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First- and second-chance proton emission in the interactions of fast neutrons with Mo
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Cross sections were measured radiochemically for the Mo(n, p) Nb and Mo(n, n'p

+pn +d) 'Nb reactions over the neutron energy range of 9.0—10.6 MeV, and for the latter reac-
tion also between 12.6 and 14.4 MeV. Use was made of high-resolution y-ray and x-ray spectrosco-
py. Statistical-model calculations taking into account precompound effects were performed for fast
neutron induced reactions on Mo. The calculational results agree well with the experimental data
on emitted proton spectra as well as on the excitation functions of various reaction channels. The
second-chance proton emission is significant for incident neutron energies above 11 MeV; between
13 and 14 MeV it is comparable to the first-chance proton emission.

I. INTRODUCTION A. Irradiations and neutron Aux monitoring

The first-chance proton emission in fast neutron in-
duced reactions on medium mass target nuclei has been
investigated in considerable detail, both via charged par-
ticle detection (cf. Refs. 1 —9) and identification of the ac-
tivation product (cf. Refs. 10—13). In comparison, the
second-chance proton emission processes, i.e., (n, n'p),
(n, 2p), and (n, ap), have received lesser attention. For ex-
citation energies up to 20 MeV the (n, ap) process has not
at all been observed, and the (n, 2p) reaction has a very
low probability (cf. Ref. 14). The (n, n'p) process is also
expected to be rather weak since the excited levels of the
(n, n') reaction product tend to deexcite via emission of a
second neutron rather than a proton. Our knowledge
hitherto is based on radiochemical (cf. Refs. 15—17) and
charged particle detection (cf. Refs. 5 —8) experiments,
done mostly at 14 MeV. In target nuclei with a higher
neutron separation energy than the proton separation en-
ergy (S„)S ), the second-chance proton emission com-
petes with the second-chance neutron emission (cf. Refs.
5 —8). Recently some studies were carried out on the tar-
get nuclei Ni and ' Cu at incident neutron energies
of 9.4 and 11 MeV (cf. Refs. 18 and 19). For radiochemi-
cal studies at E„»14 MeV some of the interesting target
nuclei are Cr, Ni, Mo, Ru, etc. We described ear-
lier a study on Ni (cf. Ref. 20}. Now we choose to in-
vestigate the proton emission reactions on Mo. Special
attention was paid to the investigation of the

Mo(n, n'p+pn +d) 'Nb process as a function of neu-
tron energy, with a view to determining the contribution
of the second-chance proton emission.

II. EXPERIMENT

Cross sections were measured radiochemically. The
pertinent techniques will be described.

Neutrons in the energy region ~ 10.6 MeV were pro-
duced via the H(d, n) He reaction using a deuterium gas
target at the Julich variable energy compact cyclotron
CV28 (cf. Ref. 21). The molybdenum sample consisted of
either powder filled in a polyethylene capsule (1.2 cm
P X 1.3 cm) or a stack of Mo foils (1.6 cm P XO. 8 cm). In
either case 99.9% pure material was used. Al foils of the
same size as the Mo sample were attached in the front
and at the back to monitor the neutron ftux density. Irra-
diations were done in the 0 direction. The mean neutron
energy for each sample was calculated using a Monte
Carlo program (cf. Refs. 21 and 22). The neutron flux
density effec'tive at each sample was determined via the
monitor reaction Al(n, a) Na (Ref. 23). In general the
neutron Aux density was about 4 X 10 cm s

Neutrons in the energy region above 12.5 MeV were
produced via the H(d, n) He reaction using a Ti(T) solid
target at the Geel C¹ype Van de Graaff'machine. Each
sample consisted of a compact Mo disc (2 cm P XO. 5 cm}
of 99.8%%uo purity, sandwiched between two Al monitor
foils. The irradiation details are given elsewhere (cf. Ref.
13). For the present study three of those irradiated sam-
ples were treated radiochemically.

