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The 5’Co(n, y)%8Co thermal and resonance integral cross section were measuretbad shd 20.019) b,
respectively, by irradiating aliquots 6fCo solution sealed inside quartz bottles near the core of the IEA-R1
IPEN research reactor and counting the gamma-ray residual activity. The irradiations were monitored using
Au-Al alloy foils, with and without Cd cover. The gamma-ray measurements were performed with a shielded
HPGe detector. Westcott formalism was applied for the average neutron flux determination. The cross section
energy dependence was evaluated using the multilevel Breit-Wigner expression considering the first two
resonances and the statistical model for energies above the second resonance. Maxwellian averaged neutron
capture cross section with neutron temperatures between 5 and 100 keV were also evaluated.
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I. INTRODUCTION This paper reports the measurement of the thermal cross

Neutron capture by light and intermediate mass nuclei i§7eCt'°” 5and resonance integral of the reaction
an important process in nuclear reactors, nucleosynthesisCM: %) ®Co. To the best of our knowledge, this is the first
processes, and in the nuclear transmutation of fission produfi€asurement of these cross sections; a brief report was pre-
nuclides. Nevertheless, the thermal neutron capture cro§€nted in the 2001 Conference on Nuclear Data for Science
section of a specific nuclide cannot be predicted by theore@d Techn507log)[1]. Besides being a relatively common ra-
ical calculations. For energies near the first neutron absorgfioisotope,>’Co was found in SN 1987A supernof&, call-
tion resonance, the separation between bound states embdd@ attentlon to the possible nuclear processes involving this
ded in the continuum is of the order of 1 keV, and thenuclide. _ o _
thermal cross section can be sensitive to changes of a few ev T1he experimental procedure wa5375|mllar 0 that used in
in the position of the first resonance. The currently availabl'€vious measurements of  the*"Csn, »)**Cs  and
nuclear models cannot predict neither which will be the first” Am(n, ¥)>*?Am reaction cross sectiori8,4]. We also de-
level above the neutron separation energy nor the position dermined the detailed energy dependence of the neutron ab-
a level with such precision. An analogous comment can ps&orption cross section using standard nuclear models. The
made on the resonance integra| Cross section, which is d@btained values differ ConSiderably from those available in
fined as the nuclide average cross section in & a¢utron  €Xisting database$] that, however, were not based on ex-
energy spectrum, because the resonances in the first few kddgrimental measurements, meaning that the discrepancy is
represent the major part of its value. Therefore the thermdnot disclosing any special difficulty neither with the theoret-
and resonance integra| Cross sections can be assessed on|yj(b’}l reaction model nor with the database evaluation criteria.
experimental methods. After these quantities were measured,
nuclear model calculations can predict at least partially the Il. EXPERIMENTAL METHOD
cross-section energy dependence. . . . .

In recent years, the accurate knowledge of neutron cap- The experiment consisted in the observation of the

ture cross sections of radioactive nuclei has become the fgdmma-ray residual activity of the reaction product after ir-

cus of special attention in calculations related to spent fuerlacilatlon in the reactor, where the main difficulty arose from

and accelerator driven nuclear energy systems, justifying thg1e tsr:nat” tar%e‘ mass. Sllr:jce th? tgrgelt;s rad;pactl\f/?hmcrezs-
experimental effort to complete the already extensive data'd the target mass would preciude observation of the prod-
Gt residual radioactivity. Hence we had to find the proper

base on neutron reaction cross sections. Since a theoretic%ll bet the diff i X vt
framework for data evaluation is required to build any reli- alance between the difierent ensuing gamma-ray activities.

able database, it is important to explain the observed values
in terms of nuclear parameters. A. Decay schemes and observed radiations

