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Determination of the thermal neutron induced **Ca(n,p)*K
and *'Ca(n, a)38Ar reaction cross sections
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The “Ca(n,p)*'K and “*Ca(n,«)3®Ar reaction cross sections were determined with thermal neutrons at the
high flux reactor of the ILL in Grenoble. For tHeCa(ny,,p)**K reaction cross section, a value @+ 2) mb
was obtained. In the case of thiCa(n,,,«)3Ar reaction, the transition to the ground state’#Ar has a cross
sectiono (N, o) = (42+6) mb, the most prominent decay going to the first excited staf8Anwith a cross
sectiona(ny,, ;) = (13025 mb. This can be explained by the presence of a nearby bound levelWith
=4". Also *’Ca(ny,, ya) *8Ar transitions have been observed with a cross sectigt®§ 2) mb. The primary
v transitions are shown to haveMil multipolarity.[S0556-28188)02304-§

PACS numbes): 25.40.Hs, 26.30:k, 26.45:+h, 27.40+z

[. INTRODUCTION flux of about 5x 10° neutrons/cm s at the sample position.
The ratio of slow neutrons to epithermal and fast neutrons is
Neutron induced reactions dHiCa are interesting from a 10°, and the directy-ray flux from the reactor is reduced by
nuclear physics point of view as well as for astrophysicsa factor 16, and so the background conditions are excellent.
apallcatlpn_s. ) . » The sample was mounted in a vacuum chamber together
'Ca is indeed one of the rare nuclides with positive re~yit 4 suited Si-Au surface barrier detector placed outside

action energies for both proton amdemission after thermal ;
neutron capture, i.eQ,=1.20 MeV andQ,=5.22 MeV EEE \?Viﬁfrk%gxﬁg[?(' nT he ietfocg?; Was)ﬁ_?“?zrtﬁltf: by)rlrlgans of
respectivelyf 1]. Moreover,«a decay is possible to the ground 143 14OCth’a . th» @) L, th:P) %
state @) and to the first excited level) in 3Ar and the ~ and ““Nd(ny,,a)""Ce reactions.
large Q,, value facilitates the study of the two-step, § @) For the flux det.ermlnatlon the Ca .sample was r.eplaced by
decay, as schematically illustrated in Fig. 1. an accurately defined U sample, strictly maintaining the de-
From an astrophysics point of view, tféCa(n,p)*K  tection geometry. So th&'Ca(ny,,p) and *'Ca(ny,,«) cross
and *'Ca(n, a)8Ar reactions play an important role in the sections were determined relative to th€U(ny,,f) cross
s-process nucleosynthesis of nuclides from S to(€&e, e.g., section, for which a value of584.25-1.10 b was adopted
Refs.[2,3]) and in the explanation of Ca/Ti anomalies in as recommended in the ENDF-B6 nuclear data file.
meteoriteg 4]. Although the most relevant cross sections in
this respect correspond to neutron energies in the keV range,
accurate thermal neutron induced cross-section values are of-
ten used for the normalization of the higher energy data. A variety of samples were used, all prepared by the
Moreover, their knowledge is also required when calculatingSample Preparation Group of the IRMM in Geel, Belgium.
Maxwellian averaged cross s.ectilons via a summation of thenitially, only CaCO, with an enrichment irf'Ca of 1.33%
thermal and resonance contributidias. o was available. Later on, some carbonate witf{@a enrich-
Since no exp4er|mental %rloss-segtlon detern;zlanatlons Welfhent of 63.38% could be obtained. In both cases, samples
a_lva|lable for the 1Ca(nth,p)_ Kand ta(nth'“) Arreac- ere produced via suspension spraying of the material on
tions, we performed a series of dedicated measurements %-ﬂm-thick Al backings covering an area ofb<@ cn?

o, e desaton s moenes aross{S COIESPONES 1 the beam profe seen by a sample
' ' 9 y ' Pﬁounted under an angle of 30°). It turned out that the initial

hampered by the rareness of enrich®@€a and problems o . . )
associated with the production and assaying of the sampl«a@ass determ|_nat|on of these sam-ples via differential we|_gh—
[6]. ing was unreliable du_e to adsorption of Watgr and other im-
purities by the material, a phenomenon which was not ex-
Il. EXPERIMENTAL PROCEDURE pected with CaCQ [6]. Finally, a small amount of CaCp
with an enrichment in*'Ca of 81.69% could be obtained.
This material was transformed into Cafbefore spraying,
The experiments were performed at the end of the 87 mwhich resulted in a water-free sample with a good energy
curved neutron guide H22, which delivers a thermal neutronmresolution.

