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alpha-particle induced reactions on manganese in the energy region up to 25 Mev
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Excitation functions were measured by the stacked-foil technique for " 'Fe(p, xn) Co,
Fe(p, xn) Co, Fe(p, n) Co +s, Fe(p, a) Mn, " 'Fe(d, xn) Co +s, Fe(d, 2n) Co,

Fe(d, a) Mn, Mn(a, n) Co +s, and Mn(a. , 2n) Co reactions from the respective thresholds
to 14.12 MeV in work with protons, 12.97 MeV with deuterons, and 25.52 MeV with alpha particles.
The radioactivity of the activation products was determined by high resolution p-ray spectroscopy.
Statistical model calculations taking into account the precompound efFects were performed for all
the reactions, using a consistent set of model parameters. The experimental excitation functions
of the proton and alpha-particle induced reactions are described within 10 to 15 percent by the
calculation over the whole investigated energy range. The shapes of the excitation functions of the
deuteron induced reactions are also reproduced well by the model calculation. However, a reduction
factor (H = 0.56) is needed to take account of the direct breakup process and, thereby, to obtain
good agreement between the experimental data and model calculations.

PACS number(s): 24.60.Dr, 25.40.—h, 25.45.—z, 25.55.—e

I. INTRODUCTION A. Composition of the stack and purity of foils

Studies of excitation functions of charged particle in-
duced reactions are of considerable signi6cance for test-
ing nuclear models and for practical applications, espe-
cially in cyclotron production of radioisotopes and astro-
physics. Of particular interest are investigations on nu-
clear reactions induced by various projectiles (protons,
deuterons, xx particles, etc.) but leading to the saxne
product nuclei. This way the role of nuclear structure ef-
fects is diminished, and the effect of input nuclear model
parameters can be investigated.

We chose to study the formation of Co, Co,
Co +g, and Mn in several processes. The radioiso-

topes "Co and Mn are commonly used in p-ray spec-
troscopy as standards; the former also in Mossbauer spec-
troscopy. A knowledge of the various excitation. func-
tions, especially near the reaction thresholds, should help
in the optimization of the production processes at small
cyclotrons. The major goal, however, was to test the ap-
plicability of nuclear model calculations over an energy
range up to about 25 MeV.

The most commonly used method for excitation func-
tion measurements consists of the stacked-foil technique.
There are two major sources of errors in this technique:
(a) beam current measurexnent via moxxitor reactions and
(b) mean particle energy determination in a thick sam-
ple. The latter needs special attention near the reaction
threshold. Vfe considered the two points in detail in this
work.

II. EXPERIMENTAL

Excitation functions were measured using the stacked-
foil technique, described in several publications from
Jiilich [cf. 1—3]. Some of the important features relevant
to the present work are given below.

High purity thin iron foils (99.95'%%uo, 25 pm, supplied
by Goodfellow Metals, England) were used as samples
for the irradiations with protons and deuterons. For
investigations of n-particle induced reactions on man-
ganese thin foils (20 tsm) of a special Mn/Ni alloy were
used, pure manganese foils being not available. The ex-
act coxnposition of the alloy was Mn: 87.10 6 0.05'%%uo,

Ni: 12.89 + 0.05%, and Fe: 0.018+0.002%. It was de-
termined by optical emission spectroscopy —inductively
coupled plasma (OES-ICP) analysis.

To check the incident particle energy, the energy degra-
dation in the stack, and the beam intensity, appropri-
ate monitor foils were inserted in each stack. The foils
used were as follows: Cu and Ni for the proton beam, Al
for deuteron beam, and Cu for the alpha-particle beam.
All the foils used were cut from high purity materials
(99.95'%%uo) of different thickness, thereby allowing changes
in the mean energies of the irradiated Fe or Mn/Ni sam-
ples.

B. Irradiations and mean particle energies

Each stack was irradiated for 20 to 30 minutes using
the external beam at the Compact Cyclotron CV28 of
the KFA Jiilich. The primary proton energies used were
14.87 MeV and 18.61 MeV; in the case of deuterons it
was 13.40 MeV and for alpha particles 26.70 MeV. The
energy of each particle beam was measured by a time of
flight method [4] before or after the irradiation and had
an uncertainty of +0.15 MeV. Four stacks were irradiated
for work on each target element with a particular incident
particle.

