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ABSTRACT -

The yield curve for the 58Fe (p, y )59Co reaction was measured for 
proton energies from 2150 to 2270 keV. Gamma-ray spectra were me~ 
sured with a Ge (Li) detector at 4 resonances. A Q-value for this reac 
tion of 7363.2 + 1. 4 keV was obtained. A decay scheme for levels up to 
4.5 MeV is proposed. 

1. - INTRODUCTION -

In the last few years a great effort has been devoted to study the 
structure of the odd Co isotopes. From the theoretical point of view 
the low-lying states of such nuclei are well reprodu ced by the intermedia 
te-coupling unified model(1). The energy levels of !)9Co were investiga-­
ted using inelastic scattering of protons and neutrons(2, 3,4), stripping 
and pick - up reactions(5, 6 ) In recent years Coop et al. (7) and Swann(8), 
using (a, py) and resonance fluorescence reactions respectively, gained 
information about levels in 59Co up to ~ 3 MeV excitation energy. Only a 
few levels at an energy higher than 3 MeV have been reported by Swann 
with large uncertainties . In addition, the ~-decay study of 59Fe( 9) gave 
detailed information about spins and lifetimes of levels up to 1.5 MeV. 

In the present work the 58Fe(p, y )59Co reaction has been used to de­
termine excitation energies and branching ratios of several bound levels 
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and of four resonances . An excitation curve has be e n obtained for pro­
ton energies ranging from 2150 keV to 2270 keV, in the region of the a­
nalogue of the 59Fe ground state(10). High-resolution gamma-ray spe::: 
tra have be en measured at four resona nces using a Ge(Li) detector . The 
analysis of the gamm a-ray spectra allowed for an accurate determina ­
tion of the Q-value of the reaction relative to 56Fe (p, y) Q-value . 

2. - EXPERIMENTAL PROCEDURE -

The proton beam was produced by the 7.5 MeV Van de Graaff accele 
rator of the Labol'atori Nazionali di Legnaro (Padua). A 90 0 magnetic -;;-­
nalyser, equipped with an NMR fluxmeter, was used to define and control 
the proton energy . The experimental resolution of the proton beam was 
about 300 eV. Targets were prepared by vacuum evaporation of enriched 
iron (chemical form Fe2 0 3) onto 0 . 2 mm tantalum backings . The enri­
chment was 82% 58Fe, with 16% 56Fe impurity . Target thicknesses we ­
re ..v 2/1 g/c":n 2 and 'V lOp.. g/ cm 2 for yield and spectra measurements 
respectively. The targets were watep·cooled and no tar get deterioration 
was observed over periods of sE'veral hour s of 5 /1 A beam current ru~ 
ning time. A bearn current integrator was used to measure the accumul~ 

ted charge on the tar ge t. Yield curves were obtained detectiag gamma .. 
-rays at 55 0 with respect to the proton beam in a 4" x 4" NaI(Tl) crystal, 
R eLn avnlY fro.::n the tar get. . 

Gamma-ray spectra were recorded using a 50 cm 3 Ge(Li) Ortec de­
tector at 55° with respect to the proton beam, 4 cm away from the tar­
get . Pulses from the Ortec pre-amplifier were fed into two ind ependent 
chains (a Tennelec TC 20J BLH Amplifier plus a Laben 4096 - channel 
analyser). The dispersion in the two chains was 0.7 keV /channel and 2.5 
keV /channel, so that t wo spcctra were accumulated simultaneousl y, tak­
iIlg enei"gies up to 3 MeV (lo w-energy spectra) and up to 10 MeV (high-ener 
gy spectra) respectively. The energy resolution, including long-term in- -
stabilities, was 2.4 keV FVII-IM at 1.3 MeV and 8 keV at 9. 5 MeV. 

Gamma-ray spectra were analysed by the automatic computer code 
CERPI(11) . Three low-ener gy gamma lines of 59Co (1099 . 3:!: O. 1, 1190.6:!: 
+ O. 1 and 1291.5 + 0.1 keV ) wer e accurately calibrated for comparison 
;;ith sources of kl:;-own energies (60Co and 22Na) by taking spectra with 
these sources placed near the target . The energy calibration of the spe::: 
tra was determined by using a least -squares polynomial fit program for 
which the input data consist of knowJl energies of gamma-rays from 59Co, 
from background and other reactions, of thc pOSitions of full-energy , 
single - and double - escape peaks, and the requirement that the energies 
of gamma- rays em itted in cascade add up to the excitation energy of the 
re s onance. 

