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A STUDY OF THE '**Nd (d, p) "'Nd AND '**Nd (d, t) "*'Nd
REACTIONS

By M. JASKOLA
Institute of Nuclear Research, Warsaw*
(Received March 16, 1981, revised version received July 16, 1981)

Energy levels of the **’Nd nucleus have been studied by means of the '**Nd (d, p)
147Nd and '#®Nd (d, t) *#*"Nd reactions at a bombarding energy of 12.1 MeV. The reaction
products were observed using a magnetic spectrograph and photographic plate recording.
The spectroscopic factors for the observed levels were obtained from DWBA calculations.

PACS numbers: 24.10.Fr, -24.50.+ g, 25.50.Gx

1. Introduction

Recently considerable experimental and theoretical work has been devoted to the
study of transitional nuclei around N = 89 where the trarsition between a spherical and
a permanently deformed nuclear shape takes place. The level structure of the trarsitional
nuclei can possibly be described in terms of either vibratioral or rotational models.

Also great interest has been shown in the determination of the neutron single particle
states for the 83 << N << 126 shell (3py2,3/2> 2f5/2,7/2> lhgy» and 1iy3;,) from the (d, p)
reaction and in the determination of the reutroa hole states from the closed shell core
N =82(2d3/3,5/2, 3512, 171 1,2 and 1g4,,) from pick-up (d, t) and (*He, «) reactior.s. Because
of the mixing of single-particle or hole states with spin and parity J and the sir gle-particle
states coupled to the collective states of the core, forming the same spin ar.d parity, it is
expected that the sirgle-particle or hole strer.gth will be distributed over several states.

The existing experimental data on the properties of low-lyir.g levels in the *7Nd
nucleus are limited and come mairnly from aralyses of the (d, p) [1], (d, t) (a, t), (*He, o)
[2,3,4]and (n, 7), (1, e7) [5, 6] reactiou:s a:.d from the decay 1#7Pr ~» 1*7Nd [7]. The studies
of the (d, p) reaction of Wiedner et al. [1] yielded energies and spir:s of oi.ly a few states.
The nucleus #7Nd was studied by Straume et al. [2, 3] who used the 12 MeV (d, t) and
17 MeV (d, t) reactions and by Levheiden et al. [4] who applied the (*He, «) and 17 MeV
(d, t) reactio. s. These investigatio.s supplied a wealth of information about mary of the
states up to 3 MeV excitation. Roussille et al. [5, 6, 7] obtaired ii.formation on the '47Nd
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levels by means of y-ray spectroscopy from the decay of '*’Pr and from the *#Nd (n, )
reaction with thermal neutrons.

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

In the present experiment the '*®Nd (d, p) **’Nd and '#®Nd (d, t) '*’Nd reactions
were used to study the structure of '*’Nd. The energy spectra of protons and tritons were
measured for transitio::s to a number of final states from the (d, p) and (d, t) reactions up
to the 2.9 MeV and 2.20 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 Refs. [8, 9]. The beam
of 12.1 MeV deuterons was obtained from the Niels Bohr Institute EN tandem Van de
Graafl accelerator, and the reaction charged products were analysed in a high-resolution
magretic spectrograph [10] 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 96% in '#Nd and '*8Nd. The target thicknesses were approximately 50 pg/cm?
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Fig. 1. Triton and proton spectra for the !48Nd (d,t) *’Nd and '*¢Nd (d, p) **’Nd reactions
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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 in 0.25 mm strips. The absolute cross sections were determined by
normalization to the cross section for elastic deuteron scattering [11]. The uncertainties
of the absolute cross sections are of the order of 20%;, while for the smaller cross sections
or poorly resolved levels they are of the order of 60 9. Relative cross sections of well resolved
peaks are more accurately determined (about 109;). The major contributions to the experi-
mental ur.certainties arise from the normalization procedure, the track-counting reproduc-
ibility and statistics. The uncertainties of energy level determination are of the order
+3keV and +6keV for strong and weak levels, respectively.

The proton and triton spectra obtained from the '*°Nd (d, p) '*’Nd and *8Nd (d, t)
147Nd reactions at an argle of 90° are shown in Fig. 1; the vertical lines represent the ener-
gies 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 summarized the measured
differential cross sections, the suggested assignments for most of the investigated levels
and the extracted spectroscopic factors. The level assignment was taken from Refs. [2-7]
and was also determined in the present measurements from the ratios

R = (do/dQ)o-[(do[dD)ge. and R = (do[dQ)o-[(do[dQ), 5.

