, logether with hackgronmd from the BCan 00 reaction makes these
measurcients very diffienlt; henee, a direct measurement of the |7()(n,u)M(‘ CTOSS
section in this regian was desivalile.

The results of anr recent direet meazarement of the 700014 cross section at
LANSCEA are shown i Faes. 1and 2. Becanse of the Targe resanances in this reaction
we were able ta exted these measirements ta ahmast 1 MceV, Figs. 1 and 2 illnsirate
several interesting paints which are disenssed in mare detail in Ref. 4. First, the Iamp in
the crass section near 3 keV, wlneh s dne to icsuh tueshold powave (1) level, leids 1o
abant a fictor of 10 merease methe astrophysical reaction vate below abom 0.2 GK.
Secand, onr results are i faa agrecmient with the inverse messurements o Simders®
except helaw abont 100 keV wheee the data of Sanders e sipnificantly abave oms (This
v mast likely due o Ivekpracand fram the P00 yeaction ja the inverse
measnrements al Sanders.), caud near 130 keV o where we nhiserved a peak which does not
correspowd i any known respance in 1RO, Becanse the reaction rate estimated from the
pevions resonaace junameteos o moeasonably poad aptecacat wah the vate ealeidaned




from our data (¢xeept for the effect due to the sub threshald 17 resanance as discussed
abave), and because 1the ganmia widths are known’. the ratio of the (n.t) to (ny) rates
calculated fram the resanance parmneters shauld be fairly reliable at big bang
lemperatures. The reswird is that the (n) ta (ny) ratio is approximately 104 at big bang
temperatures.  Hence, cycling between 170 und 14¢ s cxpected to be a serious
restriction in the path te heavy clemient synthesis in nonstandard big bang models.

Our LANSCE measurements? were made with a single solid state detector
subtending a range of angles near 90 degrees.  The data were converted fram yields to
Cross sections assuming an isotropic angular distribution.  Because the cross section
above a few keV is dominated by non-s-wave resonances, this assumption is probably not
valid and leads to an unknown systematic uncertainty in the results,  Also, the peak we
observed near 130 ke does not correspand to iy known resonance in 180. For these
reasans we undertook @ measurcment of this cross section in the energy range Irom 10 to
250 keV at the Karisruhe Van de Gred1d, Because the Karlsruhe measwenients
cmployed an ianization chamber it was possihile ta cover close to the full 4x solid angle
while at the same tire mcasuring the forward-to-backward asymmetry in the emitted
alpha panticles. ‘The results of these measurciments are shown in Fig. 2. The Karlsruhe
results are in generas inoagreement with the LANSCE data except that na peak was
observed near 130 keV. The observation of this peak in the LANSCE experiment henee
rentaing a myslery. The Karlsruhie results yield o reaction rate wathin a tactor of two of
the LANSCE results despite the Targe dilTerences in the data near 130 keV, llencee, the
canclusion that the " Onmn 14¢ reaction stromgly dominates aver |7()(II.Y)|R() at g
hang temperature is un hanged.

2.2 EFaplosice N .evsyathesis

It has been spessdated that rare isatopes are valnable diagnastics that will lead to a
hetter understanding of the properoes of the astraphysical enviromment in which they
were produced. Misy af the rire isatapes are thanght o originate in- explosive
envitomuents2,  However, the parameters of explosive nucleosynihesis calculations
remain fairly uncertics and new pwesses are invenled occasionally as our knawledge
cevalves, Saat reninm nnportint ta measime erass seclians atfectag the production ad
destmetion af these rae inced,

One persistent prablear wan most explasive meleosynthesis calenlations is thi
the ismtape 208 is 1o mely (l\'(‘llll()(hlt‘t‘(l rekaive to the ather vare nuclei which e
swnthesized.  The 1830 'I(u.p)-‘- S05 reactions form a pant af the nucleosynthesis
netwarh  desaiibige e puaduction of g, Recently, we have made the first
measmenients af these cross seclions at asiiaphysically relevant temperdires, Our data¥
Jiw 1hat the ¥5¢ 'I(l:.pl‘s.\‘ tcaction prabahly does nat play a sipmticant rale in the
mclensynthests of Y A part of ame data® Tar the OCIp) Y08 eaction is shown in
Fye 4 The reachan cate calenlated hiame ona datinas approxasanely a factar af 2 sniller
at aspaphysically aelevant teaperatmes tlum the thearetical ey i previons
mleosynthesis caleiiatons, The lower vate anhieated by i measune-nents canld help
torediee the nverpodsctnn ol 05 ween i tle Calenlations,



Understanding the origin of 264 is impurtant because it is one of the very few
radioactive  products of stellar nucleosynthesis to be observed directly by y-ray
telescopes! 1. 26A] has also been observed indirectly as a 26Mg anomaly in some
metcorites | 2. Several scenarios have been proposed for the production of 26Al and most
fall into the explosive nucleosynthesis category. The 2("Al(n.p)zf’Mg and
26A1(n.«)2¥Na reactions are thought to be the major means for the destruction of 264
in some astrophysical environments, so a knowledge of the cross sections for these
reaictions is iimportant for a better understanding of the origin of 264,