The relativ e full-e ner gy peak efficiency (Ei< 2.5 MeV) of the detector 
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was determined measuring gamma-ray intensities from an 116m In ·sour 
ce produced by (n, 1') reaction( 12). Gamma-rays from the capture reac=­
tion 27 Al(p, l' )28Si at Ep = 992 keY was used for determining the efficie~ 
cy in the hi gh-energy range from 2 to 10 l\TeV(13) . 

3. - RESULTS -

3. 1. - Excitation curves and Q - value. -

The excitation curve for the reaction 58Fe (p, 1'), shown in fig . 1, ex 
tends from 2150 keY to 2270 keY in steps of about 0.7 keY. Each point 
corresponds to a deposited charge on the target of 300 /LC. Gamma rays 
of ener gy greater than 4.0 MeV were counted. Resonances at which 
gamma-ray spectra were measured are marked with an asterisk in 
Fig. I.The proton energies for these resonances were obtained utili­
zing the small contamination of 5G Fe in the target. From a spectrum 
measurement at v = 12794 kc with thin target we deduced that the diffe 
rence between the cross -over transitions to the ground states of 5 7Co­
and 59Co is 1.336.5 + 0.7 keY. As the Q-value of the 56Fe(p, 1') reaction 
is known to be 6026 ~7 + 0.7 keV(l4), the Q-value for the 58Fe(p, 1') reac­
tion turnes out to be 7363.22:1.4 keY , where the error takes into account 
the indetermination in the proton energy due to target tkickness. This 
value is to be compared with 7369.8 + 2.9 keY based upon the 1. 072 mass 
table(l5). From the Q-value and the exCitation energy of the resonance l~ 
vels we obtain for the proton ener gies at the four resonances 2198, 2215, 
2224, 2228 keY. 

Gamma-ray spectra were recorded with the NaI(TI) crystal in the pr~ 
ton energy range Ep = 2200 + 2240 keY in steps of O. 7 keY . Yields of s~ 
l ected primary radiations to low-lying levels were thus obtained. The an.§l:. 
lysis of the partial yie ld of the transition to the ground state has shown 
that all the observed resonances in this region are due to the 58Fe(p, 1') 
reaction. Inelastic proton widths to the first excited level in 58Fe were 
found to be comparable with radiation widths, by measuring the yield of 
the 810 keY gamma -ray transition de-exciting the 2+ level of 58Fe. 

3.2. - Gamma-ray spectra -

The,high-energy gamma -ray spectrum from the proton capture reso­
nance at Ep = 2228 keY, is shown in Fig. 2. The peaks in the spectrum 
are labelled by the gamma- ray energies (in keY), corrected for Doppler 
and recoil effects. Primes and double primes indicate single - and dou­
ble - escape peaks . Energies and intensities of gamma -rays relative to 
the four resonances investigated are listed in table 1. 

Several peaks in the spectra were identified as background lines or 
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as being due to spurious reactions. A spectrum was accumulated at 
Ep = 2228 keY with the protons on the tantalum backing. The broad 
peak at ~ 16.30 keY is believed to be due to the superposition of gam ­
ma-rays from the 23Na(p, pi y ) and 19F (p, y) reactions. 

The errors in the ene r gy values reported in table 1 were calcula­
ted by a standard statistical procedure, taking into account the peak 
centroid indetermination as well as the good ness of the fit of the cali­
bration data. T b e intensities are normalized so that the sum of the i n 
tensit ies of the primary radiations is 100 for each resonance . The e~ 
rors in the intensIty assignment s are of the order of 10% and 20% for the 
low-energy and the hi gh -ener gy region respectively, for the most pro ­
minent lines. Low-intensity values are less reliable because of the lar 
ge indetermination in t he peak area computation . 

3.3 . - Decay scheme . -

The l evel scheme of 59Co was obtained by using a computer code ba 
sed on the Rit z combination pr inciple(16) and is shown in Fig. 3 . Th;;­
input data for the pro gram we r e the energies of previously established 
levels plus the weighted mean of gamma-ray energies observed at t he 
four re sonance s. The resulting level energies are reported in Fig . 3 
toghether wj.th the spin assignments taken from refs . 6, 7,8 . 

In the proposed decuy scheme 36 bound and I[ resonance levels' are 
inserted as well as 88 out of the 123 observe d gamma-ray transitions . 
This corresponds to about 95% of the total observec intensity. As many 
as 35 l evels are directly fed by a primary transition in at least one re­
sonance.; the branching ratios of the four r esonances are reported in Fig . 
3. Most of the levels with an energy greater than 2.5 MeV were not pre­
viously observed . 

