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A STUDY OF THE 144Nd(d, p)'**’Nd AND 14¢Nd(d, t)'*SNd
REACTIONS

By M. Jask6ra
Institute of Nuclear Research, Warsaw®

{ Received September 28, 1979)

Energy levels of the '¢°Nd nucleus were studied using the 44Nd (d, p) **5Nd and
146Nd (d, t) *4*Nd reactions at a bombarding energy of 12.1 MeV. The reaction products.
were observed using a magnetic spectrograph and photographic plate recording. The spec-
troscopic factors for the levels observed were obtained from DWBA calculations.

1. Introduction

Nuclei with N = 85 neutrons were usually considered to be “spherical” and are
expected to have a closed neutron shell structure. The single particle shell-model states
in the 83 << N < 125 shell are: 3p, 3, 3ps;2, 2f5)2, 2f7,2, 1ho;2 and 1iy5,,. A neutron transfer
reaction, such as (d, p) or (d, t), is well suited for exciting these one-particle states. In
a pick-up (d, t) reaction we expect to pick-up neutrons from orbitals outside the closed
shell and from the closed shell core N = 82 itself (2ds,2, 3542, 1hy1/2, 2ds;2 and 1 g, 12)-

The levels observed using pick-up reactions provide information complementary
to the stripping reactions on the location of the neutron hole strength.

Coupling of the neutrons from the open shell to the N = 82 core results in a mixing
of the single-particle states. Because of this mixing the single-particle strength is distrib-
uted over several states. The sum of the spectroscopic factors, S;, for these states should
equal unity.

The existing data on the properties of low-lying levels in the 14°Nd nucleus are limited
and come mainly from analyses of the (d, p), (p, d), («, 3He) and (n, y) reactions and from
the decay of *43Pr, [1-5]. Studies of the (d, p) reaction by Wiedner et al. [1] yielded energies
and spins of only a few states. The (d, p) measurement of Gales et al. [2] supplied much
information concerning many of the states up to 3.8 MeV. The studies of Hillis et al. [3]
gave more complete information concerning the neutron shell structure of 4*Nd. Hillis
et al. obtained information concerning the !**Nd levels by means of y-ray spectroscopy
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from the decay of 45Pr and from the *#*Nd(n, y) reaction with thermal neutrons and
by charged-particle spectroscopy from the complement (d,p) and («, *He) stripping
reaction and from the pick-up (p, d) reaction.

It appears that independent investigations of the structure of the '4*Nd nucleus in
a wide variety of reactions are generally consistent, but the level density above 1 MeV
is quite high and different reactions populate different sets of levels.

In the present experiment the .144Nd(d, p)!4°Nd and *4°Nd(d, t)**5Nd reactions
were used to study the structure of 145Nd. The energy spectra of protons and tritons were
measured for transitions to a number of final states, from the (d, p) and (d, t) reactions
up to the 3.2 MeV and 2.2 MeV excitation energies, respectively. The data were analysed
by the DWBA method.

2. Experimental procedure and results

The experimental method is very similar to that used in [6, 7]. The beam of 12.1 MeV
deuterons was obtained from the Niels Bohr Institute EN tandem accelerator and the
reaction charged products were analysed in a high-resolution magnetic spectrograph [8]
with photographic plate recording.

The targets were prepared by vacuum evaporation onto a thin carbon backing using
isotopically enriched materials in an oxide form. The neodymium targets were enriched
to about 969 in *4*Nd and '4°Nd. The target thicknesses were approximately 50 pg/cm?
and the carbon backing films about 40 pg/cm?. The spectra were recorded at angles of
60°, 90° and 125°. The energy resolution was approximately 12-15 keV. The photographic
plates were reviewed on 0.25 mm strips. The absolute cross sections were determined
by normalization to the cross section for elastic deuteron scattering [9]. The uncertainties
in the absolute cross section are about 20 %, while for the smaller cross sections or poorly
resolved levels they are approximately 60 9. Relative cross sections of well resolved peaks
are more accurately determined about 10 9%,. The major contributions to the experimental
uncertainties arise from the normalization procedure, from track-counting reproduc-
ibility and frem the statistics. The level energies obtained by averaging determinations
at three different angles are listed in Table 1. The uncertainties of the energy level determina-
tion are about +3 keV and 46 keV for strong and weak levels.

