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Excitation functions of threshold reactions on Sc and Mn
induced by 6 to 13 MeV neutrons
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Excitation functions were measured for the Sc(n, 2n) Sc, Sc(n, 2n) Sc +s, and

Mn(n, 2n) Mn reactions from threshold to 13 MeV, and for the Sc(n, p) Ca, Sc(n, n) K,
Mn(n, p) Cr, and Mn(n, o) V reactions over the neutron energy range of 6 to 13 MeV. The

quasimonoenergetic neutrons were produced via the H(d, n) He reaction using a deuterium gas
target at a variable energy compact cyclotron. The activation technique in combination with high
resolution p-ray spectroscopy was used. In the case of the Sc(n, p) Ca and Mn(n, p) Cr re-

action products, "low-level" P counting was applied. The reaction product Ca was separated
radiochemically prior to P counting. Statistical model calculations taking into account precom-
pound efFects were performed for all the reactions studied. The experimental excitation functions
are reproduced well by the calculation except for the (n, a) reaction on the Sc target.

PACS number(s): 24.10.—i, 24.60.—k, 25.40.—h, 28.20.—v

I. INTRODUCTION

Studies of excitation functions of neutron threshold re-
actions on medium and heavy mass nuclei are of consider-
able significance for testing nuclear models and for prac-
tical applications. The data are needed in fusion reactor
technology (FRT) for calculations on nuclear heating, ac-
tivation of reactor components, formation of hydrogen
and helium gas in structural materials, radiation dam-
age effects, etc. A survey of the available literature (cf.
[1,2]) shows that cross section data for many neutron-
induced reactions around threshold energies are rather
scanty. We chose to investigate the neutron induced re-
actions on Sc and Mn. For both these target nuclei
the cross section database below 13 MeV was very weak.

II. EXPERIMENTAL

The experimental techniques used were similar to those
described in several publications from this Institute (cf.
[3—6]). Here we mention only some salient features rele-
vant to the present measurements.

A. Neutron irradiations and background corrections

One gram of high-purity Sc203 or Mn02 powder
() 99.9%) was pressed to obtain a pellet of 1.3 cm diam
and 0.35 cm thickness by means of an electrohydraulic
press. For studies on the ssMn(n, p)ssCr reaction, which
leads to the pure P emitter Cr, 100 mg Mn02 pow-
der was packed in a thin polyethylene bag. The moni-

tor foils (aluminum and iron, each 200 tom thick) were
attached at the front and the back of the sample. The
samples were irradiated in the 0' direction relative to the
deuteron beam with quasimonoenergetic neutrons pro-
duced via the H(d, n) He reaction on a D2 gas target at
the variable energy compact cyclotron CV28. The char-
acteristics of the neutron source are described in detail
in Ref. [3]. The distance from the end of t, he gas target
to the front face of the sample was 1.0 cm. In general,
the irradiation time was approximately 2 h, in the case
of Mn(n, n) V and Mn(n, p) Cr reactions, however,
due to the short half-lives of the products, the irradiation
time was 10 min.

The primary deuteron energy was varied between 4.0
and 10.0 MeV to produce quasimonoenergetic neutrons
in the energy range 6.30—12.85 MeV. At each energy two
different irradiations (gas in/out) were performed (cf. [3])
to determine the contribution of background neutrons
other than those due to breakup of deuterons on the
D2 gas. The contribution from the background neutrons
to the total activity is appreciable at deuteron energies
higher than 7 MeV, especially when the reaction thresh-
old is low, such as in the case of (n, cL) and (n, p) reac-
tions. As far as the contribution from breakup neutrons
was concerned, we used results of Cabral et al. [7]. By
interpolating the values supplied by those authors at dif-
ferent neutron energies for reactions of difFerent thresh-
olds, we obtained the ratio of breakup to (d, n) neutron
yields over the deuteron energy range 6—10 MeV.

B. Measurement of neutron flux density

*Permanent address: Physics Department, gekmece Nuclear
Research and Training Center, 34622 Istanbul, Turkey.

The neutron Aux density was determined via the mon-
itor reaction Fe(n, p) Mn (T~y2 ——2.58 h; E~ = 847
keV; I~ = 98.87%) over the neutron energy region be-
tween 6.0 and 8.0 MeV and the Al(n, n) Na (T&g2 ——

15.0 h; E~ = 1368 keV; I~ = 100%) reaction between 8.0
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and 13.0 MeV. The cross sections of both the monitor
reactions were taken &om Ref. [8]. The mean neutron
flux densities ranged between 1.10 x 10 and 3.0 x 10
cm s . The average neutron energy eH'ective at the
sample was calculated by a small Monte Carlo program
(cf. [4,9]). The energy of the neutrons (as well as of the
incident deuterons) was checked via a set of monitor re-
actions having different reaction thresholds (cf. [10]).

rected count rates, the decay rates were obtained using
the P or p-ray emission probability and the efliciency of
the detector. The decay data used for the reaction prod-
ucts were taken from Ref. [11] and are given in Table
I.