Starting with the primary particle energy incident on
the front foil of the stack, the particle energy (E) effec-
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TABLE I. Monitor reactions used for checking the beam
current and energy degradation.

Particle beam

Proton

Deuteron
Alpha

Reactions [Ref.]
'Ni(p, x) Co [38]; 'Ni(p, x) Co [38];

Ni(p, x) Ni [38]; Cu(p, n) Zn [39];
"Cu(p, n)"Zn [40]

Fe(d, n) Co [32]; Al(d, z) Na [41]
Cu(cr, n) Ga [42]; Cu(o, np) Zn [43]

tive at each saxnple was obtained using the range-energy
formula [cf. 5], taking a mean of the energies of the ingo-
ing and outgoing particles. This approximation for the
efFective particle energy is valid only if the foil is thin
or the excitation function of the investigated reaction is
approximately constant over the energy range covered by
the foil. In general, the measured mean cross section (o')
can be expressed in the following form:

d @, (dE/dz)

where d, Ei, E2, 0 (E), and (dE/dx) are the thickness of
the foil, the incident and outgoing energy of the beam,
the cross section of the investigated reaction as a function
of the energy and the specific energy loss of the projec-
tile in the foil, respectively. Generally 0 is not equal to
a(E), but th'ere exists an energy E for which o = o (E),
where Eq & E & E2. The E was estimated by using the
excitation functions of the investigated reactions derived
from the model calculations in the following way: A value
o'qg was derived from the calculated cross sections, and
the E was interpolated to fulfill the orth = ou, (E) equa-
tion. This method gave significant difFerences, compared
with the usual simple estimation method for obtaining
the mean energy, only near the reaction threshold. Its
contribution was very important in the case of alpha-
particle induced reactions where the energy loss of the
beaxn was much higher than in the case of protons and
deuterons.

The energy degradation along the stack and the beam
current were checked by the reactions induced in the in-
serted monitor foils. The reactions used are shown in Ta-
ble I. The beam intensity was calculated in every moni-
tor position using all the available monitor reactions and
these "currents" were re8ected in the primary particle
energy incident in &ont of the stack. The beam current
was calculated as the mean of the individually calculated
currents, and the primary particle energy was determined
to get the minimal y2 for the beam current taking into
account the errors of the measured activity and the used
cross sections. Besides monitor foils the charge collected
in a Faraday cup was also registered and &oxn there the
average beam current was deduced. The results generally
agreed within +10%.

C. Measurement of radioactivity

The activity of each sample was determined by p-
ray spectroscopy using a Ge(Li) detector coupled to an

ORTEC (Spectrum ACE) 4K MCA Plug-In Card at
Julich and a similar system with HPGe detector at De-
brecen. The cards were connected to IBM-coxnpatible
PC-AT computer. The peak area analysis was done using
the PC version of the GAMANAL [6,7] spectrum analyzer
program.

Each sample was counted several times to check the
half-life of each product. The initial activity was deter-
xnined by least-squares fitting to the measured counts as
a function of time using the half-life given in the litera-
ture.

The counting efficiencies of the detectors for various
counting distances and photon energies were determined
using calibrated standard sources, obtained from PTB
Braunschweig, Amershaxn International, and Hungarian
National Bureau of Standards.

D. Calculation of cross sections and their errors

TABLE II. Decay data of measured reaction products,
taken from Browne and Firestone [44].

Radio-
isotope

58C
57g

56'

'4Mn

Half-life

70.92 d
2?1.77 d

77.7 d

312.2 d

Gamma-ray
energy (keU)

810.8
122.06
136.47
846.81

1238.31
834.83

Gamma-ray
abundance ('Fo)

99.43
85.5
10.69
99.9
67.0
99.97

Each radioisotope decays 100% by EC.

The count rates were corrected for random pileup
losses (using a pulse generator as reference) as well as
for p-ray abundance and the efficiency of the detector.
Correction for coincidence loss was also taken into ac-
count. The most important decay data are summarized
in Table II. Cross sections were calculated using the usual
activation formula.