The protons and triton spectra obtained from the **4Nd(d, p)!*5Nd and **$Nd(d, t)
145Nd reactions at an angle of 90° are shown in Fig. 1. The vertical lines represent the
energies at which proton and triton groups were found and the heights of the lines indicate
the absolute cross sections for the states. The level energies obtained from average level
positions at three different angles are listed in Table I, which also summarizes the differen-
tial cross sections measured and the suggested assignments for most of the levels investi-
gated. The assignment was taken from Refs. [1-3] and was also determined in the present
measurements from the ratios

R = (do|dQ)go-/(do]dQ)g0- and R = (do}dQ)eq-/(do[d2), 4 50.

To extract spectroscopic information from the experimental data a series of DWBA
calculations were done using the computer code DWUCK. The deuteron, proton and
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triton optical model parameters were taken from papers [10, 11] because those param-
eters have been applied successfully for the analyses of the (d, t) and (d, p) reactions
on rare-earth targets [10, 12].

The calculations were performed for neutrons transferred to the 3p,,,, 3,25 2152, 7/23
lhosz; liyasz; 2d3;25 5525 3812 and 1k, shell model states. The DWBA calculations
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Fig. 1. Triton and proton spectra for the '#SNd(d, t) '**Nd and '**Nd(d, p)'*°*Nd reactions

were used to extract the spectroscopic factors Sf;”) and S, by fitting the experimental
cross sections obtained at 60°, 90° and 125° to the DWBA cross sections:

d
"&% = NS(I(2J +1)6{*)(0)  for the (d, p) reaction,

d
gg— = NS %6{7)(0) for the (d, t) reaction,

where o{*)(8) and ¢! are the single particle transfer cross sections obtained from DWBA
calculations for the (d, p) and (d, t) reactions, respectively, and N* is the normalization
factor assumed to be 1.5 and 3.0 for the (d, p) and (d, t) reactions, respectively.

The spectroscopic factors S{;)(2J+1) and S{; extracted from the (d, p) and (d, t)
reactions studied are listed in Table I.

The earlier and present high-resolution studies of the !45Nd nucleus using the
(d, p), (p, d) and (d, t) reactions are summarized in Fig. 2 together with the J-transfer
values and spectroscopic factors. From Fig. 2 one can see that, in general, there is a rea-
sonably good agreement between the energies and the spectroscopic factors obtained from
the different (d, p) reactions studied.

The present (d, p) results and previous results [2, 3] are in satisfactory agreement.
However, in a few cases the assignment is not consistent with that of Refs. [2] and [3].
This occurs mostly in the higher excitation energy region (above 1 MeV).
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Fig. 2. Comparison of previous experimental data with the present results: (a) Ref. {2}, (b) Ref. [3], {c) present expariment
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The levels in *4°Nd populated by the neutron pick-up (d, t) reaction are also in
satisfactory agreement with the results obtained by Hillis et al. [3] in the (p, d) reaction.
The present (d, t) results in the region below and slightly above 1 MeV excitation energy
correlate well with those observed for the neutron stripping reaction. Above the 1.3 MeV
excitation energy there appears to be no correlation between the levels observed in the pick-
-up and stripping reactions.

The '#5Nd target nucleus can be considered as a core of N = 82 neutrons building
a closed shell with four valence neutrons in the N = 82 to 126 shell. These four valence
particles are distributed among the 25,2, 525 3P3;2, 1,25 1he,, and 1iy3,, orbits which form
the N = 82 to 126 shell and most of them should correspond 1o low lying particle states
in the '*5Nd nucleus. By summing the (d, t) spectroscopic factors, Y S{;’, obtained for
all the states originating in the N = 82 to 126 shell one should get the average number
of particles in the target outside the N = 82 core. Theoretically, this number should
be four for the *#6Nd nucleus. In Table I the spectroscopic strength, S, are listed for
the states where the assignments are fairly certain. The spectroscopic strength, 'S¢,
summed over all states orginating in the N = 82 to 126 shell is 3.2 which is near the expected
value when a fairly large uncertainty in the spectroscopic strength is taken into account.