To allow extracting spectroscopic information from the experimental data a series
of DWBA calculations were carried out using the computer code DWUCK. The deuteron,
proton and triton optical model parameters were taken from papers [12] and [13], since
those parameters have been successfully applied for analysis of the (d, t) and (d, p) reactions
on rare-carth targets [12], [14].

The calculatior.s were performed for neutrons transferred to the 3py)s.3/2; 2f5/2,7/2;
lhg,z; Yiyans 2d52,5,25 35472 and: 1Ay, shell model states. The DWBA calculatior.s were
used to extract the spectroscopic factors Si;") and S{;” by fitting the experimental cross
sections obtained at 60°, 90° and 125° to the DWBA cross sections:

d

d—; = NISH@J +1)ai(0)  for the (d, p) reaction,
da (-)g(=) () :
0= NS 7617(0) for the (d, t) reaction,

where o{ *)(0) and o{ ~)(0) are the single particle transfer cross sections obtained from DWBA
calculations for the (d, p) and (d, t) reactior.s, respectively, and N‘*) is the normalization
factor assumed to be 1.5 and 3.0 for the (d, p) and (d, t) reactio:s, respectively.

The spectroscopic factors S{;’(2J+1) and S{; extracted from the investigated (d, p)
and (d, t) reactions are listed in Table I.

The earlier and present high-resolution studies of the *#7Nd nucleus by means of the
(d, p), ®He, o) and (d, t) reactions are summarized in Fig. 2 together with the [-transfer
values and spectroscopic factors.
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From Fig. 2 one sees that in general there is reasonably good agreement between the
energies ard the spectroscopic factors obtaired from the different (d,t) reactions
studied.

The present (d, t) results are in satisfactory agreement with the results of Ref. {2} and
in only a few cases are the extracted spectroscopic factors.not corsistent. The spectroscopic
factors published in Ref. [4] are systematically higher in comparisoa with the present data
and with data in Ref. [2}
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The present (d, t) results in the region below and slightly above the 1 MeV excitation
energy correlate well with those observed for the neutron stripping (d, p) reaction. Above
the 1.3 MeV excitation energy no correlation appears between the levels observed in the
pick-up and stripping reactions.

The 48Nd target nucleus can be regarded as a core of N = 82 neutrons building
a closed shell with six valence neutrons in the range N = 82 to 126. These six valence
particles are distributed among the 21,5 5,25 3P3/2,1/2; lho;; and 1iy3,, orbits which form
the N = 82 to 126 shell and most of them should correspond to low lying particle states
in the *7Nd nucleus. By summing the (d, t) spectroscopic factors, IS{;’, 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. Theoreticaily this number should be six
for the *Nd nucleus. In Table I the spectroscopic strengths Sf; are listed for the states
where the assignments are fairly certain. The spectroscopic strength ZS{;” surhmed over
all states originating in the N = 82 to 126 shell is 4.93 which is reasonably close to the
expected value if we take into account the fairly large uncertainty in the spectroscopic
strength.

The levels observed in the (d, t) reaction at higher excitation energy correspond to the
removal of neutrons from the closed N = 82 core, mostly from the neutron orbitals 3s,,,,
3dsj2, 1hyy, and 1g4,. Since these neutron orbitals are in principle completely filled,
they should yield latge spectroscopic factors in,the pick-up reaction and they are not
expected to appear in the stripping reaction. Table II gives a comparison of the sum rule
for the neutron hole states obtained in the previous and in the present experiments for
the (d, t) reaction in '#7Nd nucleus; the results for *4'Nd, 43Nd and '*5Nd nuclei obtained
from the (d, t) reaction [15, 16, 17] are also shown. The spectroscopic factors for s,,, are
approximately constant for these nuclei but for 14, ,,, the spectroscopic factors are too small
which means that not all strength are observed and that these strengths are smeared over
a larger number of states when the neutron number of the target nucleus increases.

3. Conclusions

Charged particle spectroscopy involving the (d, p) and (d, t) reactions has supplied
new nuclear structure information on the *#7Nd nucleus. For the levels below 1.5 MeV
the characteristics obtained in the present and previous experiments are in quite good
agreement, while for the levels above 1.5 MeV there is also agreement between different
experiments though some discrepancies also occur.