The major sources of errors involved were those asso-
ciated with the measurement of the beam current and
deterxnination of the absolute activities of the products.
The error in the excitation function of an individual xnon-

itor reaction was taken as 6—10%. The beam current was
determined by a fitting procedure (see above) using sev-
eral monitor reactions. Therefore the error in the beam
current was adopted as 4—7%, assuming that no correla-
tion existed in the data of the different authors. Within
the limits of error the calculated current was in good
agreement with the current xneasured by the integrator.
To do a coxnplete error analysis it is necessary to know
a covariance matrix of the reference data. This is un-

fortunately not available. The efficiency of the p-ray de-
tector was known within an uncertainty of 3—5%. Some
samples were measured both at Julich and Debrecen and
the agreement between the mesured activities was within
2—3%, proving that the efficiency calibration procedures
were reliable. The errors in the calculation of the abso-
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lute activity were: the error of the initial count rate at
the end of the irradiation was determined by the least-
squares fitting procedure (see above), and it was about
0.5—25%; the error in the decay data used was (1% and
that in the coincidence losses (0.5%. The error in the
target atoms/cm was 0.50—1.5%. The total error in each
cross section was obtained by combining the individual
errors in quadrature.

III. NUCLEAR MODEL CALCULATIONS

Cross section calculations were done using the statisti-
cal model taking into account the preequilibrium effects.
The calculation code STAPRE [8] was used. Direct inter-
actions were not considered but their contribution should
be (10% in the case of proton and alpha-particle induced
reactions. Neutron, proton, deuteron, and alpha-particle
emissions were taken into account, and the transmission
coeKcients for these particles were calculated by the op-
tical model code SCAT-2 [9]. The parameters for the op-
tical model (OM) were chosen from a global parameter
set. For the neutron the OM parameter set of Becchetti
and Greenlees [10], while for proton and deuteron those
of Percy [11] were used. In the case of alpha particles
a modified set of the OM parameters of McFadden and
Satchler [12] (modified by Uhl et al. [13]) was used. For
the energy and mass dependence of the effective matrix
element, [M[ = FMA E ~ formula was used with the
value of EM = 500. The separation energies of the emit-
ted particles were taken from Ref. [14]. The initial ex-
citon number np(pp, hp) has a strong infiuence on the
calculated excitation function. The used initial particle
and hole numbers were the usual values pp

——2, hp = 1
for protons while in the case of alpha as incident parti-
cles the po ——5, ho ——1 were used [15]. In the case of
deuteron the initial particle and hole numbers are more
ambiguous in the literature. Therefore we tried to find
those values which reproduce best the shapes of the mea-
sured excitation functions. These numbers were found to

be pp
——1, hp ——1. The alpha emission was treated in the

framework of Milazzo-Colli and Braga-Marcazzan model

[16] with an alpha preformation factor of 0.25.
The energies, spins, parities, and branching ratios of

the discrete levels were selected Born the Nuclear Data
Sheets [17]. In the continuum region the level density was

calculated by the back-shifted formula [18] with the level

density parameter given in Ref. [18]. In cases where these
parameters were not available they were estimated kom
the systematics and from the values of the neighboring
isotopes. Occasionally, the level density parameters a
and 6 were varied within their uncertainties to check
their effect on the cross sections. The spin distribution
of the level density was characterized by the ratio of the
effective moment of inertia O,g to rigid body moment
of inertia O„s(ttl = O,ir/O„s) and the calculations were

performed for g = 1.0. The transmission coeKcients of
photons were calculated from the gamma-ray strength
functions. For the E1 radiation the Brink-Axel model
with global parameters, while for the M1, E2, M2, E3,
and M3 radiation the Weisskopf model was used.