B. Radiochemical separations and source preparation

Two methods were used for the separation of niobium
from irradiated molybdenum. In the first method, the
molybdenum sample (3-g powder or 13-g foils) was dis-
solved in a mixture of concentrated H2SO4 and HNO3,
adding 35—80 mg Nb carrier. The solution was diluted
and neutralized with NH4OH whereby niobium was pre-
cipitated. It was washed, dissolved in a small quantity of
HF, and reprecipitated with NH4OH. The precipitate
was then heated at 850'C and weighed as N12O~. There-
after it was transferred to an aluminum planchet, spread
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over a surface of 1.8 cm P, fixed with glue, and used for
x-ray counting. The chemical yield was determined gra-
vimetrically, and several months after the end of experi-
ment, via fast neutron activation analysis using the

Nb(n, 2n) Nb process. The two results agreed within
5 o.

The second method of separation was used in the case
of the compact molybdenum disc (15 g). The irradiated
sample was placed on a very thin Nb foil (27 mg) and
heated in a quartz tube in a stream of air at 1100'C.
Molybdenum was converted to Mo03 which got sub-
limated. The niobium left in the tube was taken up in a
mixture of dilute HF and HNO3. Concentrated H2SO4
was then added to remove HF and HNO3 and the mix-
ture was diluted. Further treatment was then the same as
described above. In this case a gravimetric determination.
of the chemical yield was uncertain since some ra-
dioniobium was carried over with MoO3. The yield of
niobium separation was therefore determined using

Nb (present in the irradiated sample) as a tracer.

C. Measurement of radioactivity

The radioactivity of the Mo(n, p)9 Nb reaction
product (T,&2

=10.15 d, E& =934 keV, Ir =99.2%) was
determined using a 35 cm Ge(Li) detector coupled to a
multichannel analyzer. The count rates were corrected
for self-absorption, pileup, coincidence loss, geometry,
e%ciency of the detector, and y-ray abundance.

The measurement of the radioactivity of the
Mo( n, n 'p +pn +d ) 'Nb product presented some

difficulty. This radioisotope decays with a half-life of
62 d via internal transition (IT) (96.6%) and electron cap-
ture (EC) (3.4%). The IT is strongly converted. A 1205
keV y ray associated with the latter process has low and
uncertain intensity ( -3.4%). At E„~12.5 MeV the ac-
tivity of 'Nb could be measured using this y ray (cf.
Ref. 13) though with a large uncertainty. At E„~10.6
MeV it was mandatory to perform x-ray spectroscopy.
The chemically separated thin sources were therefore
counted on a Si(Li) detector. In all the niobium samples
four major x rays were detected. These corresponded to
the E and K& x rays of niobium (16.58 and 18.62 keV)
and zirconium (15.75 and 17.67 keV). The former are as-
sociated with the highly converted IT of 'Nb to 'Nb
and the latter mainly with the EC decay of Nb to Zr.
Counting was started about 20 d after the end of irradia-
tion and the decay followed for about 200 d. The K x
ray of zirconium decreased in intensity with a half-life of
about 10.2 d and confirmed the presence of Nb . The
E x ray of niobium, however, showed two components.
By subtracting the contribution of a weak uncharacter-
ized long-hved component, the count rate of the shorter-
lived activity (T»2=60 d), attributed to 'Nb, could be
determined.

The X x-ray count rates of Nb and 'Nb were
subjected to corrections for self-absorption, finite size of
the source, efficiency of the detector, chemical yield of
separation, and x-ray intensities which were 54.3+0. 1

and 40.9+0.8 %, respectively (cf. Ref. 24).
The decay rates of Nb determined via x-ray spec-

troscopy were, in general, about 15% smaller than those

via y-ray spectroscopy. This result showed that a quanti-
tative determination of radioactivity via x-ray spectrosco-
py is reliable. However, due to their higher accuracy we
adopted only the y-ray spectroscopic results for calculat-
ing Mo(n, p) Nb cross sections. In contrast, the de-
cay rates of 'Nb determined via x-ray spectroscopy
were about 30% higher than those via y-ray counting.
Here we adopted the x-ray counting data for calculating
cross sections of the Mo(n, n'p+pn+d) 'Nb process,
since the low and uncertain intensity of the 1205 keV p-
ray presumably involved larger errors.