B. Sample characteristics

A. Experimental setup
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FIG. 2. Energy distribution of the reaction products obtained by
bombarding a 63.38% enrichéddCaCO, sample with thermal neu-
The (n,yo )- process trons.

i 2Ca [6]. The prominence of this transition became obvious in the
measurements with the 63.38% enriched sample, as shown in
Fig. 2. This figure also illustrates the poor energy resolution
due to the impurities in the layer mentioned above. It further-
more shows that th&'Ca(ny,, «;) particles E,=2.76 MeV)
are mixed up with 2.72 MeV tritons frorfLi( ny,, )t reac-
tions and that the 1.2 MeV protons from thtCa(ny,, p) *K
reaction are completely drown in a sea 8B(ny,,a)’Li
reaction productérespectively due téLi and °B impurities

FAr in the samplg From these measurements it became clear

FIG. 1. Schematic representation of the decay of the compounH"at |mpr0ve.d detection con_dltlons were needed to permit a
nucleus*?Ca via charged particle emission. The lower part illus- clean detection of ther, particles and the protons.

)
trates the two-stepn(y«) processi, f, andf’ being different*Ca _For the final “Ca(ny, o) measurements, the sample
compound states. with 81.69% enrichment was used, in combination with a

300 mn? in area and 28sm-thick totally depleted Si-Au

For the final mass determination, the differential weighingdetector with a resolution of 50 keV. With this detector
method was abandoned and substituted by a nuclear methélickness, the tritons are not completely stopped and no
based on the detection of the 3.3 k&Vx rays emitted dur- longer mixed up with ther; particles. A typical spectrum is
ing the decay of*'Ca. The same method has been used foshown in Fig. 3, which also illustrates the improved energy
the assaying of’Ar samples and is described [id]. resolution as compared to Fig. 2. The intrinsic energy reso-

The accuracy of the number ¢fCa atoms in the layer lution of the detection chain is illustrated in Fig. 4, which
deduced from the count rate of thex rays depends on the shows a calibration spectrum obtained with a thi?B
characteristics of the electron captueC) decay of *'Ca.  sample(l ug of *°B evaporated m a 1 cn? Al foil ). The
For the electron capture probabiliyx a value of 0.89& slight low-energy tailing observed for the, and a4 lines in
0.004 was used and a fluorescence yieldequal to 0.144  Fig. 3 is due to the poorer resolution of thtCaF, sample,
0.004 was adoptefB]. The major source of uncertainty is, which was prepared via suspension spraying. This effect
however, the half-life of*'Ca. Based on the results reported however hardly disturbs then(y«) region.

0+

by Paulet al.[9], a conservative value ¢1.06+0.10) X 10° Figure 3 also reveals the presence of several lines in be-

y was deduced8]. tween theey and «, transitions, which we interpret as evi-
For the final measurements, a thfdCaF, sample was dence for*'Ca(ny,, ya) transitions(see Sec. Il

used(enrichment 81.69% with a total *'Ca mass 0f23=3) In all cases, background measurements were performed

©g. A few additional measurements were performed with awith the sample mounted but without neutrons, with the
thicker CaCQ sample(enrichment 63.38%containing(289  sample rotated over 180°, and with a dummy santpu-
+37) ug of “Ca. tron beam on in both cases

4 41
C. Measurements 2. “ca(ny, ,p)*K measurements

For these measurements a 300 fin area and 30-
pm-thick totally depleted Si-Au detector was used, covered,
For the very first experiments, a 450 inin area and however, with a Sam-thick Mylar foil. Thanks to the dif-

100-um-thick Si-Au surface barrier detector was used. Theference in energy loss betweenparticles and protons, the
Ca(ng,, ) transition €,=4.73 MeV) could already be “Ca(ny,,p) transition can be observed under these circum-
observed during tests with the 1.33% enricHfé@a sample stances, as shown in Fig. 5.

1. “ICa(ny, , @) *Ar measurements
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lll. RESULTS AND DISCUSSION ones due to Porter-Thomas fluctuations, but a factor of 1200

The cross-section values are calculated by means of thtéetween expected and observed ratios is ! ather improbable.
following expression: The observedr(ny,, @) <o(ny,aq) thus indicates that a
' strong 4~ resonance or bound level should be present near
the thermal energy region. Since no sufficiently strong low-
_ N(**%U) C(*'Ca) o1 (3) 1) energy resonanc%ys w%re obseryaa], the exisénce (?f a
N(*Ca) C(*%) f ' nearby bound level is needed to explain the observed result.
As shown in Fig. 3, we also observed several
in which N is the number of atoms per &nC the counting  * Ca(n, ya) transitions with a clear peak structure at about
rate after background substraction of the respective reactiond, 200 keV interval and an all over cross section(18+2)
and o¢(%%) the thermal neutron induced fission cross sec/mb. Here, the error is about equally determined by the un-

a(Ca)

tion of 235U certainty in the number of'Ca atoms and that on the back-
For the (1, ) cross sections, the following results were ground correction. _

obtained: In the lower part of Fig. 1 we take a closer look at the
(i) “’Ca(ny,, o) BAr (42=6) mb, two-step ,ya) process. This rather rare phenomenon has,
(i) “1Ca(ny,, a)38Ar (130% 25) mb. so far, only be investigated in detail fof’K and *3Nd