IV. RESULTS AND DISCUSSION

A. Proton induced reactions on iron

The measured cross section data for the proton
induced reactions " tFe(p, zn) ssCo, " 'Fe(p, zn) Co,
ssFe(p, n)ssCo +g, and srFe(p, n)s4Mn are summarized
in Table III. The data are given for natural compo-
sition except for the s Fe(p, n) Co +g reaction, since

Co was produced only by this reaction. Taking into
account the isotopic composition of iron and the esti-
mated cross sections for the competing reactions, the ex-
citation functions of the ssFe(p, n)ssCo, s Fe(p, n) 7Co,
and srFe(p, n)s4Mn reactions were also deduced over the
investigated energy range.

The excitation function of the MFe(p, n)ssCo reaction
is shown in Fig. 1 together with data of Jenkins and
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FIG. 1. Measured and calculated cross
sections of the Fe(p, n) Co reaction. The
experimental data were deduced from mea-
surements on " 'Fe, i.e., the contribution of
the Fe(p, 2n) Co process was subtracted.
The nuclear model calculation was done us-

ing three sets of OM parameters.
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FIG. 2. Measured and calculated cross
sections of the Fe(p, zn) Co process. The
nuclear model calculation was done using the
modified OM parameters (see text).

Proton energy [MeV]

Wain [19] and Dyer et al. [20]. Unfortunately error data
were not reported in several older experiments. There-
fore those data are plotted without erorr bars in all the
figures. From the model calculation the contribution of
the srFe(p, 2n)MCo process was found to be (2% up to
18 MeV proton energy; the measured data could thus be
converted to single isotope cross sections. Figure 1 shows
that the lowest energy point of Jenkins and Wain [19] is
below the threshold of the reaction and is possibly due
to uncertainties in the mean energy determination. In

general, however, the deviations among the three data
sets are not more than 20%.

As far as the stFe(p, zn) Co data are concerned,
several measurements have been reported in the litera-
ture [21—28]. Our data together with all the other re-
sults are shown in Fig. 2. Our values are in agreement
within the experimental errors with most of the data sets
[20,23—25,27,28]. A significant deviation was found only
with the data of Tanaha and Furukawa [22]. Those early
measurements are 10—30% higher than our values. Shoen

TABLE III. Measured cross sections of proton induced reactions on iron.

Proton
energy
(MeV)

3.54
4.90
5.44
5.71
5.76
6.48
7.16
7.48
8.13
8.02
8.74
8.81
9.32

10.17
10.11
10.63
10.84
10.98
11.14
11.21
11.63
11.86
12.46
12.48
13.53
13.55
14.09
14.12

Error in
proton
energy
(MeV)

0.21
0.2
0.22
0.23
0.23
0.22
0.19
0.21
0.2
0.18
0.19
0.17
0.18
0.16
0.17
0.16
0.15
0.19
0.15
0.19
0.18
0.18
0.17
0.17
0.16
0.16
0.15
0.15

51

455
522
524
619
546
656
584
546
667
753
819
723
643
740
741
710
754
684
705
566
543
488
458

35
43
45
47
54
48
41
80
55
88
121
56
69
97
58
56
59
54
55
45
43
38
36

58F ( )58C na+

cr

(mb) (mb)
27.8 3.0
164 11

6.22 0.75

7.40
8.90
8.97
9.35
9.67
9.85

10.24
9.18

11.15
10.22
9.14

10.80
11.17
9.95

10.81
10.12
9.59
8.63
8.45
7.17
6.67
6.67
6.40

0.53
0.68
0.65
0.70
0.79
0.70
0.71
1.1
0.80
1.1
1.1
0.79
0.97
1.2
0.81
0.76
0.72
0.65
0.64
0.54
0.51
0.55
0.48

'Fe(p, xn) Co
cr 40

(mb) (mb)
1.13 0.09
3.83 0.26

0.21 0.02

20.9
75
127
158
202
192
234
231
262
304
287
306
334
315
305
356
341
345
350
366
360
361
335
344

1.4
5
8
10
13
13
15
15
17
20
19
20
22
26
20
29
28
28
28
30
29
29
27
28

25.1

24.8
26.2
29.3
31.3
28.7
34.3
37.2
39.6
35.0

5.4

5.1
5.4
5.4
4.8
6.0
4.3
6.6

10.7
4.1

" 'Fe(p, zn) Co Fe(p, a) Mn
o Ao. cr

(mb) (mb) (mb) (mb)
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FIG. 3. Measured and calculated cross
sections of the Fe(p, p'p) Fe reaction. The
results refer to the population of two excited
states in the product nucleus which emit two
different prompt y rays (847 and 1238 keV).
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et al. [26] reported only a few points in this energy range;
those data appear to be significantly lower than the other
data.