The excitation energies of t he four resonances were det ermined by 
the wei.ghted mean of th e values resulting from several gamma-ray c~ 
scades to ground state . Statistical external and internal errors were 
found "to be consiste nt and equal to about 0 . 3 keY . 

4. - DISCUSSION -

T en tative spin assignments [or the fou r resonance leve l s were obta i 
ned Oll the basis of previous spin assignments fo r the low-lying levels and 
of the measured branching ratios . The strong transitions to t h e 7/2- gr ound 
state and to the 1/2- level at 1433 keY together with ti,e absence of appre 
ciable feedi ngs to the 9/2- level at 1190 keY, rule out a spin 1 /2 or 7/2 -
assignment for the four resonances . As the ratio between the proton pene 
trabilities at Ep = 2200 keY on 58Fe for an "p = 3 and an Q. p = 2 resona~ 
ce is ~ 10-1, also a 5/2- assignment does not seem to be compatible with 
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the high intensity of the invest i gated re so nances. Among the ot her pos­
sible spins a 5/2+ assignment for the r esonance at Ep = 2215 keV and a 
3 /2 assignment for the other resonances seem to be the most likely ones 
from the comparison between the branching ratios to the 7/ 2 - ground sta 
te and to the 1/ 2+ level at 2713 ke V . Moreover a ne gative parity for the-
3/ 2 resonances is suggested from the hi. gh intensity of the quadrupole 
transitions to the ground state . These above aSSi gnments are compati­
ble wi.th the decay intensities to the 3/2 - l evel at 1098 kkv. An oppos i­
te behaviour is shown by t he 3/2- level at 1290 keV : the M1 transitions 
are strongly enhanced compared with the E1 transition. 

We can therefore conclude that the resonances at Ep = 2198, 2224 and 
2228 keV may be components of the fragmented analogue of the 59Fe 
ground state(lO ). Moreover , the 1290 keV level is a very serious can­
didate for being the antianalog state . In order to definitely clear o ut the 
different structure of the two 3/2- low -ly ing levels, which do not seem to 
be well reproduced by the theory(1), spin and multipole mixing measu­
rements are in pro gress . 

The authors wish to thank D r. V . Hoca and Dr . M. Romano for their 
help in performing the measurements. 
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4919.2 +0.5 2 

4916 . 4+0 . 4 1 

4761. 7+0.6 2 

4428.5 +0 . 3 4 

4408.6+0.5 2 4408 - g.5. 

4344 . 2 +0 .4 2 

4281.1+0.4 1 

4271.5+0.4 1 

3765.9+0.6 1 

3667.7 +0.5 1 

3635.2+0 .7 3 ..... ..... 
3621.7+0.6 3 3621 - g.5 . 



3606 .1 +0.8 2 

3~93 . 0 +0. 9 1 >-" 

'" 30 7 0 . 3+0.6 1 

3000 .7 +0 . 5 <1 3000 . 7+0 . 7 <1 3000 . 0+0 . 4 1 

2980 +1 <l 4412 - 1433 . 1 

2966 . 0+0 .8 <l 2965.7+0 . 6 1 2966 +1 <l 

2903 . . ) ·~O_ 8 1 2963 . 2+0 . 5 1 29 64 +1 1 2963 .3 - g . :> . 

2930.4+0.5 1 4412 - 1481.0 

28 :)6 .:;.,.0 . 5 1 

2825 . 6+0 . 6b ) Z 78r - 0 5b ) 2826 '. " , 2824 . ,+0.7b ) 2828 . 0 - g.s. - :' • .)+ - " 
2216 . 7- 0 . 9 1 .:. (. t 6 - g . s . 

2732 . 4+0 . 5 3 2782 . 4+0 . 6 2 2781.9+0 . 4 1 2 781.3+0.5 2 2782 . 0 - g . s . 

2614.5+0 .1 Theil 

l'-:l 2581. 8 +0 . 4 2 2581 . 6+0 . 3 5 2581.6+0 .2 7 25 8 1. 6+0 . 2 9 2581.6 - g.s. 

~ .......... 2575 . 7+0 . 6 1 2575 . 6+0 . 5 1 2577 . 5+0 . 4 1 2576 . 5+0 . 6 2 4009 - 1433.1 
(, J 

2551.2+0 . 4 2 2.\50.7+0 . 5 1 2550 . 2+0 . 4 1 2550 +1 <l 3649 - 1098 .5 

2526 +1 1 

2436.3+0 . 6 1 2485 +2 <l 

2-l-S.2"+"Q .3 4 2478.1+0 . 4 2 2478 . 2+0 . 2 4 2478 . 1+0 .2 3 2478 .1 - g . s . 