In both cases, thélo) uncertainty is mainly determined [13.14 and it permits one to obtain unique experimental in-
by the uncertainty in the number 4fCa atoms in the layer. formation on low-energy radiative transitions between two
Surprisingly, the probability for the transition to the first compound state@indicated byi andf in Fig. 1). _
excited level in3Ar is much larger than that of the ground ~ Figure 6 shows a transformation of the experimental
state transition. We will interpret this result based on the
schematic level scheme given in the upper part of Fig. 1. 3000 - ; - " T
After the capture of ars-wave neutron I( = 0) in *'Ca,
excited *’Ca levels with a spin and parity’= 3~ or 4~ are 25000
formed. From a 3 level , « transitions to 0 (I ,=3) as well
as to 2" levels (,=1) are permitted; in other words;, as
well asa4 particles can be emitted. This is, however, not the
case for a 4 level which can onlya decay (,=3) to the
2% level, the 4 — 07 transition being parity forbidden. In
other words, only; but no«, particles can be emitted from
a 4~ resonance. 5000
We calculated the correspondiagparticle penetrabilities
with the optical model routinecERBERO [10], using the 0 L - VA
a-particle potential parameters of Huizenga and [dd]. o8 0 '8 20 28
This calculation shows that from a 3initial state the partial Energy (MeV)
a decays to the ground staté,E3) and to the 2 excited FIG. 4. Energy calibration of the 28m-thick Si-Au detector
state (,=1) are expected to have an intensity ratio of aboutwith the 1%B(ny,, ) Li and 1%B(ny,, ;) Li* reactions yielding
400 instead of the observed one of 0.32. Of course, actuahlibration peaks at 0.830 MeV'l(i*), 1.007 MeV (Li), 1.483
transition probabilities may differ strongly from expected MeV («,), and 1.789 MeV &).
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FIG. 5. Energy distribution of the reaction products obtained by
bombarding a 81.69% enrichédCaF, sample with thermal neu-
trons, using a 3Qtm-thick detector covered with mm of Mylar.

#“ca(ny,, ya) data(after background correctiprdisplayed

in the inset of Fig. 3. The dots are obtained by replacing the_ 3

a energy by the corresponding energy of the primamay,

followed by averaging the data over 80 keV energy bins. The

curves are the spectral shapes calculated under various
sumptions and normalized to the maximal experimental
yield. The spectral shap&/ya(Evy) was calculated as fol-
lows:

Pag o

Wrya(Ey)~Tvy_¢p 2

Pai o+ Ty g

I'y;_, ¢ being the width fory decay from level (correspond-

HERMAL NEUTRON ... 1769

In order to calculate the spectral shape for transitions of
type E1 (I,=4) and M1 (I,=3), I'y,_(~E (e, the
single-particle Weisskopf estimatevas substituted in rela-
tion (2). Whereas the total calculated,{y«) yields for the
combinationEl (I,=4) andM1 (I ,=3) were about equal,
the yield for the combinatiofEl (I ,=3) was smaller by a
factor of =700 and may thus be ignored.

It is clear that the best agreement with the experimental
data is obtained assuming a predominkht multipolarity
of the primary radiatio15].

One could at first glance be surprised that neighboring
(compoundl nuclei such as*Ca and“*K [13] reveal such
different multipolarities, i.e.M1 andE1 respectively. This
can, however, be explained by their specific spectroscopic
properties.

Indeed, in the case df*Ca the thermal cross section ap-
pears to be dominated by a 4tate. SAM 1 transitions may
lead to 3~ which can decayl(,=3) to the ground stateE1
transitions on the other hand would have to go via @nd
|,=4. Optical model calculations show thafao(la

)/Fao(l «=4)=3, which clearly favorgM 1 transitions.

The situation is quite different fot'K, where the thermal
cross section is dominated by a 7/3tate. HereE1 transi-
ions lead to 5/Z, 7/2*, and 9/2", of which the first two
may decay (,=3) to the ground state of’Cl (3/2%). M1
transitions on the other hand populate 5/Z/2~, and 9/2
states, of which only 5/2 may decay ,=1) to the ground
state.

For the #Ca(ny,,p)*K reaction cross section finally, a
value of (7+2) mb was determined. Also in this case, the
error is about equally determined by the uncertainty in the
number of*'Ca atoms and that in the background correction
(see Fig. .

ing to the compound state populated by thermal neutron cap- These thermal reaction cross sections can be used for the
ture) towards a levelf at energyE,=B—E,; 'a;_,o and  normalization of corresponding experiments with higher-

I'ys_ ¢, are the widths of levef for a decay to the ground energy neutrons and combined with these to calculate Max-
state andy decay to all lower level$’; p is the level density wellian averaged cross sections. Moreover, the presently de-

at energyk, .

felesilic

termined thermal cross-section values are fairly large and
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indicate that thes-process nucleosynthesis path is likely to the first time. Besides a fairly strorffjCa(ny,, a) transition,
be influenced by*'Ca(n,«) and *'Ca(n,p) reactions. a dominant*'Ca(ny,,«;) line was observed, indicating that a
strong 4 bound state should be present near the thermal
IV. CONCLUSIONS energy region. Furthermore, evidence was found for signifi-
In the present work the **Ca(ny,a)®Ar and cant*Ca(ny,ye) transitions with v 1 multipolarity of the
#“ca(ny,,p)*K reaction cross sections were determined forprimary y rays.
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