First calculations using the code sTAFRE and the global
OM parameters overestimated the cross sections over the
whole energy range. Since below 8 MeV proton en-

ergy only the contribution of the discrete levels is im-
portant, the systematic deviation either arose from the
wrong choice of OM parameters or was caused due to oc-
currence of direct processes which make the compound
absorption cross section unequal to the OM cross sec-
tion. The calculated results of three OM parameter sets
are given in Fig. 1. Using experimental results of Dyer
et al. [20] on the ssFe(p, p'p) process it was possible to
estimate the experimental absorption cross section and
to modify the OM parameters to get better agreement
with the experimental data. The thus modified parame-
ters set gave a better agreement for the ssFe(p, n)MCo
reaction (cf. Fig. 1), but the calculated cross sec-
tions are still somewhat higher in the 6—8 MeV region
than the measured data. The calculated results given
in Fig. 2 are also based on the modified OM parame-
ters. The modified OM parameters for proton were the
following: Real part of the local potential was of Saxon-
Woods form, Vp ——58.384 —0.55E MeV; rp ——1.25 fm;
ap ——0.65 fm; the surface peaked imaginary part was of

Saxon-Woods derivative form W, = 13.5 —0.15E MeV;
Tp = 1.25 fm; ap = 0.47 fm.

Dyer et aL [20] measured the excitation function of
the s Fe(p, p'p)ssFe reaction using three prompt gamma
rays. The results for the two strongest p lines are shown
in Fig. 3. We performed calculations using the modified
OM parameters and those results are also given in Fig. 3.
Both the excitation functions are reproduced well by the
model calculation. Apparently, the excitation functions
can be described well by the model calculation if suitable
OM model parameters are used. In this connection it
would be important to do a detailed analysis to get a
more reliable absorption cross section in the low energy
region.

The cross sections for the "tFe(p, zn)s7Co process
measured in this work and those reported in Refs. [24—27]
are shown in Fig. 4. The results of model calculations
using the modified OM parameters (see above) are also
given and are in agreement with our experimental data,
except near the threshold. The experimental data re-
ported in Refs. [24—26] are in good agreement with our
measurement above 10 MeV, but not below 10 MeV.
The values given in Ref. [27], however, are systematically
lower than the other measurements. The discrepancy is
dificult to explain since the data for both ssCo and s Co
were obtained from the same foils: in the first case the

""' Fe(p, xn)'7Co

[
Experiment

~

~ This work

a Refs. [24,25]

z Ref. [26]
Ref. [27]

== Calculation (this work)

~ Fe(p,n)-"Co

FIG. 4. Measured and calculated cross
sections of the " 'Fe(p, xn) Co process. The
contribution of the Fe(p, 2n) Co process
obtained by calculation is also shown.

8 10

Proton energy [MeV]

~8Fe(p, 2n)~7Co

I

12 16
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FIG. 5. Measured and calculated cross
sections of the Fe(p, n) Co reaction. The
experimental data frere deduced from mea-
surements on " 'Fe by subtracting the con-
tribution of the Fe(p, 2n) Co process.
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cross sections are higher, but in the second lower. This
could possibly arise &om an error in the efBciency cali-
bration of the Ge(Li) detector.

The dotted line in Fig. 4 represents the contribution
of the ssFe(p, 2n)srCo reaction to the total rCo for-
mation, taking into account the isotopic composition of

Fe in natural iron. The contribution is negligible below
12 MeV proton energy; our cross section data can thus
be converted into the srFe(p, n)srCo reaction cross sec-
tions using a small correction above 12 MeV. The results
are shown in Fig. 5. The data reported in the litera-
ture [22,29] show good agreement with our data below
8 MeV but seem to be lower by 15—20% at higher ener-
gies. The shape of the measured excitation function of
the s"Fe(p, n) srCo reaction is reproduced well by the cal-
culation; however, small deviation can be seen near the
reaction threshold.