Figure 1 shows thé’Co and its neutron capture products
radioactive decay schemes. THEo decays by electron cap-
*Electronic address: nmaidana@if.usp.br ture and gamma ray emission with a half-life of 2719)0d;
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712 2724 _n I'=3or 4 TABLE I. Monitor activation parameters: and Ge,,; were cal-
culated as indicated in Rd]. The numbers in parentheses are the
CE 0.18 % standard deviations in units of the quantity’s least significant digit.
e s The quantitiesrg, |, andg were obtained from Ref9].
) 9.15h
52 .
99.8 % ) IT 100 % Flux monitor foq) [ g F Gepi
32 2 — 714 197Ay 98.93)b 156Q40) b 1.01 0.999@®) 0.992)
125% zCo
4 4
b‘é‘,ﬁé‘ 2"
- P CE 83 % . i . .
512 £ 15% approximately 15 d for the Cd-covered irradiated bottle and
S 130 d in the case of bare irradiated samples.
) The thermal and epithermal average neutron fluxes were
302 810 keV monitored through thé®’Au(n, y)1°8Au reaction using foils
12 | Stable . of Au-Al alloy containing 0.1% of gold in all the irradiations.
2 Fe 0 Stable These foils were irradiated in pairs with and without a
2 Fe 0.5-mm-thick Cd shield. The accuracy in the Au content in

the alloy was previously checked by simultaneous irradiation
with pure gold foils.

The thermal average neutron flux was obtained applying
the emission probabilities of the principal gamma-ray transithe Westcott formalisnfi7], which gives
tions, with energies 122.06(3) keV and 136.474®) keV,

FIG. 1. 5Co(n, y)%8Co reaction and decay scheniés.

are 85.6017)% and 10.683)% per decay, respectivel]. b= (Ao~ FedAcd) R (1)
Following a neutron capture, the resid8Co nucleus can Ty L(R-1)

be found either in its metastable or ground state: the first one, FNo \/E"O(g *rs)

with a half-life of 9.1810) h, decays to the ground state

mainly through internal conversion, and the second one, witivhere

a half-life of 70.823) d, decays by electron capture agt] ApAcq = saturated activities of bare and Cd covered
followed by gamma-ray emission. The 810.7@bkev  monitor foils, respectively;

gamma ray with 99.448)% emission probability6] was Fcq= cadmium ratio correction factor;

R'/(R'-1) = ratio between total and sub-cadmium neu-
tron density;

F = correction due to thermal neutron absorption in the
foil in the neutron field;

The °Co was obtained from an Amersham carrier-free Ny = number of atoms in the monitor foil;
solution. It was chosen an one-year-old production lot to T, T = absolute referenc€0 °C) and moderator neutron
reduce the activities of the contaminaft€o and®®Co, with ~ temperatures;

used to determine the reaction product activity.

B. Target preparation

half-lives smaller thart’Co. The58Co activity was used for ao = monitor thermal cross section;
calibration purposes as detailed in Sec. Il D. This solution g = correction due to the departure fromvldross section
was diluted with HCI 0.1 M before utilization. behavior;

The samples to be irradiated were made from aliquots of r = epithermal neutron fraction;
5’Co (~0.8 MBq) solution dropped inside quartz bottles s’ = Westcott factor betweepkT and the Cadmium cut-
with an external diameter of 9-mm and 1-mm wall thickness off energy.
The bottles with thé’Co solution were placed inside a dryer,  The epithermal average neutron flux was calculated using
which was a recipient with silicon dioxide. After the solution

had absolutely dried, the bottles were sealed to avoid exter- bepi= Acd In E, (2)
nal contamination oP’Co activity loss. NoGepl  E1

where
C. Sample irradiation and average neutron flux determination Gepi = self-shielding factor for resonance neutrons;

| = Au resonance integral;

E,,E, = lower and upper energy limits for the resonance
egral(0.5 eV and 1 MeV.

Table | shows the activation parameters used for the av-
£rage neutron fluxes determination.

The irradiations were performed at the IPEN 5 MW pool-
type research reactor operating at 2 MW. The samples were
placed inside a sealed aluminum rabbit and irradiated nedf?
the reactor core, in the EIRA 8 34B irradiation position with
thermal and epithermal average neutron fluxes of 4.
X102 cm?s™?t and 7.4< 10" cm?s™L, respectively. Irra-
diation times were 15 and 24 h for the thermal and resonance
integral cross-section measurements, respectively. The gamma-ray measurements were performed with a

The time interval between the end of the irradiation andHPGe detecto35% ORTEQ, shielded by a 10-cm-thick
the beginning of the residual radioactivity measurement wasead wall, using live time counting methodology. The sources