2388 . 2+0 . 5 <l 2390 +1 3 2389 . 5+0 . 5 1 2388.2+0.4 1 3488 - 1098 . 5 

~345 . 0 + 0.5 1 4408 2061. 0 

2306 +1 d 2305 ·1 d 2307 . 0+0 . 6 d 4508 - 2203.3 

2291.9+0.8 <l 2292.6 +0 . 4 d 
~ J 

1 2270.7 +0 . 8 1 2269 . 5+0 .5 1 2269.0+0 . 6 1 3561 12 90 . 7 2269 . 6 +0 .4 -

2267.5+0 . 4 <l 2267 . 0+0 . 7 d 

2257 . 9+0.2 2 2258.0+0 . 5 1 2256.9+0.5 1 2257.0+0 .6 1 

2253 . 8+0 . 3 1 2254.2 +0. 4 1 2253.8+0 . 4 1 2253 . 8+0 .7 1 



2218 . 2 <l 2220 . 8 · 0.5 d 2 220 . 9 · 0 . 8 d 3320 - 1098 . 5 

2203.8·0 . 2 2 2204 '1 d 2203 . 2,·0 . 3 1 2202 . 8 · 0 . 4 d 2203. 3 - g . s. 

2196 '2 <1 2 199 ' 1 d 3488 1290.7 

2142 . 4'0.2. 2 2142.2 1- 0 . 3 2 2143 . 0 . 0 . 5 1 2141. 7 . 0 . 5 1 3240 - 1098 . 5 

2086 . 7'0 . 2 4 2086 . 8+0 . 2 3 2086 . 4.0 . 2 3 2086 . 7' 0 . 2 3 2086 . 7 - g. s . 

2082 '2 d 2082 . 8+0.5 , 
• 2083 . 2+0 . 5 d 3561 - 1481.0 

2064 . 4·0 . 3 1 2063 . 2 . 0.2b ) 2063.5.0 . 2b ) 2 2063.4.0 . 3" ) 2 3162 - 1098 . 5 

2061.7'0.5 1 2061. 0 g'. s. 

2023.5·0.2 2 2023 . 3.0 . 2 2 2023 . 3'0 . 2 1 2022 . 9.0 . 3 1 3121 - 1098. 5 

2007.0.0 . 4 1 2006 . 2·0.3 l 2006 . 9'0 . 6 1 2006 . 7·0 . 3 1 3488 1481.0 

1972.1·0 . 7 d 1971.5·0.4 <1 1970 ' 1 1 

1874."·0.2 d 1 873 . 3·0 . 4 <1 

1856.5.0.2 3 1856 . 4'0 . 2 2 1856 . 5 +0 . 2 2 1856 . 5.0 . 3 1 2955.0 - 10 98 .5 

r' ~, 1838.;.0.5 d 1839 . 3·0 . 3 1 1839 . 0·0 . 2 1 1839 . 0 · 0 . 5 1 3320 - 1481.0 
j..o .:.. 

1796.4.0 . 2 1 1796 . 8'0 . 4 1 1796 . 7 +0 .7 d 4508 2713 -•• - -
1778.0+0.3 2 

1774 . 1 ' 0.6 d 2963 . 3 - 1189.7 

1762.7~O.4 1 li6 2. 6-0 . 4 , 
• 

17~i . 5+0 . 3 
56 Fe(p , , ) 

1743 . :!+;~ . 1 7 17 43.9+0 . 1 4 1743 . 7 .. 0 . 1 4 1 744 .3.0 . 3 3 1743.8 - g . s . 

1729.5·0 .1 I 1729.0+0 . 1 , 1729 . 3+0 . 3 2 1729 . 8 · 0 . 2 2 2828 . 0 - 1098 . :; 

1682 . 4'0.3 - 1683 - 3 1 1681 . 8·0 . 3 3 1681.4'0 . 2 3 3141 1458 . 8 • 
1679.7·0 . 8 d 1681 .2 2 1679 . 5'0 . 8 1 

1632 . 5 +0 . 5 
Be) 

1626 . 3-0 . 5 

1 61 3 . 0+0.3 ! 1613. 0 +0 . 1 2 1613 . 1·0 . 1 "2 1612 . 9.0 . 2 2 27]3 - 1098 . 5 

1<81.0+0 . 1 24 1481. 0 · 0 . 1 22 1481 . 0+0.1 20 1481 . 1 · 0.1 19 1481 . 0 - g . s . 
>-' 

1475 . 9·0.3 2 1476 . 0'0 . 3 1 3561 2086 . 7 w 

14bO . 75+0 . 06 40 • 
K(b ) 



1458 . 9+0.4 2 1459 .1+0 . 5 1 1·158 . b+O . 3 3 145.'3 . 8 +0 . 5 Z 1458.8 - g . s. 