The cross section data for the srFe(p, a)s4Mn reaction
are shown in Fig. 6. Detailed data have been reported
only by Levkovskii et nl. [30]. Other measurements given
in the literature [24,25,27] cover only the energy region
above 14 MeV. We concentrated our investigation in the
vicinity of the threshold. The activity of 4Mn was much

lower than that of the other reaction products, mainly
due to the long half-life of Mn and the low reaction
cross section. The experimental data show large devia-
tions, and the errors are large. Our data obtained &om
several irradiations are consistent. The results given in
Ref. [27] are somewhat higher than our values and may
be due to the efBciency problem (see above). The data
reported by Levkovskii et cl. [30], on other hand, are
consistently higher than our measurements. The calcu-
lated excitation function for the srFe(p, a)s4Mn reaction
is reproduced in Fig. 6. It is close to our measurements,
but it should be emphasized that the calculated results
for such weak reaction channels are sensitive to the level
density parameter used in the calculation of cross sec-
tions of the strongest reaction channels.

The cross section data for the ssFe(p, n)ssCo +s pro-
cess measured in this work and those reported in the
literature [24,25] are shown in Fig. 7. Since ssCo can be
formed only &om Fe, all the data given in Fig. 7 are
based on normalization to 100% ssFe. Obviously both
the data sets are in good agreement; the emphasis in. the
present work was on mesaurement at low energies. Very
recently Tims et aL [31] measured cross sections for this

80
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o 40—
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tzt Refs. [24,25]
v Ref. [27]
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FIG. 6. Measured and calculated cross

sections of the Fe(p, o.) Mn reaction.
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FIG. 7. Measured and calculated cross
sections of the Fe(p, n) Co +s reaction.
The experimental data were deduced from
measurements on " 'Fe via normalization to
100% Fe.
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process in the low energy region of 3.1 to 4.9 MeV us-
ing both activation and neutron detection techniques. A
93.23% enriched Fe target was used. Due to the uncer-
tainty in deducing the activation data Rom the graphical
presentation [31],we do not reproduce those data in Fig.
7. In general, however, those results agree with our data.
The continous line in Fig. 7 shows the result of our model
calculation: the agreement with the experimental data is

good. A small deviation at E„&15 MeV may arise from
a too strong preequilibrium contribution.

B. Deuteron induced reactions on iron

The measured cross section data for the deuteron
induced reactions ssFe(d, 2n)MCo, ssFe(d, o,) Mn, and

tFe(d, zn)ssCo +s are given in Table IV. The data

TABLE IV. Measured cross sections of deuteron induced reactions on iron.

Deuteron
energy
(MeV)

3.67
4.45
5.65
7.23
7.38
7.74
7.83
7.87
8.00
8.17
8.26
8.51
8.62
9.05
9.06
9.48
9.85

10.16
10.23
10.56
10.94
11.28
11.33
11.57
11.62
12.29
12.60
12.70
12.85
12.97

Error in
deuteron

energy
(MeV)

0.22
0.22
0.20
0.19
0.22
0.19
0.20
0.21
0.24
0.20
0.20
0.18
0.18
0.18
0.20
0.18
0.18
0.17
0.17
0.18
0.16
0.16
0.16
0.16
0.16
0.15
0.15
0.15
0.15
0.15

(mb)
1.90
4.02
6.37
6.64
6.51
6.73
6.65

6.08
6.16

0.37
0.48

6.16
5.71
5.39
5.55
5.49
5.71
5.24
5.16
4.89
5.12
4.76
4.94
4.60
4.87
4.90
4.68
4.69

0.49
0.38
0.32
0.37
0.44
0.49
0.34
0.36
0.35
0.47
0.30
0.43
0.34
0.35
0.37
0.31
0.42

" 'Fe(d, zn) Co +s
Ao.