D. Calculation of cross sections and errors

In studies with dd neutrons (E„~10.6 MeV) the decay
rates of both Nb and 'Nb were corrected for contri-
butions from background neutrons (gas-out —gas-in re-

.sults and breakup of deuterons on Dz gas). With dt neu-
trons (E„~13.4 MeV) a small correction for the forma-
tion of 'Nb through the decay of 'Mo [formed via
the (n, 2n) reaction of Mo] was necessary. From the
corrected decay rates of Nb and 'Nb and the mean
neutron flux densities the cross sections were calculated
using the well-known activation equation.

The principal sources of error and their magnitudes in
our activation cross-section measurements have been de-
scribed in detail earlier (cf. Refs. 13, 21, and 22). The
present studies involving x-ray spectroscopy have some-
what larger errors. Combining the individual com-
ponents of error in quadrature, the total error for each
cross-section value was obtained.

III. NUCLEAR MODEL CALCULATIONS

Compound nucleus model calculations were performed
for particle emission from the equilibrated nuclei (width
fluctuation corrected Hauser-Feshbach formula for first-
chance emission, evaporation formula for higher-chance
emission), and the exciton model was used to account for
precompound decay. These calculations are closely relat-
ed to those carried out for neutron-induced cross sections
on Nb (Refs. 25 —27) using the same computer code (Ref.
28). The aim of these model calculations was to describe
our experimental results for the Mo(n, p) Nb and the

Mo(n, n'p+pn+d) 'Nb excitation functions as well
as those for other neutron induced reactions on Mo,
with a parametrization consistent with that used for a re-
vised evaluation of Nb cross sections (Ref. 29).

In the Hauser-Feshbach calculations, discrete levels
were specified according to the information from Nuclear
Data Sheets (Ref. 30). We considered 16 discrete levels in
'Nb (up to 2.171 MeV), 30 in Nb (up to 1.720 MeV), 13

in 'Mo (up to 2.083 MeV), and 11 in Mo (up to 3.091
MeV). The continuum level densities were described in
the frame of the back-shifted Fermi gas model. The
level-density parameters were —with some modifica-
tions —those of Dilg et al. (Ref. 31) assuming the
effective moment of inertia to be equal to the rigid body
value calculated with a radius parameter of 1.25 fm. The
transmission coefficients utilized in the calculations were
derived from the spherical optical model, using global op-
tical potentials for protons (Ref. 32), deuterons (Ref. 33),
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FIG. 2. Excitation function of the Mo(n, p) Nb reaction. The curve gives the results of model calculations.

the results on the proton emission spectrum. The experi-
mental data reported by Haight et al. (Ref. 8) for 14.8-
MeV neutrons incident on Mo are given in Fig. 1 to-
gether with our calculational results. Except for very
high- and very low-energy protons (E~) 13 MeV or
E = 1.0—2.0 MeV) the agreement between experimental
data and theoretical values is good. The integral over the
calculated spectrum is 848 mb, in agreement with the ex-
perimental value of 967+116mb (Ref. 8). As a next step,
a comparison of experimental and calculated excitation
functions was undertaken. Our calculations repro-
duced the experimental excitation functions of

Mo(n, 2n) 'Mo 's reactions given in Ref. 12 very well.
Similarly the calculated excitation functions of the reac-
tions Mo(n, a) Zr 's were found to be in agreement
with the recent experimental data (cf. Refs. 13 and 40).
The results of calculations for the Mo(n, p) Nb reac-
tion are shown in Fig. 2 together with the experimental
data (Refs. 11—13, and this work). Some of the earlier
Jiilich measurements (Ref. 11) in the energy range be-
tween 8.6 and 9.6 MeV were found to be rather high and
are not given in Fig. 2. It is evident that in the energy re-
gion up to 16 MeV the experimental curve is reproduced
well by the calculation; beyond 16 MeV there are some
deviations. This is presumably due to contributions ei-
ther from direct interactions or from (n,p2n+dn+t)
processes on Mo (cf. Ref. 13).