1-156 . 8+0.7 1 1457. 0 +0 . 6 1 1.tS6.9 +u . 6 1 4412 - 2955 . 0 

1397.0 +0 .1' ) 
. , 

(3) 139 6 . 6 +0 . 2
0

; (4) 13 97 . 4 +0 .2 1 13 97 .5+0 . 2 1 3141 1743.8 '-' 

"" 1395 . 2+0 .3 d 1394 . 8+0 . 5 <1 

1:)76.3+0 . 2 56 F ( ) 
t~ P . y 

1367.8.,.0 . 2 
23 . 
~a(p.y ) 

1:)64 . 1+0 . 3 1 

1346 +1 <1 134 5. 7 +0 .3 < 1 4508 31 62 

1335.7"0 . 1 - 133S . r . ... O. 2 2 :' 335.6 ... 0 . 1 2 1 336 . 0 ... 0 .2 2 .. : 70 1 433 . 1 

l Z90 . 7+0. 1 4S 129 0. 7+0.1 37 1290 .7 .. 0 . 1 49 1290 .7+ 0 .1 52 1290 .7 g . s . 

1230 . 8+0 . 9 d 2973 - 17 43. 8 

1219 . 9·0 . 4 d 121S :7'· O. 3 1219 . 6+0 . 3 1 2963.3 - 1743 . 8 

11S9 . 7+0 . 1 14 1189 . 7+0 . 1 10 1189 . 7+0.1 10 1189 . 7+0 .1 7 1189 . 7 - g . 5. 

11 48 . 3+0.1 2 11 48 . 1+0 .2 2 

11 J 4 . 8 +0. 3 65 CU (p,p'y) 
l'~ 

109 8.5 +0 .1 : ... i. 10 98 . 5+0.! 46 1098 . 5+0 . 1 52 40 1098 .5+0.1 43 1098. 5 - g . s . 

C • 1013 . 8-;.0 . 2 Be ) 

100 1 . 3+0 . 3 2 1001 . 3+0 .4 1 1000 . 8 +0 .3 d 

913 . 1+0 . 2 2 914 .4+0 .9 1 9 12. 8 +0 . 3 \ 2203.3 - 1290 . 7 

867 .7+0 . 5 1 866 . 4+0 . 3 1 86 6 . 1+0 .2 2 

8.16 .3+ 0 .2 56 ( ' ) Fe p , p y 

810 . 5-0.1 58 . ) 
Fe(p , p ' Y 

795 . 5 +0 . 1 2 795 . 4+0. 1 2. 795 . 4 +0 .1 d ro86 . 7- 1290 .7 

72 2 . 9 +0 . 1 3 722 . 3+0 .5 1 722 .7+':; . 1 1 722 . 6+0 .2 1 2 203 . 3 1 481 . 0 

579 . 7+0.1 1 579 . 6+0 . 1 2 57 9./ +0 . 1 5 80 . 0 +0 .3 <l 2061.0 - 1481.0 

554 . 0 +0 .1 4 553 . 9 +0 .1 3 553 . 8 +0 . 1 3 . 553.8+0 . 1 Z 1 743 .8 - 11 89 . 7 



l'.~"\ 

1--:­
~~ 

511.006"'0.002 

495 . 0 +0 .2 

439 . 6 +0 . 2 

382 . 4+0.1 

334.7+0 .1 

7 

2 

382.3 +0.1 

33~ . 6 + 0.1 

6 

3 

382 . 1+0.1 

334 . 4+0 . 1 

6 

4 

332 . 1+0.2 

334 . 5+0 . 2 

5 

5 

Ann . 8 
+ 

16 
O(p , .,) 

7" 
- .)~a(p,p l"y ) 

1481.0 " 1098 .5 

1433.1" 1098.5 
181 

301.5+0.3 C. E. Ta 

a ) - Intensities are;n y/ 100 captures. Values ;n parathensis are less reliable . 

b ) - Double line 

c)- Background line 

c.n 




