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Structure effects in the spectra of a particles from the interaction
of 12 to 2Q MeV neutrons with samarium isotopes
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The spectra of a particles in (n, o. ) reactions induced on ' ' ' Sm by neutrons with energy be-

tween =12 and 20 MeV are greatly aff'ected by the shell structure of the target nucleus. Semimi-

croscopical calculations made in the framework of the pickup model, assuming dominance of transi-

tions to neutron-hole states of the residual nuclei and the homology of high-energy states of
Nd excited in the reactions induced on the nonmagic '" ' Sm isotopes with the low-energy

states of ' 'Nd excited in the reaction on the magic ' Sm isotope, reproduce satisfactorily the data.

The study of reactions induced by neutrons with ener-

gy varying from = 12 to =20 MeV is important for ap-
plied physics research e.g. , for investigating the radiation
damage caused by high cruxes of neutrons such as those
produced by future fusion reactors. Though a large
amount of work has been done to measure the cross sec-
tion of these reactions, the experimental information is
far from being exhaustive and an urgent demand exists
for improving the accuracy of the theoretical predictions.

It has been found that, to obtain a fair reproduction of
the emitted particle spectra in a given reaction, in many
cases one must explicitly take into account the structure
of the nuclei involved in the process. This is particularly
evident for (n, a) reactions on magic and near-magic nu-
clei. The spectrum of the emitted a particles varies
drastically for target nuclei differing only by one or two
neutrons as found, for instance, in the case of Zr (

' 'Zr)
and Nd (' ' ' Nd) isotopes. ' In the case of Zr and

Nd which have a magic neutron shell, the yield of em-
itted a particles is concentrated at the highest energies,
whereas for the near-magic nuclei 'Zr and ' ' Nd with
one or two neutrons more, the yield of highest-energy a' s
is very small and the probability of emission reaches a
maximum for residual nucleus excitation energies of the
order of 4—5 MeV.

Despite these differences, in two previous papers' it
was shown that once the spectrum of the a particles from
the magic target nucleus is known, that of the a particles
from a nucleus with one more neutron outside the magic
shell may be evaluated by assuming that this nucleon acts
as a spectator. Thus, the process occurring is essentially
the same in the two cases, and to each state excited in the
residue of the magic nucleus there corresponds a multi-
plet of states in the residue of the near-magic nucleus

generated by the coupling of this state with the spectator
nucleon. The state of the magic nucleus residue, that will
be indicated hereafter as the generator state, is thus
homologous to the states of the multiplet in the residue of
the near-magic nucleus; still, its excitation energy is not-
ably smaller than that of the states of the corresponding
multiplet (typically by about 3+1 MeV, approximately
the sum of the width of the energy gap in the sequence of
single-particle states at the filling of the magic shell and
the average pairing energy of two neutrons of the magic
shell).

The assumption that the cross section for population of
the generator state is equal to the total cross section for
populating the states of the multiplet allows one to satis-
factorily reproduce the a-particle spectra from the near-
magic target nuclei. In the case of a weak coupling be-
tween the generator state and the spectator nucleon, one
also expects that the shape of the angular distributions
and of the analyzing powers for transitions to homolo-
gous states is essentially the same and indeed this expec-
tation is found to be fulfilled in the case of the (P, a ) reac-
tion (for which the same considerations apply) on the
magic —near-magic pair Pb and Bi.

The accurate reproduction of the a spectrum in an
(n, a) reaction induced on a magic nucleus is far from be-
ing simple. Assuming the dominance of a pickup mecha-
nism, the states excited in a one-step process may be ei-
ther single neutron-hole states and one-neutron —two-
proton-hole states. These last states, in most of the cases,
may be described by a particle-vibration coupling
scheme. Pickup of two protons from different orbits may
also be important. In the most general case, one has to
expect a mixing of the allowed configurations which con-
tribute coherently to the transition amplitude. In a
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semimicroscopic approach, the o. spectrum may be evalu-
ated once the single neutron and the diproton spectro-
scopic amplitudes are known.