The experimental excitation function of the
Mo(n, n'p+pn+d) 'Nb process is shown in Fig. 3

and constitutes the first systematic study near its thresh-
old. The model calculation gives the magnitudes of
(n, n'p) and (n,pn) processes, the (n, d) contribution being
negligibly small over the whole energy range. The

summed cross section is in excellent agreement with the
experimental data at E„+10 MeV. At lower energies the
calculated values are too low. For the product nucleus
'Nb the total y-ray strength as well as the relative

strengths of E1 and M1 radiation were varied, but this
did not lead to any significant improvement in the agree-
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FICx. 3. Excitation function of the Mo(n, n 'p +pn
. +d) 'Nb process. The results of model calculations are given
as curves: the individual (n, n p) and (n, pn) contributions are
depicted as dashed curves, and the summed cross section as a
solid curve. The calculated (n, d) contribution is negligible and
is not shown.
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ment with the measurement. No variations in the
optical-model parameters were carried out apart from the
modification of the neutron optical potential mentioned
earlier. In fact, this modification slightly decreased the
'Nb production cross section between threshold and 10

MeV and hence deteriorated the agreement between cal-
culation and experiment, which was, however, accepted
in view of the constraint on the choice of parameters con-
sistent with those of Ref. 29. The disagreement between
experiment and theory at E„~10 MeV may be due to the
neglect of the direct interaction part in the calculation for
the (n, d) reaction, which near the threshold of the (n, n'p)
process may be proportionally high. From charged parti-
cle emission studies (cf. Ref. 8} it is inferred that the cross
section for the formation of 'Nb via the (n, d) reaction
on Mo at 14.8 MeV is —10 mb. The main contributing
processes to the formation of 'Nb are thus (n, n'p) and
(n,pn). The results of model calculations show that at all
incident neutron energies, the (n, n'p) channel is much
stronger than the (n, pn) channel.

The sum of cross sections of the Mo(n, p) Nb and
Mo(n, n'p +pn } 'Nb reactions obtained radiochemi-

cally in the present work amounts to about 250 mb at
14.8 MeV. This value is much smaller than the total pro-
ton emission cross section of 967+116 mb reported by
Haight et al. (Ref. 8). Presumably, in the deexcitation of

Mo* greater parts of the transitions occur to Nbg and
'Nb rather than to the isomeric states studied ra-

diochemically. This is confirmed by the calculation

which is reasonably compatible with both the experimen-
tal proton production and the measured production cross
sections for 'Nb and Nb . Unfortunately, the ground
states of 'Nb and Nb are long lived (7X10 and
3.2&&10 y, respectively), and no activation measurement
has been reported. The results shown in Figs. 2 and 3
suggest that the second-chance proton emission is
significant for incident neutron energies above 11 MeV;
between 13 and 14 MeV it is comparable to the first-
chance proton emission.

The Q values of the (n, n'p) and (n, 2n) processes on
Mo are 7.6 and 12.7 MeV, respectively. Consequently,

at incident neutron energies below 12.7 MeV the (n, n')
reaction product can deexcite only by y emission or
second-chance proton emission. This explains the high
(n, n'p) cross section. Other data (cf. Refs. 12 and 13)
suggest that at energies above 15 MeV the (n, 2n) cross
section increases, resulting in the decreasing contribution
of the second-chance proton emission process.
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