D. Activity measurement
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TABLE II. Decay data used in the eﬁigiency calibration and 101 ' T . '
cross section measuremef$. The numbers in parentheses are the 3
standard deviations in units of the quantity’s least significant digit. 1 l’
Radionuclide Half-life Gamma-ray Photons =
(d) energy(keV) per decay(%) é
54Mn 312.34) 834.8436) 99.975824) %
5Co 271.709) 122.06143) 85.6Q17) 3
136.474%5) 10.688)
58Co 70.823) 810.77%9) 95.5747)
60Co 1925.%5) 1173.2384) 99.85722)
1332.5025) 99.9836)
13385 386215) 80.9985) 34.1%28)
276.3981) 7.14730) Energy (keV)
302.8581) 18.306) FIG. 2. Gamma spectrum of 20-h live time of tR&€o sample
356.0172) 61.9414) after 15-h irradiation without cadmium cover and 129-d waiting
383.8513) 8.90529 time. The dispersion is 0.2 keV/channel.
137cs 1.1026) X 10  661.66Q3) 85.1(2)
152gy 493311) 121.78244) 28.3713) 58Co activity. The required detection efficiency was obtained
244.698910) 7.534) taking into account the source size, since the internal diam-
344.281119) 26.5711) eter of the quartz bottles was 7 mm. We used the fact that, in
778.90%6) 12.976) the far.a.rrangement, th_e sample §i_ze had negligible effect in
964.05%4) 14.636) the efficiency. First, using the efficiency at 810 keV evalu-

ated with the calibration curve in the far arrangement, we
obtained the®®Co samples contaminant activity before irra-
diation. Once these activity values had been determined, the
measurement of the same samples in the near arrangement
were placed in holders on the detector axis in well definedrovided the efficiency.

arrangements: the near arrangement, with a 2-mm lead ab-
sorber and 10-mm distance betvyeen source and detector cap- IIl. EXPERIMENTAL RESULTS
sule, or the far arrangement, without absorber and 250-mm

distance from source to detector capsule. The efficiency A. %8Co observation

curve for sources in the far arrangement, fitted by the least- . .
squares method10,11, was calibgrjated withlSzEu,ymCs, gi Fl%ure§h2 ang 3 S.T]OW gam dma_l spectra of t?ﬁ salrgrzﬂes |r(rja-
13384, 69Co, 5'Co, and*Mn standard sources. The decay 1a€d with and without cadmium. cover. The - an

scheme data are shown in Tablg6l12]. Decay corrections 136.—kev57C0 v rays are marked “1" in both f|gur_es, whgre
were applied whenever required. the insets show the Slq—ke'i?CO.y—ray peak standing out in
The >’Co activities in the irradiation samples were found 2$I'Ef-, In spite of the pile-up rejection, the large activity of
using a standard source inside a quartz bottle, similar to the CO in the measured spectra lead to the pile up of its more
irradiation samples, to take into account the absorption of th{ltense gamma rays with the gamma transitions following
low-energy gamma rays. First, a source in collodium sub-°Co decay. The worst pile-up interference corresponds to
stract was prepared from a known aliquot of’€o solution  the sum between the 122-keéVCo y-ray with the 692-keV
and calibrated in a #8-y coincidence systerfil3]. In se- 58Co, which falls near the 810-keV peak. The insets of Figs.
guence, another aliquot of the same solution, corresponding and 3 show that the detector could resolve the peak of
to 24.987) kBq as a result of the calibration, was droppedinterest from the pile up peak.
inside a quartz bottle. Finally, the gamma-ray spectra of the The gamma spectrum of an empty quartz bottle irradiated
irradiated samples and the calibrated source were taken, amdthout cadmium cover during 15 h and 21 d waiting time is
the ratio of the observed 122-ke)tray peak areas allowed shown in Fig. 4. The spectrum was obtained with a source to
the activities determination. detector capsule distance equal to 250 mm without Pb ab-
Special measurements were done to check that the atorgsrber. The inset corresponds to the 810-keV energy region,
of 5’Co were located on the bottom of the quartz bottle. Also,showing that the observeédCo y-ray peak is not mixed with
the activity of each sample was measured before and aftgseaks arising from activities in the irradiation bottle.
the irradiation to check that the material was kept in place
during all the experimental procedure. No other correction
besides the radioactive decay was required when comparing
the 5’Co activities before and after irradiation. We performed a detailed contaminants analysis using a
The 810-keVy rays from the irradiated samples were quartz sample prepared as described in Sec. IIB. We
observed in the near arrangement to calculate the inducedtopped an equal amount of the HCI solution used to dilute

