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Excitation functions were determined fotFe(p,n)%%Cd", "¥Fe(d,xn)%®Cd"™, 5*Mn(a,n)%%Cd", and
59Co(n,2n)%8Cao™ reactions from the respective thresholds to 14.12 MeV in work with protons, 12.97 MeV
with deuterons, 13 MeV with neutrons, and 25.52 MeV with alpha particles. The radioactivity of the activation
product Cd™(T,=9.15 h) was determined by high resolutigeray and x-ray spectrometry. Using the
presento, results and thed,+ o) data reported earlier, the isomeric cross-section @{it(o,+ o) was
determined for each reaction. Statistical model calculations taking into account the precompound effects were
performed for the above-mentioned four reactions as well as for®itién, p) 5Cd™9 process. A consistent set
of model parameters was used. The isomeric cross-section ratio for the®@dit9 strongly depends on the
level scheme and branching ratios of the known level2®6b. Different reactions produced different angular
momentum distributions of the compound nucleus, resulting in different isomeric cross-section ratio at the
same excitation of the compound nucleus. The ratio was found to be relatively high for target nuclei with high
spin values[S0556-28136)01506-3

PACS numbgs): 25.40-h, 24.60.Dr, 25.45:z, 25.55-¢e

[. INTRODUCTION culations to the prediction of isomer ratios over an energy
range up to 25 MeV.

Studies of excitation functions of nuclear reactions are of
considerable significance for testing nuclear models. Further-
more, isomeric cross-section ratios are of fundamental inter-
est for studying the effect of nuclear spin. We chose to in- Cross sections were measured via the activation tech-
vestigate the isomeric pai”®Co™Y, a simplified level nique, commonly used both atliblh and Debrecen. This
scheme of whichcf. Ref.[1]) is given in Fig. 1. The sepa- technique is ideally suited for studying the formation of low-
ration energy between the two isomeric levels is only 24.9
keV but the spins differ considerably. Both the states can be
populated via seven nuclear procesges Fig. 1), viz. *8Ni{n,p);
®Ni(n,p), *°Co(n,2n),  °Co(p,pn),  °%Fe(p,n), $9¢o(n,2n),Colp,pn);
SFe(d,n), **Mn(a,n), and ®Ni(p,a). The total cross sec- Bee(pn)  Feldn);
tion for the formation of the isomeric pairo(,+o4) has - P ey
been measured in detditf. Refs.[2—5]) and almost all the Ni{p.od ; “Mniox,0)
excitation functions can be reproduced relatively well by the
statistical mode{cf. Refs.[3-5]), provided the optical model
and level-density parameters are properly chosen. Only in
the case ofd,n) process, a reduction factor was neefiép
to take account of the direct breakup contribution.

The present work concentrates primarily on the formation
of the isomeric staté®Cao™(T,,=9.15 h), which is experi-
mentally somewhat difficult to measure. Some data on the
9Co(n,2n) and *°Co(p,pn) reactions were available in the
literature (cf. Refs.[2,6]), and we reported results on the
5INi(p,«) and ®®Ni(n,p) reactions earlief3,7]. Now we
describe investigations on the other four processes. As sug-
gested in a recent review artic[8], these investigations
should possibly shed some light on the effect of reaction
channels on the isomeric cross-section ratio.

It is known that cross sections for the formation of iso-
meric states are more difficult to predict than those for the
total reaction channels. One of the major goals of this work FIG. 1. Simplified representation of formation and decay of the
was therefore to test the applicability of nuclear model calisomeric pair®®Ca™¢. The nuclear level energies are in keV.
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lying closely spaced levels, provided their lifetimes are not TABLE I. Decay data of the measured reaction products.
too short. Some of the features of the technique relevant téraken from Browne and Firestori&].)

the present work are described below.