For nuclei in the rare-earth region, the only spectro-
scopic information experimentally available for the states
which may be excited in a one-step pickup (n, a) reaction
refers to the single neutron-hole component and in a pre-
vious work a calculation of the n-particle spectrum from

Nd was tentatively made by considering only the con-
tribution of these states. It was found that indeed a
reasonable reproduction of both the a-spectrum shape at
a given incident neutron energy and of the a yield vary-
ing the incident energy was possible, thus suggesting a
predominance of transitions to single neutron-hole states.

A similar situation exists in the case of the (n, a) reac-
tions induced on ' ' ' Sm and we may test the previ-
ous conclusion by analyzing these a-particle spectra us-
ing the same optical-model parameters for the entrance
and exit channels, the same geometrical parameters for
the bound state of the transferred helion, and nearly the
same factor normalizing the calculated cross sections to
the experimental ones. The analyses of these data allows
one to extend the calculation technique previously dis-
cussed for evaluating the spectrum of a particles from
near-magic nuclei to nuclei with several neutrons outside
the magic shell 50&%&82. Obviously in the case of

Sm and ' Sm the extra nucleons play an active role in
the reaction and the cross section for their pickup may be
evaluated, as we will show later. However, the spectro-
scopic information for the pickup of neutrons of the mag-
ic shell which excites states of ' Nd and ' Nd with
several MeV of excitation energy is lacking and one may
try to use that concerning the states of ' 'Nd excited in
the reaction on the magic isotope ' Sm to estimate the
yield of the a particles exciting these high-energy states.

The experimental arrangement and procedure were
similar to those described in previous works. Neutrons
were produced by bombarding a thin titanium tritide tar-
get with a deuteron beam from the Van de Graaff ac-
celerator at the Soltan Institute for Nuclear Studies. The

TABLE I. Isotopic composition of Sm203 compounds used
for target preparation.

Isotope

144S

'4'Sm
148S

'4'Sm
'"Sm
152S

154S

Sm target
(%)

91.2
2.8
1.3
1.3
0.5
1.7
1.2

Sm target
(%)

0.1

96.4
2.2
0.5
0.2
0.4
0.2

Sm target
(%)

0.1

0.2
0.8

96.9
1.4
0.4
0.2

beam current was 25 pA at 2-MeV deuteron energy. The
desired neutron energy was selected by a suitable choice
of the neutron emission angle with respect to the deute-
ron beam. The H+Ti target, on a thick copper backing,
had an average thickness of about 1 mg/cm . To mini-
mize the target deterioration by the beam, the tritium
target was continuously water cooled during bombard-
ment.

The neutron energy spread (FWHM) was mainly due
to the deuteron energy loss in the tritium target and to
the geometrical conditions. It was estimated by a Monte
Carlo calculation to vary between 150 and 300 keV at
the different neutron energies. The neutron Aux was
monitored by counting the protons recoiled from a po-
lyethylene foil by means of a thin Csl(TI) scintillator
counter. The uncertainty in the absolute value of the
neutron Ilux was estimated to be less than 6%. The tar-
gets investigated consisted of enriched samarium oxides
deposited on thick aluminum backings. The isotopic
composition of the Sm203 compounds used for target
preparation is given in Table I. The average thickness of
the targets was determined by weighing and was found to
be about 4 mg/cm . The energy of the n particles was
measured by means of surface-barrier-silicon detectors.
The energy calibration was made using the known ener-
gies of the a particles from the Si(n, a) Mg reaction.
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FICx. 1. Experimental (black points with error bars) and theoretical (full lines) angle-integrated spectra of a particles from the
Sm(n, a)' 'Nd reaction at 14.3 and 18.15 MeV.
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A, is a spectroscopic amplitude given by
' N+L/2

The FWHM energy resolution (depending on solid-state
detector resolution, target thickness, neutron energy
spread, and geometrical conditions) was also estimated in
this case by a Monte Carlo calculation and was found to
vary between 480 and 700 keV. The overall accuracy in
the absolute cross sections, resulting from target-
thickness uncertainty and nonuniformity, neutron Aux
monitoring, and solid-angle uncertainty is of the order of
15%.

Angular distributions of a particles for states up to an
excitation energy of about 5 MeV were measured at seven
emission angles. The a-particle angular distributions
display a forward peaking and decrease smoothly with in-
creasing the observation angle. These distributions have
been used to obtain the angle-integrated spectra shown in
Figs. 1—3.