1408.0224) 20.8%9)
198y 2.69438) 411.804411) 99.4488)

B. Contaminant analysis
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FIG. 3. Gamma spectrum of 60-h live time of tR&€o sample FIG. 4. Gamma spectrum of 80-h live time of a quartz sample
after 24-h irradiation with cadmium cover and 16-d waiting time. after 15-h irradiation without cadmium cover and 21-d waiting
The dispersion is 0.2 keV/channel. time. The dispersion is 0.2 keV/channel.

the Amersham radioactive solution, waited until solutionprobabilities of the suspected contaminants to the peak areas
dryness, sealed the quartz bottle, and irradiated the sampédter efficiency correction.
for 15 h in the EIRA 8 34B irradiation position. _
The sample was measured 21 days after the end of the C. Decay and burn-up calculations
irradiation. The detector system was calibrated in energy Besides the radioactive decay, two other effects must be
with standard sources 8F%Eu and®°Co, as well ad% and  taken into account for a correct determination58€o pro-
%Na produced from K and Na present in the irradiationduced by neutrons in the irradiation. One correction comes
bottle. The full width at half maximum was calibrated with from the existence of two isomeric states, whose formation
the most prominent observed singlet peaks and used to chegitio was evaluated theoretically because the low energy and
the spectral purity of each observed line. In the 80-h backintensity of the gamma rays followingf"Co took its obser-
ground spectrum obtained, the gamma lines presented in theaition out of reach of our experimental method. The other
Ejnisman[14] work were identified. We also observed peakscorrection is due, surprisingly, to the burn-up resulting from
at energies of 596 and 803 keV from gamma rays producethe very large neutron absorption cross sectiong@b and
in the reactions *Ge(n,n’)"*Ge and 2°%Phin,n")?%Pb  58mCo, respectively 1.88 10° b and 1.36< 1C° b [16].
caused by background neutrons on the large masses of the Assuming that during the experimental measurements,
germanium detector and the lead shieldiff], respectively. many days after the end of the irradiation, all the 8hCo
After taking into account the background and pile-up ef-formed had decayed t§Co, the physical quantity measured
fects, the remaining peaks were assigned to the followings approximately the sum of the cross sections of both iso-
radioactive nuclides'®’Ta, *2/Sh, '#2Sh, %Zr, Nb, 1"™Hf,  mers,oyn., ith a weak dependence on the isomer formation
1814f, "%As, 140 a, and?*Na. They were identified by their ratio. Calling the isomer formation ratie,,/ o,=x, the num-
half-lives and gamma ray spectra, comparing the emissiober of °3Co atoms at the end of the irradiation is given by

(1-%
(\sg+ 05g¢hn)
X\sgm [ (1 — e (Nss*osatin)li) @~ (Nsem* Tsamin)li — @=(Nsgtosain)t ] }

(Nsgm+ Osgn®mn) L (Nsg+ 05gbtn)  [Nsg— Nsgm* Pin(0s5~ T5am) ]

NES: Ngge_()\58+0'58¢th)ti + N57g'57¢th{ [1 - e (sgtosshmti]

3

where ¢w=thermal average neutron flux obtained by applying
N%B: number of°®Co atoms at the end of the irradiation; the expressioitl);

Ngg= number of*®Co atoms(the sample contaminanat t;= irradiation time.

the beginning of the irradiation; The isomer formation ratios, calculated by applying the
\= decay constants ¢fCo and®®"Co; Huizenga and Vandenbosch formalisih7] for the most
0,=58Co and®®"Co activation cross sections; likely gamma ray cascade multiplicities and compound state
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TABLE lll. Calculated isomerP®Co to ground stat&€®Co for- IV. CROSS-SECTION ENERGY DEPENDENCE
mation ratiox according the gamma-ray cascade multiplidity,

and the compound state spI{17]. A. Single resonant capture

The determination of the neutron cross-section energy de-

My )=3 J=4 pendence through some type of theoretical calculation re-
3 0.28 057 quires more experimental information than that provided by
4 0'32 0'51 the measured thermal and resonance integral cross sections.