Radio- Radiation - or x-ray - Or X-ray
isotope  Half-life type energy in keV abundancé%)

A. Charged particle irradiations, mean particle energies -
and beam intensities Co 70.92d Y 810.8 99.4

. L FeKa?2 6.39 7.7
For investigations on the 5Mn(a,n)%Cad",

. FeKal 6.40 15.3
8Fe(p,n)%8Cd", and 5Fe(d,n)%%Cd" reactions the well- FeK g1 2 06 27
known stacked-foil technique was used. The compositions ofg. m ' :
L : . 9.15h y 24.89 <0.04
the stacks and the irradiation details have been described
. . . CoKa?2 6.91 7.8
earlier[4]. The methods of calculation of the mean particle CoKal 6.93 154
energy and beam intensifie., incident particle fluxeffec- ora ' '
CoKp 7.65 2.8

tive at each foil were exactly the same as in Rdi.

tempted[5] and the results were found to be in agreement
B. Neutron irradiations, energies and flux densities with the x-ray counting data. In the present work on the four
other reactions, we considered both techniques. The growth
and decay method led to satisfactory results in the case of
SMn(@,n)%8Co™ reaction where the activity of®Co™ was
therstglatively hsigh. HoE\_)/gever, f%r the other 5tDree prc;cess, viz.
2H(d,n)®He reaction on a deuterium gas tardef. Refs. Co(n.2n)™Cd", Fe8(p,n) "Cd", and Fe(d,n) 8Cdn.’
[9,10) at the variable energy compact cyclotron CV28 atWhere the amount of*Co™ was small, the x-ray counting
Juich. The sample consisted of a Co f¢2.0 cm ¢x0.15 method was found to be superior.

mm) of 99.9% pure metal. It was sandwiched between two The x-ray spectrometric studies were performed using ei-

: : ther a S{Li) or an intrinsic HPGéwith Be window) detector
Al foils (each 2.0 cmpx0.15 mn) and placed at a distance
of 1 cm from the end of the gas target in 0° direction to theCOUpIed to an Orte(Spectrum ACE 4k MCA Plug-In Card.

deuteron beam for the irradiation. At each deuteron energ he other details relevant to the spectrum analysis were the
two irradiations were performed. The typical irradiation time anlwe a}s Iﬁry—ray speccj:tromstry descgbeg;allr @ In gen—d
was 30 min. The mean neutron energy for each sample wag @ only the summed peak aréa undertneline was use
calculated using a Monte Carlo programuT (cf. Ref.[11]) and an analysis of decay curve was invariably performed.
and the mean neutron flux density was determined via the

monitor reaction?’Al( n,«)?*Na (cf. Ref.[12]).

Investigations on th&°Co(n,2n)%8Cd" reaction were per-
formed in the energy range 11-13 Mdthe data for the
total (n,2n) process are known well[2]). Quasi-
monoenergetic  neutrons were produced via

D. Calculation of cross sections and
isomeric cross-section ratios

C. Measurement of radioactivity The count rates were corrected for random pileup losses
(using a pulse generator as referenae well as fory-ray or
-ray abundance and the efficiency of the detector. Correc-

y-ray spectrometry. In those cases where radioactivity Opon fc_>r coincidence loss was also taken 'mqa‘g ccnoﬂunt. The
%8Co"*9 was also determined, all the measurements Wer&nost important decay data of the product nucli and

started after complete decay BiCo™ to the ground state 8Co” are summarized in Table |. After deriving the initial
The radioactivity of8Ca™ (T,,=9.15 h was somewh'at activities the cross sections were calculated using the usual

difficult to measure. This me%/;stable state decays to th ctivation formula. The isomeric cross-section ratio could be

ground state via isomeric transitidiT) which is highly con- etermined more simply from the growth and decay curve

verted: the 24.9 ke\ ray, therefore, cannot be directly de- measurement of the ground-state activity. The x-ray counting

tected. There are, on the other hand, two possibilities of denethod involved a larger error due to the use of two different

termining the initial activity of %Ca™. In the first method, Qetectqrs for measurement of the activities of the ground and
the activity of the ground state®Co is measured as a func- Isomeric states.

tion of time via standard-ray spectrometry. From an analy-

sis of the growth and decay curve 8iCo it is possible to

obtain the initial activities of bottP®Co™ and 8Cc”. This E. Errors

method was found to be suitable when the activity of The major sources of errors involved were those associ-
%8Cd" was relatively high. In the second method, the activityated with the measurement of the beam curfentneutron

of ®8Ca" is determined via x-ray spectrometry. The radiationflux density and determination of the absolute activities of
encountered consists &fa and K lines of Co as against the products. As discussed in several earlier publicatiohs
Ka and KB lines of Fe in the case ofCo” decay(via  Refs.[4,10)), the error in the neutron flux density or beam
EC+ 3" emission. In earlier reports on°®Ni(n,p)°®Cd™  current was adopted as 4—7 %. The efficiencies ofthand