(mb)
0.16
0.30
0.47
0.51
0.38
0.50
0.42

0.32
0.31
0.64
3.01

0.05
0.06
0.05
0.21

10.2
26.6
20.6
37.6
70.6
69.8

100.3
119.0
138.4
163.3
173.4
180.4
141.5
220.2
232e0
246
248.5
233

0.8
1.9
1.3
2.1
4.5
4.9
7.1
7.2
7.8
10
12
11
10
12
15
17
15
16

Fe(d, 2n) Co
cr Ao.

(mb) (mb)

37.5
43.7

2.2
3.2

49.8
44.3
49.7
56.3
57.1
63.7
62.3
62.9
63.4
67.3
64.7
62.8
66.2
63e2
68.4
63.1
61.8

3.7
2.5
2.6
3.3
4.2
4.7
3.5
2.4
2.4
5.0
3.7
4.6
3.4
3.7
5.0
3.6
4.5

Fe(d, a) Mn
cr Acr

(mb) (mb)
2.27 0.17
6.20 0.46

15.3 1.1
29.4 2.2
28.8 1.6
36.5 2.7
32.3 1.7
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s Fe(d, 2n) Co

10—

Experiment

~ This work

o Ref. [32]

~

Calculation lthis work)
~

------ R=1.0
R=0.56

FIG. 8. Measured and calculated cross
sections of the Fe(d, 2n) Co reaction. The
experimental data were deduced from mea-
surements on " 'Fe via normalization to
100%%u Fe.

0.1—
10

Deuteron energy [MeV]

12 13 14

I

for the formation of Qo +~ refer to Fe since several
reactions could contribute.

The experimental data for the ssFe(d, 2n) MCo process
measured in this work and those reported in the literature
[32] are reproduced in Fig. 8 and are in good agreement.
Experimental values based on some early measurements
[33,34] are not shown since they were presented only in
graphical form and have large scaling errors (30—40%).
The results of nuclear model calculations are also shown
in Fig. 8. The values are considerably higher than the
experimental data. We checked the experimental data
carefully. The measurement of radioactivity was done as
in the other cases, and the beam current was determined
using two different monitor reactions: one internal and
the other external. The results on beam current measure-
ments were consistent and also agreed within +10'%% with
the values obtained from the Faraday cup. We, therefore,
strongly believe that experimental values are reliable and
the deviation between experiment and theory is due to
some deficiency in the model calculation. Presumably, in
the case of deuteron the absorption cross section given by
the optical model is an overestimate of the compound ab-
sorption cross section. The particle Bux goes to a direct
channel that is out of the scope of the compound and pre-

equilibrium processes and produces the end nuclei
through the direct (d, pn), (d, p), and (d, n) processes.
A simple approach to take account of this efFect is to use
a reduction factor in the entrance channel [35]. It can
be seen in Fig. 8 that the calculated excitation func-
tions with a reduction factor of R = 0.56 can give good
agreement with the experimental data. Naturally, since
this reduction is connected to the entrance channel, all
exit channels must show the same reduction, unless some
direct contribution exists to a channel.

Figure 9 shows the measured and calculated data for
the ssFe(d, u)s4Mn reaction. Our experimental data
show good agreement with the literature values [32].
The model calculation was performed using the same re-
duction factor as that for the MFe(d, 2n)MCo process.
A good agreement with the experimental data was ob-
tained.

The experimental data [cf. 32] for the ssFe(d, n)srCo
reaction are given in Fig. 10. Some old values having very
large errors, and those presented only as curves [cf. 34]
are not shown. We do not report any own measurements
on this reaction since we used it as a standard for beam
current monitoring and checking the energy loss in the
stack. In the model calculation we used the same reduc-

s6Fe(d u)s4Mn

10—

ent
~

ork

2]

on (this work) )

TAPRE RW.56
APRE R=1.0

FIG. 9. Measured and calculated cross
sections of the Fe(d, ca) Mn reaction.
Other details were the same as for Fig. 8.