TABLE 11
Comparison of the sum rules and neutron single-hole states energies obtained by previous experiments
and in the present experiments

141N §a 143Ndb 135N § 147N g
Single o i m m m
particle state | 3 ST £ > s7 £ > 87 2 >s7 €
m (keV) m (keV) m (keV) m (keV)
|
38172 1.47 193 1.38 1669 1.33 1583 1.23 1459
m=1 m == m=2 m=3
2ds;, 3.43 0 2.00 1577 3.14 1593 2.07 1272
m=1 m=2 m = m=3
1hyy)2 E 6.72 753 2.55 2213 2.09 1793 2.02 1464
i = 1 m=1 m=
2ds;, ! !

m — number of observed states; a — [15], b — [14], ¢ — [16]

The levels observed in the (d, t) reaction at a higher excitation energy correspond
to the removal of neutrons from the closed N = 82 core, mostly from the neutron orbitals
351425 3d3;2, 1hyy;, and 1g,,,. Since these neutron orbitals are essentially completely filled,
they should yield large spectroscopic factors in the pick-up reaction and they are not
expected to appear in the stripping reaction. Table 11 gives a comparison of the sum rule
for the neutron hole states obtained in the present experiment: For the (d, t) reaction in
the 1#5Nd nucleus the results for 1#'Nd, '43Nd and !*’Nd nuclei obtained from the (d, t)
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reaction [14-16] are also shown. The spectroscopic factors for s,,, and d;,, are approxi-
mately constant for these nuclei, but for 14,4, the spectroscopic factors systematically
decrease, this means that not all strengths are observed and that these strengths cover
a larger number of states when the neutron number of the target nucleus increases.

3. General description of the excited levels
3.1. Levels populated by the'l/ = 3 transitions

The '#5Nd ground state is known to have a spin of 7/2- and large S{;" spectroscopic
factors as does the ground state of '#3Nd [14]. On the assumption that the ground state
contains most of the 7/2~ strength, J* = 5/2~ can be assigned to the other / = 3 states.
The level at 937 keV is the most strongly excited level among these / = 3 levels and can
be considered to be the principal component of the 2f5,, neutron single-particle state.
With these assignments the sum rule gives Y S¢/? = 0.51 and }'S{/? = 1.02. The summed
spectroscopic factors from the (d, p) and (d, t) reactions data for the ground state 7/2-
[QJ+ 1S +S’] = 5.9 are slightly smaller than the expected maximum value for the
2fs)2 neutron single-particle state. This indicates that the ground state carries nearly all
the 2f3,, available strength (73 %) which is, however, smaller than the sum rule limit for
the f7,, levels. This may also indicate that some of the L, = 3 states tentatively assigned
as 5/2- may be 7/2-.

The summed spectroscopic factors, ZS};“), for the other / = 3 states have a value
of 1.02 which is slightly greater than the expected maximum value for the 2fs,, state.

TABLE 1ii

Comparison of *5Nd sum rules and neutron single-particle energies obtained by previous experiments
and in the present experiment

Hillis et al. [3] Present experiment
Single Gales et al. [2]
ticle stat 27+ 1S
particle state Z( +1) Z Q@I+ I)S(+) Z,g Z QI+ 1)s(+) S&) (k?V) Zs(—) Zs(—)/(zj+ 1)
2f32 4.24 0.53 4.08 0.51 0| L81 0.23
9.55 0.72 10.19
2fs12 5.88 0.98 6.11 1.02 { 1972 | 0.17 0.03
3p3s2 3.56 0.89
3pis2 4.00 3.91 0.65 | 1485 | 0.43
1hs;2 5.74 7.30 0.73 3.77 0.38 | 1150 | 0.51 0.05

The single-particle energies &5 are calculated as centres of gravity of the observed members of the
same spin and parity of a single-particle transition multiplet, i.e. &y = Y, EFS{}>_ S}, where EJ’ are the
m m

excitation energies of the various states of the same spin and parity.
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"The summed (d, p) and (d, t) spectroscopic factors for all the / = 3 states (2f5,,+2f2)
have a value of 12.17 (about 90 %) of the expected value. This indicates that most of the
strength for the / = 3 states in '**°Nd were observed.

The neutron single particle energies, £7,,, and, &s,;, are listed in Table IIIL.

3.2. Levels populated by /=1 transitions

Apart from the ground state, the 780 and 919 keV levels showing angular momentum
transfers of I = 1 are the two most strongly excited levels in the (d, p) reaction. The spins
of these levels have been determined as 3/2- and 1/2- and they may be considered as the
principal components of the 3p;,, and 3p,,, neutron single particle states.

The spins for the other / = 1 states are unknown. The summed spectroscopic fac-
tors, Y (2J+1)S72, 12+ 2.55/2, 1/2, for the 3ps,, and 3p,,, neutron single particle states
have the value 3.91+0.43 = 4.34 (about 729 of the maximum strength). This indicates
that some strength for the / = 1 states is not observed. The calculated single particle ener-
gies, £3/2, 1,2, listed in Table I11 give only the lower limit for the position of the 3p3,, +3py/»
neutron single particle state.