We have nicasured he 26Al(n.p| 126Mg and 26AI(n.(l.())23Na¢1 cross sections from
thermil encrgy to 50 keV and 6 keV respectively 13, Most of this encrgy range has not
been explored by previous micasurements. We wmalized our data to the thermal energy
measurement of Trautvetler f al.14 for the (n.py 1 reaction. With this normalization, our
data far the (n.ag) cross section are in good agree ment with the inverse imecasurenients of
Skelton ¢ al.15. Our results for the (npy) cross section are shown in Fig. 5. The
astrophysical reaction rate caleulated from our results is approximately a factor of two
larger than the results of Trautvetter er ¢l. at a<rophysically releviani temperatures. The
source of the difference between our results and those of Trautvetter e al. 18 unknown
althaugh a similar difference was seen for the "1.\'(u.p)|4(‘ reaction!6,  Our resuls
confirm the speculation of Skelton ¢ al. that the (n.tg) channel is as important as the
(n.p}) channel for the destruction of 26A] in c\plosive environmients.  Our results also

fill in the gap in the data far the (np ) reactian rate at law temperatures charactenistic of
the red giant phase in stars,
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FIG. 5. The 26A( np| )26Mg' reduced cross section from thennat energy 0 100 keV.
Our new |.ANSCE data!? are shawn as apen circles whereas the cata af Traun enler ¢f
al. 4 arc depicied as solid circles.

2.3 S-process Nucleosvnthesis of Light and Iniermediate Mass Flements

Although the s process is mainly tnought to produce most of the elements heavier
than iron, Beer and Penzhorn? studied the cantribution of the s process to the abundance
of lower mass nuclei near 4Ar. One result of their calculation was thar (mainly the
weitk coniponent of) the s gmccss can account for most of the obscrved ¥6S abundance.
However. their results for Y08 are fairly uncertiin in part because cross sections for the
reactions that lead directly to 165 (i.c.. 36(‘I(n.p)36.8‘ and 39/\r(n.(1)368) had not been
measnred and so they had to rely on theoretical caleulations for the reaction rates. ‘The
reduction in the 3 ‘I(n.p)-‘(’S rcaction rate indicated by our nicasurements? may
significantly reduce the amount of 365 calculated to be synthesized by the s process.

The mass flow in the region affecting the abundance of 365 is complicated by
several branchings. so new nucleosynthesis calculations are needed to fully asses the
impact of our new rate.  Furthermore, the s-process caleulations of Ref. 3 were nixle
with an expanential distributian of expasures whereas it is now Thougln that the weak
camponent of the s process resulls ina single cxpusurc' 7. 0Of the reniining unmeasured
cross sections of impartance ta the s process production of 308 several appear o be
aucnahle to direet ucasurements,  ‘These incinde the -wz\r(u.(t)-‘(‘s. -‘7A|ln.(l)-‘4S. il
gy /5 reactions. The unmmeasured ¢ ‘I(u.y)”( I reaction is also very impartant
because il competes  direetly  with  the 3 ‘|(n.||)-“’.'s‘ reaction.  Statistical  model
calenlations O of the ratio af crass sections far Y0CT at 30 keV yielded (npd (uy)- 20, At
thermal enerpy, anr resnlts tagether with the -"‘(‘l(n.y)-r’( T measuremems of Ref. 1R
yicld a ratia al (np¥(ny) -Sx10 4, ar ahaut 40000 times suraller than the thearetical rate



a. 30 keV. However. there appears to be some disagreement about the value of the
iermal 3("(‘I(n.'y):‘-’(‘l cross section. In the nicasurements of Ref. 18 this cross section
w s found to be o, = 90125 b. On the other hand, the cross section was measured to be
o.4h<10b in Ref. 19. A direct measurenient of this cross section at thermal energ - seems
‘easible with current techniques and is highly desirable in light of the present lurge
2ncenainty. A direct measurement of this cross section at astrophysically relevant
irmperatures appears very difficult if it is as small as the statistical model calculations
indicate.

3 Recent Improvements and Future Plans

We have been investigating techniques lor extending the mcasurements to
sotopes with smaller cross sections and/or which are only available in low enrichnient by
=ding detectors which allow larger sianple sizes and larger solid angles. The general
approach we are pursuing is to cover as close to 4r solid ungle as possible and to
accanimodate saples larger than the 0.5 em diameter size of our previous LANSCE
—casurcinents by placing the detector directly in the incident neutron beam. The main
xablem to be overcome with this approach is the potential large increase in beam-
= Juced backgraund which arises whien the detector is placed within the neutron beam.