The summed (d, p) and (d, t) spectroscopic factors for all / = 3 states, 2f;,, and 2f5;,
give the value 10.43 (about 75%) of the theoretical strengths and this indicates that most
of the / = 3 states in *7Nd have been observed. The neutron single particle energies
£7/2,5,2 are listed in Table Il and give only the lower limit for the position of the 2f,,, +2f5,2
neutron single particle state.

The summed (d, p) and (d, t} spectroscopic factors XZ(2J+ 1S$72. 12 +E8$2,,, for
the 3p;,, and 3p,,, neutron single particle states give the value 3.64+0.78 = 4.42 (about
74% of the maximum strength). This indicates that most of the strength for the / =1
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states are observed. The calculated single particle energies, &35 1,5, listed in Table III give
also the lower limit for the position of the 3p;,,+3p;,, neutron single particle states.

The strengths for the 1hy),, 1k, and 1i,;,, are significantly smaller than expected.

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 three levels are populated
by / = 0 transitions and seven levels by / = 2 transitions.

The summed spectroscopic factors for the /=0 and / = 2 transitions are equal
to 1.28 (about 659; of the maximum value) and 2.01 (about 50 %} of the maximum value),
respectively, and these values are significantly smaller than thee xpected maximum theoret-
ical value.

The summed (d, t) S,(j" spectroscopic factors for the orbitals 2f75 52, 3P3/2,1/2> ks,
and 1i,3,, above the closed shell of N = 82 neutrons give for levels excited by the 14Nd (d, t)
reactions about 829, of the sum rule strength.

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.

REFERENCES

[1] C. A. Wiedner, A. Heusler, J. Solf, J. P. Wurm, Nucl. Phys. 1103, 443 (1967).

[2] O. Straume, D. G. Burke, Can. J. Phys. 55, 1687 (1977).

{31 O. Straume, G. Lovhgiden, D. G. Burke, J. C. Wadington, Can. J. Phys. 55, 1697 (1977).

[4] G. Lavhgiden, J. R. Lien, S. El-Kazzas, J. Rekstad, C. Ellegaard, J. H. Bjerrega:ird, P.
Knudsen, P. Kleinheinz, Nucl. Phys. A339, 477 (1980).

[51 R. Roussille, J. A. Pinston, H. Bérner, H. R. Koch, D. Heck, Nucl. Phys. A246, 380 (1975).

[6] R. Roussille, J. A. Pinston, F. Braumandl, P. Jevch, J. Larysz, W. Mampe, K. Schrecken-
bach, Nucl. Phys. A258, 257 (1976).

[71 J. A. Pinston, R. Roussille, G. Bailleul, J. Blachot, J. P. Bocquet, E. Monnand, B. Pfeiffer,
H. Schrader, F. Schussler, Nucl. Phys. A246, 395 (1975).

{8] D. G. Burke, B. Zeidman, B. Elbek, B. Herskind, M. Olesen, Mat. Fys. Medd. Dan. Vid. Selsk.
35 nr 2 (1966).

[91 P. O. Tjem, B. Elbek, Mat. Fys. Medd. Dan. Vid. Selsk. 26, 8 (1967).

[10] J. Borggreen, B. Elbek, L. Perch Nielsen, Nucl. Instrum. Methods 24, 1 (1963).

[111 J. G. Van der Baan, P. R. Christensen, J. Rasmus3en, P. O. Tjem, Nucl. Phys. Al15, 265
(1968).

[12] M. Jaskoéta, K. Nybg, P. O. Tjem, B. Elbek, Nucl. Phys. A96, 52 (1967).

[13] B. Elbek, P. O. Tjom, Advances in Physics, Plenum Press, Vol. 3, New York 1969.

[14] D. G. Burke, J. C. Waddington, D. E. Nelson, I. Buckley, Can. J. Phys. 51, 455 (1973).

[15] M. Jaskota, P. R. Christensen, P. O. Tjgm, Report Inst. of Nuclear Research, Warsaw, INR
1769/1979.

[16] D. Chlebowska, M. Jaskéla, Acta Phys. Pol. B9, 799 (1977).

[17] M. Jaskota, Acta Phys. Pol. B11, 393 (1980).

[18] P. R. Christensen, B. Herskind, R. R. Borchers, L. Westgaard, Nucl. Phys. A102, 481 (1967).