(cf. Ref. [7]) and ®™Ni(p,a)%Co™ (cf. Ref. [3]) reactions x-ray detectors were known within an uncertainty of 3-5 %.
only the x-ray counting method was used. For the formerA few samples were assayed by both theay growth and
reaction, later the growth and decay method was also atlecay curve analysis and x-ray counting method, and the

The radioactivity of each monitor reaction product.
Refs. [4,10)) was determined via standard HPGe detecto
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TABLE Il. Branching ratio 8) of the 52.8-keV level for dif- TABLE IIl. Measured cross sections and isomeric cross-section
ferent types of transition, calculated using the theoretical converratios of the>®Mn(a,n)%8Cd™9 process(o, was measured in this
sion coefficient(«). work; (ot 0g) values were taken from our earlier measurement

(41)

Type of transition for the

52.8-24.8 keV deexcitation Error in Mn(a,n)%®cd”  Mn(a,n)%&Co™8

Transition y emission M1 E2 a-particle a-particle o Ao ol Alon/
%) N B (%) N B (%) energy energy (omtog) (omtoy)l

52.8-24.8 29 1.3 11 59.3 77 (MeV) (MeV) (mby) (mb)

52.8-0 71 6.5 89 6.5 23 7.06 0.30 6.1 0.5 0.47 0.03
8.46 0.29 57 4 0.42 0.07
9.29 0.28 122 9 0.52 0.01
agreement between the measured activities was within 10.80 0.27 264 18 0.59 0.01
2-3 %, proving that the efficiency calibration procedures 12.02 0.25 275 19 0.52 0.14
were reliable. The errors in the calculation of the absolute 12.58 0.24 441 31 0.63 0.01
activity were: the error of the initial count rate at the end of 15.22 0.23 440 31 0.68 0.01
the irradiation was determined by the least-squares-fitting 15.89 0.22 321 22 0.72 0.02
procedure(see aboveand it was about 0.5-25 %; the error  16.73 0.21 367 26 0.74 0.01
in the decay data used wasl% and that in the coincidence  18.31 0.20 264 18 0.79 0.01
losses<0.5%. The error in the target atomsftmas 0.5— 19.82 0.18 182 13 0.78 0.01
1.5 %. The total error in each cross section was obtained by 21 43 017 101 7 0.75 0.03
combining the individual errors in quadrature. 23.76 0.16 67 5 0.80 0.03
25.06 0.15 47 3 0.73 0.02

IlI. NUCLEAR MODEL CALCULATIONS

Cross sections were calculated using the statistical moddlranching ratios for different types of transition and the re-
taking into account the preequilibrium effects. The calcula-Sults are summarized in Table Il. We performed nuclear
tional codesTAPRE[13] was applied. The details regarding model calculations assuming several variations in the
the calculation of total cross section for each channel havéranching ratios and the results are discussed below.
already been describddf. Ref.[4]). In the present work the
emphasis was on the calculation of the isomer cross section.

Since such calculations are strongly dependent on the input IV. RESULTS AND DISCUSSION

level scheme of the product nucle(sf. Refs.[14,15), we
chose those parameters carefully. The energies, spins, pari-
ties and branching ratios of the discrete levels were selected The measured cross sections for ffn(a,n)>¢Cao™ re-
from the Nuclear Data Sheeft$6]. In the continuum region action and the isomeric cross-section ratios/(o,+ o),

the level density was calculated as described eddierAn-  for the >®Mn(«a,n)8Co™9 process are given in Table IIl. For
other important consideration in calculating the isomericcalculating the ratios, theo(,,+ o) values reported earlier
cross sections is the spin distribution of the level den@ty  [4] were used. Figure 2 shows the measweggvalues. Our
Refs.[3,14]). This was characterized by the ratio of the ef- experimental data are in good agreement with those given in
fective moment of inertiaddq to the rigid-body moment of Ref.[20]. The results of model calculations suggest that the
inertia O, (7=04/0,) and the calculations were per- shapes of experimental and theoretical excitation functions
formed for »=1.0. The transmission coefficients of photonsare similar. However, the magnitude of the calculated curve
are also of considerable significance in calculations on iso-
meric cross sections. They were derived from the gamma-ray
strength functions. For thé&1 radiation the Brink-Axel
model with global parameters was applied, while for kh#,

E2, M2, E3, andM3 radiation the Weisskopf model was
used.