1
2 6 8 10 12 14 16 18

Deuteron energy [MeV]
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500—

56Fe(d, n)57Co

i
Experiment
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0 Ref. [32]

400—
E

0
v 300—

0
200—

i
Calculation (this work)

i

------ R=1.0
R=0.56

FIG. 10. Measured and calculated cross
sections of the Fe(d, n) Co reaction.
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10—
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This work

culation (this work) i

natFe(d, xn)58Com+8 (R=1.0)
""Fe(d,xn)58Com+8 (R=0.56)

Contribution of ~~Fe(d, n) process (R=0.56)

FIG. 11. Measured and calculated cross
sections of the " 'Fe(d, n) Co +s process.
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0
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100—

FIG. 12. Measured aud calculated cross
sections of the Mn(cr, rt) Co +s process.
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FIG. 13. Measured and calculated cross
sections of the Mn(o, 2n) Co reaction.
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tion factor as described above. The results shown in Fig.
10 are 10—15'%%uo lower than the experimental values. This
deviation can possibly be attributed to the contribution
of the direct (d, n) process. That this contribution is rel-
atively low is presumably due to more favorable (d, pn)
breakup or (d, p) stripping.

Figure ll shows the measured excitation function for
the tFe(d, zn)ssCo~+s process. As far as we know, no
data exist in the literature. The nuclear model calcu-
lation was done using the same reduction factor as for
the ssFe(d, 2n)ssCo process (see above), and the results
are given in Fig. 11. Obviously, the measured and cal-

culated data are in good agreement; the contribution of
the direct process, if any, is then similar to that for the
ssFe(d, 2n)MCo reaction. The calculational results also
show that the major contribution to the formation of
ssCo +s is furnished by the s"Fe(d, n) process.

C. Alpha-particle induced reactions on manganese

The measured cross sections for the alpha-particle
induced reactions Mn(cr, n) Co +s and

Mn(a, 2n) srCo are given in Table V. Figure 12 shows

TABLE V. Measured cross sections of alpha-particle induced reactions on manganese.

o,-particle
energy
(MeV)

7.06
8.46
9.29

10.80
12.02
12.58
13.20
13.84
15.01
15.22
15.81
15.89
16.68
16.73
18.28
18.31
19.75
19.82
21.37
21.43
23.33
23.76
25.06
25.52

Error in
n-particle

energy
(MeV)

0.30
0.29
0.28
0.27
0.25
0.24
0.28
0.27
0.23
0.23
0.22
0.22
0.21
0.21
0.20
0.20
0.18
0.18
0.17
0.17
0.16
0.16
0.15
0.15

(mb)
12.98

136.4
234
446
525
694

642

441

493

16

133.7 9.4

83.8
63.5

5.9
4.4

Mn(n n) Co +s
Ao.

(mb)
0.91
9.5
16
31
37
48

(mb)

15.5
57.6
193

477

568

729

673

802

Mn(cr, 2n) Co
40.

(mb)

1.3
4.2
14

18

40

51

47

53

56
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the measured and calculated excitation function for the
ssMn(a, n) ssCo +s reaction. Our experimental data are
significantly higher than those given in Ref. [36], except
at the maximum of the excitation function. The data
obtained via neutron counting [31], however, agree with
our values. The model calculation with preequilibrium
emission shows very good agreement with the present
measurement up to 20 MeV, but above this energy a
small deviation occurs which may arise kom an overesti-
mation of the preequilibrium fraction. On the other hand
the pure Hauser-Feshbach calculation underestimates the
cross section in the higher energy range.

Figure 13 depicts the excitation function of the
ssMn(a, 2n)sr Co reaction. Our data are in good agree-
ment with the experimental data given in Ref. [37], while
the low energy data given in Ref. [36] deviate consider-
ably both for this reaction and for the (cr, n) reaction
mentioned above. The model calculation describes well
the measured data, especially our values. It should be
emphasized that the data near the reaction threshold
would not show such a good agreement with the calcula-
tion without the application of the mean energy correc-
tion described above,

V. CONCLUSIONS

From the results presented above it is concluded that
the model calculations can describe the measured excita-
tion functions of proton and o.-particle induced reactions
relatively well, provided that appropriate parameters are
used in the calculations; global optical model parame-
ters are not good in every case. The deuteron induced
reactions can be described only by taking into account
in some way the contribution of the direct processes. In
cases where several inconsistent experimental data sets
are available, the model calculations can possibly help in
selecting the best experimental data for evaluation pur-
poses.
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