E. Calculation of cross sections and errors

C. Radiochemical separation of ~Ca

The irradiated Sc203 sample was dissolved in HC1 and
CaClq carrier added to it. On neutralization, Sc(OH)s
was precipitated and centrifuged oK Thereafter calcium
was precipitated as oxalate. After several purification
cycles the oxalate was converted to CaCO3 by heating
at 500 'C, transferred to an Al planchet and fixed with
glue. The chemical yield was approximately 80%%up and
the uncertainty about +3Fo. Other details relevant to
P counting were the same as described earlier [6].

D. Measurement of radioactivity

The radioactivity of most of the reaction products was
determined via Ge(Li) or HPGe detector p-ray spec-
troscopy. Low-level P counting was applied for 4sCa

and ssCr. In the case of ssCr the P end point energy is
2.5 MeV and so the thin Mn02 irradiated sample could
be counted without a chemical separation. On the other
hand, since szV, the product of (n, a) reaction on ssMn,
has the same half-life and P end point energy as ssCr,
it was mandatory to subtract the contribution of V
&om the total P activity. This did not cause any prob-
lem since the activity of V could be determined inde-
pendently via p-ray spectroscopy. In the case of 45Ca

(E~ ——258 keV) -a chemically separated thin sample
(see above) was used for P counting.

The activities of the reaction products were corrected
for contributions &om background neutrons (gas in/out
results, breakup neutron contribution). From the cor-

Cross sections were calculated using the well-known
activation equation. The principal sources of errors and
their magnitudes involved in the two types of measure-
ments are given in Table II. The individual errors were
combined in quadrature to obtain the total error for each
cross section value.

III. NUCLEAR MODEL CALCULATIONS

Calculations were performed in the framework of the
statistical model, utilizing the exciton model formal-
ism for preequilibrium particle emission, the width-
fluctuation corrected Hauser-Feshbach formula for first
chance emission from the equilibrated system, and the
evaporation formula for higher chance emission. The
computer code sTApRE was used [12]. The particle trans-
mission coefficients used in the calculations were derived
from the spherical optical model, using global optical po-
tentials given by Rapaport et al. [13] for neutrons, Percy
and Buck [14] for protons, and McFadden and Satchler
[15]for alpha particles. The internal transition rates were
calculated according to the formulas by Williams [16]. A
value of 135 as the constant in the squared matrix ele-
ment for internal transitions was used [17]. For the a-
preformation parameter a value of 0.30 was taken [18].
In the product nuclei, the excited states up to about 5
MeV were taken from the Nuclear Data Sheets [19];those
above the region of discrete levels were treated as a con-
tinuum described by the back-shifted Fermi gas model.
The choice of the level density parameters was guided by
the compilation of Dilg et al. [20]. In the back-shifted
Fermi gas model, the formula with shifted ground state
was adopted, and. both the fictive ground-state position

TABLE I. Decay data of reaction products studied.

Nuclear
reaction

Sc(n, 2n) Scs
Sc(n, 2n) Sc
Sc(n, o.) K
Sc(n, p) 'Ca

Q value

(MeV)
—11.31
—11.58
—0.40
—0.54

Half-life
of product

3.93 h
2.44 d

12.36 h
163.80 d

E b

(keV)
1157.0
271.2

1524.6
E~— ——258 keV

b

('%%uo)

99.9
86.6
18.8

IH = 100

Mn(, 2 ) Mn
Mn(n, n) V
Mn(n, p) Cr

—10.41
—0.62
—1.82

312.2 d
3.7 min
3.5 min

834.8
1434.1

Ep ———2500 keV

99.98
100.0

Ip ——100

Calculated using the mass excess given in Ref. [1].].
Taken from Ref. [11].
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Source of uncertainty
Beta

Gamma counting counting

(n, 2n) (n, a.) (n, p)
Uncorrelated
Sample weight
Irradiation time
Irradiation geometry and

beam deviation
Error in peak area analysis
Statistics of counting
Chemical yield
Correction for activity induced

by background neutrons
(gas in/out, breakup)

Correlated
Error in excitation function

of monitor reaction
Efficiency of the detector

(Self-absorption, geometry)
Decay data

0.1
0.1
3

1—3

3—8

0.1
0.1
3

5—20

3—8

5—8

0.1
0.1
3

3
3

5—20

3—8

12

Total 8-12 10-24 16-26

Chemical separation was done only for the Sc(n, p) Ca
reaction product.

This correction is high for low threshold reactions.

TABLE II. Principal sources of errors and their magnitudes.