A weak point in the level scheme of the nuclidéCo is
the level at 52.8 keV. The types of transition involved in its
deexcitation are not known well. The gamma emission rates
from this level to the ground and to the isomeric state have
been measured. However, because of the low energies of the
transitions the conversion coefficients are of great impor- 15 5 0 G 3 23 30
tance. An investigation of the effect of branching ratio of this Alpha particle energy [MeV]
level on the isomeric cross-section ratio may thus provide
some valuable information on the type of transition involved. FIG. 2. Measured and calculated cross sections of the
Based on the data given in Refd7-19 we calculated the 3Mn(a,n)%8Co™ reaction.

A. Alpha-particle-induced reaction on manganese

1000 | SSMn(O.,n)SSCom

8
T
J

’
L]

Experiment S~ \A.\n.
& This work =
% & Ref. [20] Tt
Calculation assuming different types of transition
for the 52.8—524.9 keV deexcitation
(1) E2,E2
! 2y E2M1

Cross section [mb]
3
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1 TABLE IV. Measured cross sections and isomeric cross-section

55Mn(at,n)8Come ratios of 5®Fe(p,n)%8Cad™9 process(o,, was measured in this work;
osl Exi:ﬁm.k " 205 % 4, & (2) (omt og) values were taken from our earlier measurenjéhj
© This wor PSS S — — ()

? ol & Ref. [21) /' 5;’:5’74;:‘::?_»?_‘)3; SSFe(p,n)SSCd“ 58Fe(p,n)58C0m’g

%E Wl A [ & Error in proton o Ao ol Aloy/
o Calculation with diffsrent branching ratio Proton energy energy (omt+ Ug) (ot o'g)]

i B MeV)  (MeV)  (mb (mb
5 s 3.54 0.21 18 2
(6) 40,60

ol - o = L N 4.90 0.20 34 3 021 0.02

Alpha particle energy [MeV] 571 0.23 82 7 0.24 0.04

6.48 0.22 110 9 0.24 0.02
FIG. 3. Measured and calculated isomeric cross-section ratios of 7.1 0.19 151 12 0.29 0.03
the **Mn(a,n)**Cd™¢ reaction. 7.48 0.21 167 14 032 003
8.13 0.20 183 16 0.29 0.03
8.02 0.18 171 14 0.31 0.04
is significantly lower if the branching ratio of the 52.8 keV 8.74 0.19 224 18 0.34 0.03
level is deduced assuming &ml transition to the isomeric 8.81 0.17 209 17 0.36 0.03
level at 24.9 keV. 9.32 0.18 218 19 0.40 0.06
The isomeric cross-section ratios are shown in Fig. 3. Our  10.17 0.16 258 21 0.39 0.04
experimental data are in good agreement with those given in  10.11 0.17 256 21 0.34 0.05
Ref.[21]. The results of model calculations are strongly in- 10.63 0.16 265 22 0.32 0.05
fluenced by the 52.8-keV level. A neglect of this level gives  10.84 0.15 294 23 0.41 0.04
quite good results. The propos@dil transition[16] to the 10.98 0.19 254 21 0.40 0.05
isomeric level at 24.9 keVin ratios varying between 11 and 11.14 0.15 280 23 0.38 0.06
60 % gives increasingly deteriorating results. Using the  11.21 0.19 289 24 0.39 0.04
branching ratio calculated frofa2-type transition, the mea- 11.63 0.18 269 24 0.38 0.04
sured and calculated data show better agreement, though in 11.86 0.18 289 24 0.38 0.03
the low energy regioifbelow 15 MeVj the calculated values 12.46 0.17 266 23 0.39 0.04
are slight overestimates. 12.48 0.17 201 23 041 0.04
13.53 0.16 232 21 0.41 0.04
13.55 0.16 233 20 0.43 0.04
B. Proton-induced reaction on iron 14.09 0.15 225 18 0.46 0.04
The measured cross sections for fHee(p,n)>Co™ re- 14.12 0.15 211 19 046 0.04

action and the isomeric cross-section ratios for the
%8Fe(p,n)°8Cad™9 process are summarized in Table IV. The

latter were obtained from the, data given here and the the calculated excitation functions are, however, in good
(omtog) values reported earlief4]. The data for the agreement with the experimental one.