3.3. Levels populated by /=5 transitions

The levels at 657, 749, 1528, 1827, 2018, 2090 and 2133 keV show / = 5 transitions.
The level at 749 keV is the most strongly excited / = 5 level in the (d, p) reaction and it
may be considered to be the principle component of the 14,,, neutron single particle state.
The summed (d, p) and (d, t) spectroscopic factors give the value: 3.77+0.51 = 4.28
(439 of the maximum strength). This indicates that most of the strength is not observed
and the strength of the 14,,, neutron-single-particle state is distributed over more states
than observed in the present experiment. The calculated single-particle energy, 4g,, also
gives only the lower limit of the position of the 1Ay, neutron single particle state (Table I1I).

In the (d, t) reaction a high spin transition is found at 1793 keV. This level is not
excited by the (d, p) reaction and this indicates that it is a hole state. On this basis we
assigned this level as A;4,,.

34. Levels populated by /= 6 transitions

The levels at 1110, 1846, 2481 and 2670 keV appear to show the angular momentum
transfers with / = 6. Assuming for these states a spin 13/2+, we obtained a summed (d, p)
spectroscopic factor } S‘*)(2J+1) = 8.65 (62% of the maximum strength). The (d, t)
Teaction gives a very small contribution to this strength of about one per cent. The levels
at 1110 and 1846 keV are the most strongly excited / = 6 levels and they may be consid-
ered as the principal components of the 1i;3,, neutron single particle state.

The calculated single particle energy, €,3,,, also gives only a lower limit of the position
of the 1i;3,, neutron single particle state.

3.5. Levels populated by / =0 and / = 2 transitions

The levels with / = 0 and !/ = 2 transitions are considered to be excited only by the
pick-up reaction. The (d, t) angular dependence suggests that the two levels at 1325 and
1706 keV are populated by / = O transitions and the seven levels at 1077, 1306, 1528, 1813,
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2047, 2117 and 2198 keV are populated by / = 2 transitions. The summed spectroscopic
factors for the / = 0 and / = 2 transitions are equal to 1.33 (~ 709 of the maximum value)
and 3.14 (~809; of the maximum value), respectively, and these values are slightly less
than the expected maximum theoretical values for the s,,, and d;;, neutron hole states.
These results indicate that most of the strength for the s,,, and d;,, orbital in 145Nd
have been observed.

4. Conclusions

The charged particle spectroscopy involving the (d, p) and (d, t) reactions supplies
new nuclear structure information concerning the *#45Nd nucleus. For the levels below
1 MeV the characteristics obtained in the present and previous experiments agree quite
well and for the levels above 1 MeV there is also agreement between various experiments,
but there exist some discrepancies.

The spectroscopic factor for the 7/2- ground state is smaller than the sum rule limit
for the 2/7,, levels. The spectroscopic factors for the other / = 3 states, tentatively assigned
as 5/2-, are slightly higher than the sum rule limit for 2f5;,. This may indicate that some
of the states assigned as 5/2~ may be 7/2-.

The summed (d, p) and (d, 1) spectroscopic factors for all / = 3 states (2f5,, and 2f;,,)
show about 909 of the theoretical strengths. This indicates that most of the / = 3 states
in 145Nd have been observed.

The strength for 1hy,,, 1k, and 1,3, are significantly lower than expected. This
means that not all levels with / = 5 and 6 were observed.

Assuming (according to [3]) that no transitions are assigned to the 3p,,, orbital (except
at 919 keV), we obtained more than 909 of the theoretical strength for the 3p;,, orbital
the states from the 3p, ,, orbital lie according to the shell model at higher excitation energies.

The summed S,(,-_) spectroscopic factors for the orbitals 275, 52, 3P3/2, 1720 1ho)2
and 1i3,, above the closed shell of N = 82 neutrons give for levels excited by the 146Nd
(d, t) reactions about 809 of the sum rule strength of 4 which represents the excess neu-
trons.

The calculated U? and V2 values for the ground state of the '“5Nd nucleus are 0.69
and 0.31, respectively.

This work is the result of collaboration between the Niels Bohr Institute, Tandem
Accelerator Laboratory, Risg and the Institute of Nuclear Research, Warsaw. The author
is grateful to the staff of the NBI for making available unpublished data.
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