The Tirst appraach we have tried is to use a pirallel-pliate coripensated ionization
hamber.  Ton chambers have been used by the Dubna group for (n.p) and (n.a)
=wwasurciments at thea pulsed reactar for several ycurszo. The miin problem with these
actectars is that the bean-induced backgrounds increase rapidly with increasing neutron
sergy with the result that measurement are typically limited to cnergics below a few
acV. Mast of the background is due to the initial burst of high energy particles and y-
=avs which pass through the detector at short times.  ‘This intense burst can cause the
~eamplifier and amplifier to saturate Tar several hundred microseconds  making
=icasirenients intpassible during these times.,

The idea of a compensated clhamber iy an old anc2! althaugh it apparently has not
~cen used befare at a white neutran source.  In a compensated chamber, on each side of
sne signal plate there are equal valumes defined by plates at equal but apposite voltages.
The simmle is placed on, for exinnple. the plate which is negative with respect to the
~ gnal plate.  Henee when an (np) or (n.) reaction oceurs in the sample a negative
~olarity signal is induced in the signal plate. In conrast, panticles which penetrate the
csre Clianber induce approximately equal but oppasite polarity signals.  lence, the
sotentially Tarpe backgrannd from the initial beam st s greally reduced. Farlier22 we
eponted on a suceesslul o measurement of the 35¢ ‘I(n.p)-‘SS crass  section with 2
compensaled ion chamber al TANSCL:,

Becanse Turther time Tar the develapment and nse af this detectar has not been
availahle at LANSCE we took it ta ORELA where similar backgronnd probles are
cawcomtered. I Fige 6 we shaw resalts af anr first attempt al a measwrement of the
'-_'()(nl.(l)”( *eross seclion using this clhamber. Instead of the typical limit of a few keV
we were able to make measnrements to as lugh as 2 MeV. Campared o anr jrevions



1LANSCE measurement using a solid state detector. these new results represent about a
factor of 30 increase in the product af sample size times solid angle. Larger increases are
possible by using larger beam diameters and/or multiple sample plates. We are till
analyzing the data from this experiment.  One interesting result so far is that the
forward backward asymmetry appears to be fairly small.

A second approach we have tried is to use the scintillator ZnS mixed with other
chemicals as both the turge: and the detector. This work was inspired by a report of the
measurement of the 335Chn.p)35S cross section by Pooov and Shapiro23 at a lead-
slowing-down spectrometer by using a detector mitle of ZnS mixed with CCly. In our
experimment, a layer of ZnS 25 mg,/cm2 thick was deposited from a water solution onto a
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FIG. 5. Yickd verses enemgy for ihe o' 4¢ reaction measured with a compensaled
ion cimpber a1 ORELA - “Ihe open circles sepresent flina taken witlt ihe samnple facing
1owards ttie forward he=asphere relative 10 the beam whereas 1he solid cireles represent
datia 1aken in e back s x2J hemisphere,

thin plastic disk which wa~ mounted an a photonultiplier Inhe. A secouid detector was
made by depasiting a equal amoant of ZnS mixed with K804, which had heen enriched
in Y38, an anather disk. The detectors were placed in the LANSCLE bean at a distance of
8 m fram the neutran source,

In ligure G we compare the resalting cross section far the WS008 reaction
abtained hy sublracting the specimm measured with the plain ZnS detectar fram that
measured with the combaed ZuS plus K804 detectar 1o the previous measurements of
Wagcmans er al 24 1he 1w oo resulis are in agreement to wathin the expierimental errors
cxeeptin three sepioas, The ditferences seen nea 35 and 90 ke'Voare due to the fact that
we placed a 10 em thick alummmum "filter' in the beam aheid of the detectar to deerease



dead time problems encountered at the highes! energies. As a result. there were very few
caunts in the spectra at these energies due to large resanances in the aluminum.  Tae
third area af dJifference is at about 130 keV vhere the LANSCE data are higher than
Wagenuns ¢r al.  Perhaps this difference is caused by a resonance in the unmcasured
9K (ne)}0C1 or 33S(n.p)33|’ reactions.  The major problem encountered using ZnS is
that this scintillator is appirently available only as a powder. so although the relative
light autput of ZnS is large. it is difficult to collect the light fiom the powder. As i
result, the pulse height resolution is very poor. A second problem is that we have so far
been unable to overconie the dead time problem assoviated with the initial large tlux of
high energy particles without using a fairly thick filler in the beam. However, the overall
performimee ol the detector was encauriging and we hope ta pursue this idea further by
cxplaring the use of different cheniical mixtures for the detector and ather methods of
decreasing the dead-time problenis.

Our fulure plans are clawded by the uncertan future of LANSCE and ORELA.
Also, as a result of new safety regulations the experimental room where this research is
undertaken at LANSCE is inaccessible while the bear is being delivered. In additian the
experimental roam is open for at most two honrs a das during the run cycle. These new
rules nave caused us to suspend wark an developing a barium fluoride detector to
measure (n,y) cross sections for radiaactive samples. I these difficulties can be
overcamne there is a rich field of new mcasurements of interest to nuclear astraphysics
which could be accomplished at LANSCE and ORELA,
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