8Fe(p,n)°8Ca" reaction were deduced from measurements The  isomeric  cross-section  ratios  for  the
on "¥Fe via normalization to 1009%Fe. The contribution of  °®Fe(p,n)>*Cd™? process are shown in Fig. 5. Without con-
the 5Fe(p,y)°®Co™" 9 process to the production of sidering the 52.8 keV level the model calculation is in good
%8Cg"*9 seems to be negligible. Our measured data for

8Fe(p,n)°8Cd"*9 reaction in the energy range 3.1-4.9

MeV are in good agreement with the data given in R2g] 5Fe(p,n)*Com

that were measured on 93.23% enrictié8e target. There- Experiment
fore the contribution of thef,y) process to our cross sec- s Calcum:..wﬂhdiffmm‘ypesofmi.;o,,/# +

tion is less than the error in our wokB mb) at the lowest ij;‘tfjj“mvdwi'a'io" % ++ # o
cross section valugt]. The model calculation shows that the @ E2E2 #+ ++ S
(p,v) cross section does not change more than by a factor of i ) #,
2 in the investigated energy range. Thus the estimated con- P
tribution of the °Fe(p,y)*®Co™9 process to the

N

g

Cross section [mb]
2

¢ w "

100 | S
8Fe(p,n)8Cad™ "9 cross sections is less than 6 mb, that is S*
1-2 % at the higher energies. As far as we know, no data e
have been reported for this reaction in the literature. The o} ’/;t L L i = n = S

experimental data are reproduced in Fig. 4 together with the
results of model calculations using two types of branching of
the 52.8-24.9 keV deexcitation. Obviously thE2-type FIG. 4. Measured and calculated cross sections of the
transition leads to an overestimate of the cross section ant¥Fe(p,n)8Co™ reaction. The experimental data were deduced
the M1-type transition to an underestimate. The shapes ofom measurements offFe via normalization to 100%°Fe.

Proton energy [MeV]
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TABLE V. Measured cross sections and isomeric cross-section
ratios of "¥Fe(d,xn)%Co™Y process.(o, was measured in this
work; (ot 0g) values were taken from our earlier measurement

[4])

ISOMERIC CROSS-SECTION RAD. ..

naFe(d,xn)&Co™

naFe(d,xn)>&Co™9

Error in

Deuteron deuteron o Ao ol Alon/

energy energy (omtog) (omtoy)l
(MeV) (MeV) (mb) (mb)
3.67 0.22 0.77 0.06 0.40 0.04
4.45 0.22 1.56 0.13 0.39 0.04
5.65 0.20 2.32 0.20 0.36 0.04
6.25 0.20 2.40 0.21
7.23 0.19 2.36 0.20 0.36 0.04
7.38 0.22 2.85 0.21 0.44 0.04
7.74 0.19 2.61 0.21 0.39 0.04
7.83 0.20 2.73 0.20 0.41 0.04
8.26 0.20 2.72 0.21 0.45 0.04
8.51 0.18 2.46 0.22 0.40 0.04
9.05 0.18 2.23 0.20 0.36 0.04
9.06 0.20 2.53 0.19 0.44 0.04
9.48 0.18 2.55 0.19 0.47 0.04
9.85 0.18 2.50 0.19 0.45 0.04
10.16 0.17 2.25 0.22 0.41 0.05
10.23 0.17 2.26 0.21 0.40 0.05
10.56 0.18 2.45 0.18 0.47 0.04
10.94 0.16 231 0.17 0.45 0.04
11.28 0.16 2.26 0.17 0.46 0.04
11.33 0.16 2.04 0.20 0.40 0.05
11.57 0.16 2.35 0.18 0.49 0.04
11.62 0.16 2.14 0.21 0.43 0.05
12.29 0.15 2.17 0.16 0.47 0.05
12.60 0.15 2.22 0.17 0.46 0.04
12.70 0.15 2.16 0.21 0.44 0.05
12.85 0.15 2.33 0.17 0.50 0.04
12.97 0.15 2.08 0.20 0.44 0.05

5
nat Fe(d,xn)5 8Com Experiment
. ® This work
| Calculation with different types of transition

—_ for the 52.8—24.9 keV deexcitation
'g M E2M1 T e el ®
— (2) E2E2 e
ﬁ -
g # 4
=
5 T eIy

2 b S SO
2 . m
g 4
O S

1F s

o~
/ /,’/
e
= | L L I L
02 4 6 8 10 12 14

Deuteron energy [MeV]

FIG. 6. Measured and calculated cross sections of the
naFe(d,xn)8Co™ process.

shows(cf. Figs. 5 and 3, respectivelyhat the values for the
former reaction are much lower than those for the latter re-
action. The energy dependence of the ratio is also somewhat
different: in the case of proton-induced reaction it shows a
monotonous increase with energy whereas fordtparticle-
induced reaction it increases initially, reaching a maximum
value at about 17 MeV and is thereafter almost energy inde-
pendent. The model calculations support these energy depen-
dences. The difference between the results of the two calcu-
lations (E2- or M 1-type transition for the 52:824.9 keV
deexcitation for the proton-induced reaction is, however,
much smaller than that in the case of tgarticle-induced
reaction.