The theoretical spectra were calculated by finite-range
distorted-wave Born approximation (DWBA) pickup
theory in the framework of the semimicroscopic model,
as discussed in previous papers. '

In the case of an even-even target nucleus and in the
hypothesis of dominance of transitions to single neutron-
hole states I3, the experimental cross section is related to
the theoretical one by

' N+ J/2

X G (gNLJ )1/2
nP j„p N, J

where u& denotes the internal coordinates of the residual
nucleus; N, L, and J are, respectively, the radial quantum
number, the orbital momentum, and the total momentum
of the transferred three-nucleus cluster, A is the target
nucleus mass, G„& is the spectroscopic amplitude for the
pickup of the neutron measured in single-neutron pickup
reactions, X and J are the radial quantum number and
the total angular momentum of the proton pair, and
(S. —-)' is an algebraic factor,j„p,N, J

JVpU(A)=N(A)GN J,
where GN J is the spectroscopic amplitude for pickup of

7

the two protons and X(A) a normalizing factor. In the
case of the (n, a) reactions induced by 12—20-MeV neu-
trons on Nd isotopes, it was found A'pU( A ) = 1. 1 X 10 .

The first Sm isotope studied was ' Sm having a magic
neutron shell. The spectroscopic factors for exciting
single-neutron-hole states of ' 'Nd, S&=6„&,are given by
several authors. ' The diA'erent estimates, obtained by
analysis of (p, d), (d, t), and ( He, a) reactions at several
incident energies, often dN'er appreciably. The

o' t(8) [JVpti( A )A&y ] o pU Dw(9)

where opU Dw(0) is the angular distribution evaluated in
DWBA theory (we use the code TwoFNR in the finite-
range option with a neutron-helion interaction potential
of Gaussian form with variance o =g/v'2=1. 41 fm).
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FICx. 3. Experimental (black points with error bars) and theoretical (full lines) angle-integrated spectra of a particles from the
'" Sm(n, a)' Nd reaction at 12.3, 14.1, and 18.2 MeV.

FICx. 2. Experimental (black points with error bars) and theoretical (full and dashed lines) angle-integrated spectra of a particles
from the ' Sm(n, a)'" Nd reaction at 12.4, 14.1, 18.2, and 19.5 MeV.
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TABLE II. Optical-model parameters used for the evaluation of the elastic-scattering wave functions
of the outgoing a particles and geometrical factors used for the helion bound state. The notation and

potential forms are those adopted by Percy and Percy {Ref. 16).

r
{fm)

a
(fm)

rw
{fm)

aw
(fm)

E, ~21.5 MeV
189.6
E, &21.5 MeV
192.0
Pickup
hb,

1.450

1.435

1.250

0.486

0.523

0.600

12.75

19.92

1.450

1.435

0.486

0.523

1.3

1.3

discrepancies are, in part, of experimental and, in part, of
theoretical origin. Here we use the values given by Van
Rooden et al. ' as a result of a high-resolution study of
the (p, d) and (d, t) reactions on ' Nd and a very detailed
DWBA analysis of the angular distributions. These au-
thors tried to estimate the spectroscopic factor uncertain-
ty due to the combined uncertainty in the choice of the
optical-model parameters for the entrance and exit chan-
nels and the bound-state geometry parameters. Their
conclusion is that the uncertainty in estimating absolute
S& can easily exceed 50% especially in the case of the
higher values of the transferred angular momentum l. In
addition, relative spectroscopic factors also have uncer-
tainties of about the same magnitude.

The calculation of the spectrum of the cx particles
strictly follows the procedure described by Gadioli
et al. ' so we will not repeat the discussion made there.
The contribution of transitions to the single-neutron-hole
states was calculated by means of relations (1)—(3) using,
for the neutrons, the Wilmore and Hodgson' optical-
model parameters and for the a' s, the parameters used by
Gadioli et al. for the Nd isotopes which are reported in
Table II. The calculated angle-integrated cross sections
were finally spread with a Gaussian distribution of
FWHM equal to the estimated energy resolution ( =600
keV).

The results of the calculations for the incident neutron
energies of 14.3 and 18.15 MeV and a normalizing factor
JVpU(A)=1. 3X10 (20% higher than that used in the
case of Nd isotopes) is shown in Fig. 1. The agreement
with the experimental data is reasonably good (especially
for the smaller energy considered) and the discrepancies
found between the calculated and the experimental spec-
tra are within the limits of the predicted accuracy of the
calculation.