For very light nuclei, the energies of the first resonances can
be obtained considering the level sequence at neutron bind-

ing energies, allowing a good description of the neutron

spins, are presented in Table Ill. These ratios can be cOMross section above a few hundred keV of kinetic energy
pared \{wth the experlrg1ental val_ue for tA¥Co isomers pro- [18,19. In the case of’Co, the level density is already too
duced in the®®Co(n, 7)%°Co reactionx=0.55[9], due to the high at the energy of the compound nucleu8,

similarity betweerP”%Co and®**Co structures; in particu- -g 573 Me\j for such approach. Therefore we intend to de-

lar, the spins of the targets are the same, as well as the prodzjpe the cross section by a combination of two models: at

ucts’m andg spins. low energies, from thermal to a few keV, we used the reso-
nance capture model and, for higher energies, a statistical
D. Cross section and resonance integral determination model. The boundary of the energy region where we change
from one model to the other was called edge enegy,.
The total cross section of a neutron with kinetic enefgy
o7, has two components, the elastig, and the capturecy
Asghs7 cross sections:

op=—"—r—, (4)
[aT _
As7din _7TTO 01 = 0g T OCn- (6)

For energies around the first resonance, we can describe
the cross section via the Breit-Wigner resonant capture for-
| = Mmé, (5)  mula. Then, the components are given by
Aszeicabepi E1

The expressions for the thermal cross sectigp and
resonance integrdlare

2
where 0= zzg(l ,J)Lz,
As7,As7cq =°Co activities in the targets without and with k (E-Eg)?+—
the cadmium cover, respectively; 4
AsgAsecq = 28Co reaction product activities at the end of
irradiation without and with the cadmium cover, respec- . r,r
tively; oen= 5901, )——F— (7)
b depi = thermal and epithermal average neutron fluxes, (E-Ep)?+—
respectively, determined with the Au-Al monitors; 4

T,To= moderator and reference temperatures, 44 an
20 °C, respectively;

E;,E, = neutron spectrum integration limits, 0.5 eV and
1 MeV, respectively;

\s7 = °’Co decay constant. 27+1

Two irradiations were performed for the resonance inte- g(l,J) = 2+ D2s+ 1)’
gral measurement and other two for the thermal cross section
measurement. The values obtained by form@&s(S) with - \yhere| andJ are the angular momenta of target and com-
the different isomer formation ratio valuasfrom Table Il hound nuclei, respectively, argiis the neutron spin.
are not much different, hence the final results are their aver- Tne partial neutron width was calculated by
age and the corresponding dispersion is added in quadrature
to the other uncertainties. Table IV shows the thermal and (D)

resonance integral cross sections. Iy= 2772 T, (8)

%hich are functions of the partial widths of neutron and
gamma emission’, andT’,, respectively, the total width’
=I',+I,, the resonance enerdy, the wave numbek, and

TABLE IV. Thermal and resonance integréliCo(n, y)*%Co re-  where(D) is the evaluated average level spacing at the neu-
action cross sections. The values correspond to*#i€o plus  tron binding energy20], and T, are the partial transmission
8Co cross sections. The numbers in parentheses are standard ¢gsefficients for different values of the orbital angular mo-

viations in units of the least significant figure. mentum. If we assume that only ti8awave gives an impor-
. tant contribution, this equation reduces to
Thermal Resonance integral
D
51(5) b 20.q19) b r,= <2—>To. (9)
o
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The transmission coefficient was calculated via optical ™1T— T — 7 — T T " I
model, with nuclear potential parameters from Wilmore and -
Hogdson[21]. wod 4

The partial width ofy emission was calculated with the
Mughabghab’s formulatio22], wherel’, is a function of
the neutron binding energy,, and the average angular mo-
menta of neutrons and protons near the Fermi le\igl,and
(Jp), respectively,

n

g
Il
1

Neutron width I (eV)
g
L
L}

I, =T(By (In), (Ip), (10)

being energy independent. Both averaged angular momen 200
tum were calculated using the Barrier cd@s].
For energies well above the first resonance the statistica

. . . + 7 + + + t +—t—t
model was used. The neutron absorption cross section is de ¢ o 100 200 00 400 00 6o 700 200
scribed by Energy of the first resonance E, (eV)
I' (E) .
o Ey=——X—"—0¢ (11) FIG. 5. Plot of the resonance parameters, neutron width and
sTat R . .
I'(E) + F'y(E) resonance energy, that give tht€o experimental thermal neutron

where oy is the reaction cross section obtained from thecross section, for t_he two possible angula[ mominta_of this isolated
resonance assumingSwave neutronJ”=3" andJ"=4", and one

optical model. f the possible angular momenta assuming-aave neutronJ”
The thermal cross section is calculated by the value 0£2+

ocn at E=0.025 eV and the resonance integral by

Eedge ¢rep (E) 10 MeV - (E) (12) alone already overestimates the experimental resonance
I:f CLdE+J N dE, (12 integral whatever the resonance energy and neutron width
0.5 eV Eedge E that fit the experimental thermal cross section.