C. Deuteron-induced reaction on iron

The measured cross sections for tiEe(d,xn)*2Co™ re-
action and the isomeric cross-section ratios for the
naFe(d,xn)>8Cad™9 process are given in Table V. The iso-
meric cross-section ratios were obtained from thg data
given here and theo(,+ o) values reported earligd]. As

agreement with the experimental data. The calculation overfar as we know, no other data have been reported for this

estimates the ratio while using2-type transition for the

reaction in the literature. The data refer'®Fe since several

52.8--24.9 keV deexcitation but underestimates it by usingreactions like *°Fed,y), °Fe(d,n), and **Fe(d,2n) can
M 1-type transition. . .
A comparison of the measured isomeric cross-section raéxpected to stem from th¥Fe(d,n) reaction since over the

tios of *®Fe(p,n)>8Cad™9 and >*Mn(a,n)>4Cd™9 processes

02

58Fe(p,n)*3Co™8
Calculation with different branching ratio
of 52.8 keV level of *5Co

(1) without considering the level
2y 23,77E2E2

(3) 89,11 E2M1

4y 60,40

(6) 40,60

¢y 050 L T

Experiment
® This work

!
5 10

Proton energy [MeV]

contribute. In general, however, the major contribution is

investigated energy range the cross section of the

nat Fe(d’n)58COm‘g

Calculation with different branching ratio
of 52.8 keV level of **Co
) 2377E2E2
(2) 89,11 E2,M1
60,40

@ 50.50
2060

(6 without considering the level e

Experiment
@ This work

o
1)
T
cee

0,/ (0, +0,)
=3 o
L k=

&
5
T

Deuteron energy [MeV]

FIG. 5. Measured and calculated isomeric cross-section ratios of FIG. 7. Measured and calculated isomeric cross-section ratios of
the S8Fe(p,n)8Co™9 reaction.

the "¥Fe(d,xn)%8Co™9? process.
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1 700
§ 59 58Com
58N1(n,p)58C°m‘g Broeri 'Co(n,2n)**Co’ o
Calculation with different branching tatio xperiment 600 -
08} of 52.8 keV level of *%Co ® Ref. [7] . Experiment
(1) 23,77E2E2 © Ref. [5] S s0f Thiswork
(2) 89,11 E2Ml1 E o Ref. (24]
—~ (3) 6040 = A
o osl & s e () § wnf @
+E ~. (6) without considering the level St ,,(SL 2 @ S PP
SO 3 .-
E/ : *’ + @A 300 - %F P Calculation with different types of transition
Ty 04f 2 s for the 52.8-524.9 keV deexcitation
o 2 20 ) E2E2
@ @ E2Ml
02 00|
o ! L L ! L L
) | A 10 [0 12 13 14 15 16 17 18
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Neutron energy [MeV]
Neutron energy [MeV]

FIG. 9. Measured and calculated cross sections of the
FIG. 8. Measured and calculated isomeric cross-section ratios 0¥Co(n,2n)5%8Cao™ process.

the 5&Ni(n,p)%8Co™9 reaction.

D. Neutron-induced reactions
6Fe(d,y) process should be small and the contribution of

the 5®%Fe(d,2n) process low because of its much lower iso- sg
topic abundance.