In the case of the reaction ' Sm(n, a)' Nd, no spec-
troscopic information exists for the neutron-hole states of

Nd, so we used that referring to ' Sm, the adjacent
nucleus with two protons more, reported by Oelert
et al. ' who measured the spectroscopic factors for pick-
up of neutrons of the 2f7&2 and 3p3/p orbitals above the
50(%~82 shell and of the 3s, &z orbital of the magic
shell. The results of such calculations made using the
same optical-model parameters for neutrons and o, s as in
the previous case, a normalizing factor of 1.1X 10 and a
spreading width of 600 keV, are given by the dashed lines
in Fig. 2.

To evaluate the contribution of the pickup of neutrons
of deeper orbitals of the magic shell, we used, as dis-
cussed above, the spectroscopic information referring to
' 'Nd, ' equalizing the excitation energy of the (3s, &2)
state to that of the centroid of the very fragmented
(3s,&z)

' states of ' Sm measured by Oelert et al. ' To
take into account that to each state of ' 'Nd excited by
the pickup of a neutron from the magic shell a multiplet
of states now corresponds, due to the coupling of this
state with the neutrons outside the shell, the FWHM of
the Gaussian used to spread the contribution of these
higher-energy states was increased to about 1 MeV.

The results of the calculations made using the Oelert
et al. ' and the Van Rooden et al. ' spectroscopic fac-
tors are given by the full lines in Fig. 2.

It must be stressed that the very reasonable reproduc-
tion of the yield of the o.'s for transitions to both the g.s.
and the higher excited states of ' "Nd represents a
stringent test of the whole procedure we adopt. In fact,
one could doubt that the need of normalizing the calcula-
tion to the experiment could mask the error due to
neglecting important contributions of transitions to one-
neutron —two-proton-hole configurations. On the other
hand, a check of the correctness of the value of the nor-
malizing factor we use is provided by the ability of the
calculation to predict the strength of the transition to the
g.s. of ' Nd which certainly corresponds to the pickup of
the least bound pair of protons and a 2f7&2 neutron from

Sm. The slight underestimate of the experimental
spectra at the higher incident energies considered might
be due to the inadequacy of some of the parameters we
use, however, it is within the expected uncertainty of
both the experimental data and the theoretical calcula-
tion.

The calculation of the a spectra for the reaction
Sm(n, a)' Nd was made using the spectroscopic infor-

mation referring to ' Sm for the pickup of neutrons from
the 82(%~126 shell, ' and that referring to ' 'Nd for
the pickup of neutrons from the 50(X~ 82 shell. ' Also
in this case, as shown in Fig. 3, the calculations repro-
duce reasonably well the experimental yield up to excita-
tion energies of about 6 MeV. In this case, the normaliz-
ing factor used was 0.85 X 10, 20% smaller than the
value used for the ( n, a ) reaction induced on Nd isotopes.

To conclude, we have shown that the calculation of the
spectra of a particles emitted in (n, a) reactions on near-
magic nuclei, based on the assumption of the homology
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of the residual nucleus states with excitation energy of
=3—6 MeV with the low-energy states excited in the re-
action induced on the adjacent magic nucleus may be
generalized to the case of nuclei with several (three to
five) nucleons outside the magic shell.

The values of the normalizing factors we have used in
the analysis of the data concerning the three samarium
isotopes, equal to 1.1X10 +20%, agree within the es-
timated uncertainty of both the experimental and the
theoretical spectra and agree also with those used in the
analysis of the reactions induced on the Nd isotopes. It
must be stressed that one could use a slightly different

normalizing factor in analyzing spectra measured at
different energies for the same isotope, thus improving
the agreement with the data, since the measure of the a-
particle yield at a given incident energy is independent of
the others and is affected by an estimated uncertainty of
= 15%.

The most intriguing conclusion of our analysis is the
dominance of transitions to single-neutron-hole states in
(n, a) reactions on rare-earth nuclei that appears much
more pronounced than in the case of (p, a) reactions. '
This conclusion is deserving of further investigation from
both an experimental and a theoretical point of view.
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