59 57, .
where Eqqqe Separates the resonance and statistical models Although>*Co and>'Co have d5|mll<';r thermal _nelutgggaab-
applicability regions. It should be noticed that the thermalSOrPtion cross sections, 37 and 51 b, respectively,
and resonance integrals are not independent quantities sinfgSonance integralo~70 b, is much greater than the same

H 57 ~ -
it is the first resonance that gives the main contribution to th&luantity for'Co, 1o~20 b. Therefore we were led to con
resonance integral. sider two neighboring resonances at low energy in order to

obtain the correct magnitude of the resonance integral, be-
cause it can be reduced due to the interference between the
two resonances. A different formalism is required for the
This formalism is very successful in the case®®€o, a  multilevel resonant capture, as described below.
very well studied nucleus with structure similar¥€o. The ) , )
position and width of the first resonance are well determined ©- Reich-Moore formulation for muitilevel resonant capture
[24] and both the thermal cross section and resonance inte- The effects of destructive interference between the reso-
gral are reproduced using a single resonance. It may beances in the Reich and Moore formalig@6], when de-
worth to point out that about 80% of the resonance integral
comes from the first term of Eq12), which gives the con-
tibution of the neutrons below the edge energy, taken as
1 keV. 400
In order to establish the parameters of the Breit-Wigner ]
resonance in the case 6fCo, the resonance energy that £
gives the experimental thermal neutron capture cross sectio
value for a given neutron resonance width is plotted in
Fig. 5, for the two possible angular momenta of this isolated
resonance assuming &wave neutronJ”=3" and J"=4",
and one of the possible angular momenta assumigvave ]
neutron,J™=2%, 100+
Figure 6 shows the calculated resonance integral, Eq ] ]
(12), as a function of the resonance energy, choosing a dif- 1 jreeeee Measured resonance infegral < r o
ferent neutron width for each resonance energy value to fit o 100 200 300 400 00 60 700 800
the experimental thermal neutron cross seciibig. 5). It
can be seen that the calculated integral resonance always
overestimates the experimental value. Therefore we conclude FIG. 6. Calculated integral resonance in function of the position
that only one isolated resonance cannot describe the expets the first isolated resonance f&Co. The neutron width changes
mental results. It is important to note that the first term of Eq.with the resonance energy as plotted in Fig. 5.

B. Single-resonance calculations foP°Co and 5’Co

500 —————F———F—————1———1——

b)

300

200

Resonance integral

Energy of the first resonance E, (eV)
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scribing the multilevel resonant capture, was successfully ap.  3° R L L L
plied in previous studies on nonfissile nucl&6,27. We
adopted this formalism to describe tiéCo(n,y) cross- :
section as 1 N\ 1
41
Ony= Fg(l -J)[denn) - |Pnn|2]v (13 =
=
]
where il
pon=1 -[(- K)_l]nn (14 \ _____ \
NN
and \Xﬂ\iﬁ
\*
- IE an ::::,::::,::::,::::,::::,::.:,:\::
[ =K)]n=1 o r T, (15 100 200 300 400 500 600 700
Er—E—IE E,(eV)
Here the sum |S done over the resonammth ener‘gyEr FIG. 7. Ca|cu|ateoG7C0 resonance |ntegra| in function of the
and neutron and gamma widtls, andT,, respectively. first isolated resonance position for some energy separations be-

Although one resonance is not enough to fit the availabidween the two first resonances. The n(_eutron width for both reso-
data, two resonances provide more free parameters than paances are equal and were chosen to fit the thermal cross section.
quired to fit the thermal and resonance integral cross sec-
tions. To help to find the suitable values, we rewrote the The®’Co calculatedn, y) cross section curve in function
formulas in function of the distance between the two firstof the neutron energy using the model described here and
resonances\E, and the energy of the first resonanEg,We  some of the resonance parameters listed in Table V are
obtained shown in Fig. 8, assuming™=3" for both resonances.