Figure 8 shows the isomeric cross-section ratio of the
Ni(n,p)°8Cd™9 process as a function of the neutron en-

The measured and calculated excitation functions for theg;gg' rzgir:/:éuf; Vggriac;ﬁg? e;n (fjrc;?etr(mfe ix(fe)nc]aﬁgg
m™ Ug

na 58 ; H H
Fe(d,xn)**Cd" reaction are shown in Fig. 6. In the model iven in the literaturgcf. Ref. [2]). Comparing the experi-

calculation due consideration was given to the fact that th(r%:ental data of®Ni(n,p)*.Ca™9 and 55Mn(a,n)58Ca™9 re-

deuteron-induced reaction can be described only if a reduc:

tion factor is used in the input channel. This reduction factorfaCtIonS one finds that the isomer ratio in the former reaction

takes into account the contribution of the direct reactions!S much lower than that in the latter reaction. The energy

A . - dependences of the ratios also show different characters.
e ot e n he s odel Rl 4], e Nuckar modelcalcuations on () G pro-
dggcri tion of the™Fe(d, xn)S8Cam*9 rbcess(cf Ref.[4]) cess were also done assuming both khé&- and E2-type
eSCrp : pre : he transitions for the 52.8:24.9 keV deexcitation. The results
Similar to the proton-induced reactiosee abovg the

h f th lculated excitation functions are in @iven in Fig.E_Sshow_thatthM 1-ty_pe trar_13iti0n yields Iow_er
shapes o .ehcﬁ culated exc al 0 LLC 0 Sh are Ezﬁgoo alues of the isomeric cross-section ratio than the experimen-
agr,\e/lelrrlent V\t”t t't? exFer;rQenStgé)gj.g l?a\'/ndt € u_st . tal one, while the calculation witk2-type transition over-
or “type transition for the 5z -2 KeV deexcitation  oqiimates the data. Without considering the 52.8-keV level
leads to different results.

; . . . . the model calculation is nearer to the experimental data,
Figure 7 shows the experimental isomeric cross-sectio

X ; rt"hough resulting in a slight underestimation of the data.
ratios as well as the results of the model calculations. The The measured cross sections for fil€o(n,2n)®Ca™ re-

xperimental val re almost constant or show light in- . . . .
experimental values are aimost constant or show a sig isomeric cross-section ratios for the

crease with increasing deuteron energy. The model calcul action and the
tion usingM 1-type tragnsition for the 52224 9 keV deex- asgco(n’zn)sscmg process are summarized in Table V1. For
g yp e the >Co(n,2n)>8Cd"" 9 process a large number of measure-

citation gives lower values of the isomeric cross-section ratioments have been performédf. Ref.[2]), and more recently
than th? experlmenta! one,'wh|le use E)Z—.type. transition a new measurement near the threshold has been described
overestimates the ratio. This overestimation is much morcf23] We made use of those data

than in the case of proton-induced reaction. Without consid= . 58 .
ering the 52.8 keV level the theoretical results are nearer tg Our experlme.ntal'data for th%"Co(p,Zn) Qd“ reaction
are reproduced in Fig. 9 together with the literature values

the experimental data. [24]. The agreement appears to be good. The results of

TABLE VI. Measured cross sections and isomeric cross-section ! -
; 59 58 .9 . : Co(n,2n)*8Co™#
ratios of °?Co(n,2n)>°Co™9 process.(o,,, was measured in this
work; (ont+og) values were taken from earlier measurements o8
[2,23]) “ (”
O o6
¥ 8
~ %%Co(n,2n)%8cd" 5%Co(n,2n)58cg™9 o S
Error in ;E 04 cfaéczuga;:o‘x}\;/i[hldi?fse‘%m branching fatio T e (2)
Neutron neutron o Ao oml Aloy/ @ BrEEr Experiment
energy  energy (omtog) (omtoy)] o2 g_;; 283;‘8 & Ref 4]
(6) without considering the level
(MGV) (MeV) (mb) (mb) %6 iz : 1‘4 1‘5 18
11.06 0.15 39 4 0.80 0.16 Neutron energy [MeV]
12.01 0.15 216 20 0.68 0.07
12.97 0.15 390 37 0.75 0.06 FIG. 10. Measured and calculated isomeric cross-section ratios

of the %°Co(n,2n)%8Cd™¢ process.
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| spin of the target nucleus seems to play an important role.
The highest isomeric cross-section ratios are observed in the
case of °%Co(n,2n), °°Co(p,pn), °>*Mn(a,n), and
bINi(p,) processes. The spins of the target nuclei con-
b cerned, viz.>°Co, ®°Mn, and ®!Ni, are 7/2", 5/27, and 3/2,

& e respectively. The isomer ratios f6fFe(p,n), "¥Fe(d,xn),

= (on)