Magnitude%

and the level density were taken as parameters to be ad-
justed to the experiment. The separation energies of the
emitted particles were taken from Wapstra and Bos [21]
or calculated using the mass excess values [11].

IV. RESULTS AND DISCUSSION

The experimentally determined cross sections of
(n, 2n), (n, p), and (n, o.) reactions on Sc and Mn are
given in Tables III and IV, respectively. In general, the
errors were in the range 8—12%. For (n, p) and (n, n) re-
actions, with relatively low negative Q values (cf. Table

I), the errors were larger due to several reasons: (a) at low
neutron energies the cross sections are low, resulting in
poor counting statistics; (b) at high neutron energies the
uncertainties in background contributions are high; (c)
the efBciency of the P detector has higher uncertainty.
Except for a single value for the 4 Sc(n, cr)42K reaction at
7.9 MeV [23], all the data reported here over the neutron
energy region below 12 MeV have been measured for the
first time.

Our experimental data together with the literature val-

ues [22—44] are plotted as a function of neutron energy in
Figs. 1—7. For the (n, 2n) processes we show only those
data which cover a relatively broad energy range. Sev-
eral other data points around 14 MeV have also been re-
ported (cf. [2]). Those values are generally in agreement
with the data shown in the figures. The database for the

Sc(n, p) Ca, Sc(n, n) K, and Mn(n, p)s Cr reac-
tions even in the energy region above 13 MeV is weak

(cf. Figs. 3, 4, and 6).

Mean neutron

TABLE III. Cross sections of Sc(n, z) reactions.

Cross section (mb)

energy (MeV)
6.33+0.13
7.18+0.13
9.05+0.14

10.10+0.15
11.14+0.16
11.58+0.17
11.97+0.18
12.40+0.18
12.85+0.20

4'Sc(n, 2n)44sc

9.0+0.9
24.0+2.1
36.0+2.9

'Sc(n, 2n) Sc

2.0+0.8
21.0+2.6
52.0+6.1
75.0+8.0

Sc(n, a) K
3.8+0.7
9.0+1.4

21.0+2.5
28.0+2.7
36.0+2.9
42.5+4.7
48.0+6.7
51.5+9.8
54.0+12.5

Sc(n, p) Ca
29.0+7.0
40.0+8.5
56.0+8.8
62.1+9.9
65.6+10.5

67.5+16.8

68.0+17.5

TABLE IV. Cross sections of Mn(n, x) reactions.

Mean neutron

energy (MeV) Mn(n, 2 ) Mn

Cross section (mb)

Mn(n, n) V Mn(n, p) Cr

6.33+0.13
7.18+0.13
8.00+0.13
9.05+0.14

10.10+0.15
11.14+0.16
11.97+0.18
12.85+0.20

150+12
400+33
610+52

0.86+0.12
3.20+0.43
5.50+0.64
9.60+1.3

14.60+1.9
19.30+2.9
22.10+3.3

5.65+1.2
9.56+1.9

10.16+2.0
13.55+2.8
20.30+4.1
29.30+6.2
32.50+7.2
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FIG. 1. Excitation function of the Sc(n, 2n) Sc reac-
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FIG. 2. Excitation function of the Sc(n, 2n) Sc + pro-
cess.
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A comparison of the experimental and theoretical re-
sults on the (n, 2n) reactions shows (cf. Figs. I, 2, and
5) that, as expected, the statistical model describes this
process very well, both as regards partial cross section
(population of an isomeric state) and total (n, 2n) reac-
tion cross section. Furthermore, our results con6rm that
the excitation function near the threshold is also repro-
duced well by the calculation.

The experimental excitation functions of (n, p) reac-

tions (cf. Figs. 3 and 6) appear to be reproduced rea-
sonably well by the calculation. The calculated results
for the Sc(n, p) Ca reaction depended strongly on the
input information on the high-lying levels. Better agree-
ment with experimental data was obtained when the lev-
els above 5 MeV were neglected.

The experimental and theoretical results on the
ssMn(n, o.)s V process (cf. Fig. 7) are in good agree-
ment. For the Sc(n, n)42K reaction, however, the cal-
culated cross section values are appreciably lower than
the experimental data (cf. Fig. 4). A similar result was
reported earlier in 14 MeV neutron induced o.-particle
emission studies on Ti and a few other nuclei in this
mass region (cf. [45,46]). Recently, the excitation func-
tions of Ti(n, n) Ca and Ti(n, n) Ca reactions were
investigated and the role of direct interactions was dis-
cussed [6]. The relatively low calculated (n, o.) values for

Sc suggest that presumably for this target nucleus as
well direct interactions are important. It is also some-
what surprising that the calculated 4sSc(n, n) 2K exci-
tation function does not drop beyond 14 MeV, although
the (n, crn) contribution was taken into account in the
calculation. Evidently the present calculation cannot re-
produce the Sc(n, cr) K excitation function well.
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