p(Eq, AE,E)=1-|1 _IE — D. Maxwellian averaged®’Co(n, %)%8Co cross section
- i For astrophysical model calculations, the Maxwellian av-
eraged cross section is needed. B26] evaluated the Max-
| 1 wellian averaged cross sectio§IACS) in the range be-
+ 5 ' (16) tweenkT=5 and 100 keV for many radioactive nuclides.
Eo+AE-E-i— We obtained the Maxwellian averaged cross section for

2 59Co and®’Co as

(o)T= 2 1 fxa(E)EeX;<—%_)dE. (18)

and the capture cross section:

4 T2
01 (Eo AE.E) = 7 9(1 I[Relp(Eq,AE. E) v kD%
— |pan(Eo, AE, E)[2]. (17)  This average is sensitive to the cross sectigf) energy
) dependence.
That means that we have four variabtgg I'yy, I'y, and Using the results obtained in previous sections for the

AE, with Only two conditions: the thermal and the resonanc%apture cross section we divided qu) in two terms:
integral experimental cross section values. Consequently,

there will be a family of possible cross section curves. TABLE V. Parameters of the Reich-Moore resonance capture

. The resonance integral was calculated in functlon_ of th(?Nith two resonances fitting the measured ther(maly) cross sec-
first resonance energy for different values of the distancgq, ang where the resonance integral equals 21 b. The angular
between the first and second resonances, assuming that thementumJ™ was adopted as~3in all the cases, as well as the

widths of both resonances are equal and chosen to fit thgsmma width",=0.391 eV and’,=560 eV.
thermal cross section. The results are plotted in Fig. 7, where

it can be seen that in a broad range of values ardgnd Eo AE
~ 600 eV the calculated values are compatible with the mea- eV eV
sured cross section, taking into account the experimental un

certainties. Note that the single criterion adopted to choose 546 400
the resonance parameter values was that they were positive 609 800
numbers. Table V shows a few sets of model parameters, 596 1200
considering different first resonance energies, which fit the 590 1600
measured thermdh, y) cross section and give the resonance 587 2000

integral value within experimental error bar.
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FIG. 8. Calculatedn, y) cross section in function of the neutron ] . )
energy within the model described here with two resonances and FIG- 9. Maxwellian averaged cross sections using the model
I',=560 eV. Our results are compared with the previous Kopeckyl€veloped in this work(@) shows the results fot°Co compared
[5] evaluation. The thermal cross section for both curves isWith Ref.[26] and(b) for *'Co.
indicated.

to the presence offCo in the solution used to prepare the
target and the low induced residual activity by the resonant
capture reaction in the small target mass.

It was proven that a single resonance below about 1 keV
incident neutron energy properly positioned to give the ob-
served value of the thermal cross section cannot account for
the observed resonance integral. Therefore the energy depen-
i ) dence of the neutron absorption cross section was calculated
The first one is related to the resonant capture and the segqqjdering two isolated resonances at energies about 1 keV
ond, to the Stat'gg'cal process. The valudsgig.was adopted and the statistical model for higher energies. Although it is
as E?gulrgrg(;;)rshocv?s' our MACS results f0i%Co using the not possible to be sure that there is not a third resonance
model developed in this work, which are very similar to about 1 keV, this is the simplest model thgt can reproduce
Bao’s [26] results, and Fig. ®) éhows the resulis fo7'Co poth the ob_ser\{ed thermal and resonance integral cross sec-

’ tions. Considering thé®Co level density near the binding

evaluated with the cross sections shown in Fig. 8 Bpge L . . A
_ energy, finding three levels in a region about 1 keV wide is
=Eq+AE+T',, The MACS temperature dependence for bothmore unlikely than the already unlikely event of finding two

nuclei are similar, with the absolute value for a given tem-as assumed.

perature belng §ma|ler férCo. This behavior is QUg o dif- . Using the model described here, the Maxwellian averaged
ferences in statistical parameters and neutron binding €NeT9Xico neutron absorption cross section was evaluated in the
the differences in the cross sections in the first few keV dIdS—loo-keV neutron temperature range

not show up in the calculated averages.

2 1 (Fedoe p( E)
== E)E exp - — |dE
(Ot \'w(kT)ZJO ocn(E)E ex KT

+iif 1(E)Eexp<—£>dE
(k2] TSTA k)"

Eedge
(19
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