& p) and >®i(n,p) reactions are relatively low, and the spins of
2 o the respective target nuclei®Fe, °'Fe, and®®Ni, are also
= a2 low (0%, 1/27, 0F, respectively. The somewhat lower and
0 L o L % 35 constant values of the ratio in proton- and neutron-induced
Excitation energy of ¥Co [MeV] reactions on the high-spin target nuclet’€o, in compari-
son to(p,a) and(a,n) reactions at higher excitation energies,
FIG. 11. _Measured isome_ric cross-sec_tion ratios for differer_ltmay be attributed to the occurrence of a two-step process.
charged pgrtlcle and_ ne:utron-lnduced reactions plotted as a function The effect of reaction channel may be manifested through
of the maximum excitation energy of the product nucléi@o. The . S . . .
curves give eye guides to the data on each reaction, a change in the pr01e9t|le or the emltteq particle. Figure 11
suggests that the-particle-induced reaction leads to some-
model calculations using two types of branching of thewhat higher isomer ratio, especially with increasing excita-
52.8-24.9 keV deexcitation are also given. TE2-type tion energy(cf. also Ref[14]); but at lower excitation ener-
transition gives better estimation of the cross section than thgies the isomer ratios forp(pn) and (n,2n) reactions are
M1-type transition. The shapes of the calculated excitatiomigher than that in the-particle-induced reaction. The high
functions are, however, in good agreement with the experiisomer ratio for the &,n) process may be caused by the high
mental one. The experimental data for thekinetic energy of then-particle involved, thereby allowing
*9Co(n,2n)°%Cd"" 9 reaction described in the literature were the absorption of the particle with high angular momentum.
found to be in good agreement with the results of our modelThe effect of thex particle in the exit channel, however, is
calculations. not very significant. This agrees with our recent observation
The isomeric  cross-section ratios for  the on a few other isomeric pairgf. Refs.[10,26). Obviously,
%9Co(n,2n)°8Cd™9 process are given in Fig. 10. In addition for a better understanding of the effect of reaction channel,
to our own data, some values reported in the literaturgnore investigations are needed.
[24,25 are also shown. In general, there appears to be a good
agreement. Without considering the 52.8-keV level, the re- V. CONCLUSIONS
sult of model calculation agrees with the experimental data.

0.8

e
>

Gm/(6m+0g)
=}
2

0.2

For the five reactions investigated in this work, viz.
Mn(a,n), %8Fe(p,n), "Fe(d,xn), °®Ni(n,p), and
9Co(n,2n), the results of nuclear model calculations on the
] ] ) ) isomeric cross-section ratio of the isomeric pH€d™9 are

The measured isomeric cross-section ratios for the abovezery strongly dependent on the assumed type of transition for
rsr;entloned f'\ég processes studied n this- work, Viz.the'52.8-24.9 keV deexcitation. It is not possible to find a
59Mn(a,n), Fe(p.n), 'Fe(d,xn)ﬁ,l Ni(n,p), and  pranching ratio which would fit all the calculated isomeric
59Co(n,2n), as well as for the “Ni(p,a) [3] and  cross-section ratios to the experimental data. In general, it is
>"Co(p,pn) [6] reactions reported in the literature are shownconcluded that the model calculations can describe the mea-
in Fig. 11 as a function of the maximum excitation energy ofsyred isomeric cross-section ratios of charged particle as well
the product nucleu$’Co. The values show large differences, a5 neutron-induced reactions well, provided the level scheme
depending on the type of the reaction. Ther(), (d,n), and  of the product nucleus and the branching ratios of the various
(a,n) reactions proceed through the same compounqevels are adequately knowpf. also Refs[14,185)).
nucleus(**Co). In (p,pn) and (n,2n) reactions, although the  The experimental isomeric cross-section ratio depends on
compound nucleus formed is different, the emission of thene type of reaction involved and seems to be related to the
first nucleon leads to the formation of the intermediate exzngular-momentum distribution of the compound nucleus.
cited nucleus®Co. The emission of the second nucleon, The spin of the target nucleus and the energy of the incident
which governs the isomeric ratio, is thus again from the exparticle play an important role. The isomeric cross-section

cited nucleus™Co. The large differences in the ratios there-ratio was found to be relatively high for target nuclei with
fore possibly arise from the different angular momentum dis+igh-spin values.

tribution of the produced compound nucleugthe
contribution of the precompound reaction being not very im-
portant in the investigated energy range ACKNOWLEDGMENTS
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