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Proton Single-Particle States above Z -64
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From a ( Li, 3n) in-beam study of the one-particle nucleus ~4~Tb the 1.6-h isomer is
assigned at 2+ which is attributed to the 7ls&i& shell-model state. The ~43~2 level lies at
253 keV, and the «&yz 'jo and 7tg&i& 'jo states are found at 354 and 719 keV, respec-
tively. These observations provide a clear and consistent picture of the single-proton
states in this region. The discontinuity of the observed quasiparticle energies between
63Eu82 and 65Tb8& provides support for a large single-particle energy gap at Z = 64,

estimated to be -2.3 MeV.

PACS numbers: 21.10.Pc, 25.70.-z, 27.60.+j

The ' 'Tb nucleus has one proton outside the
' 'Gd closed core and thus is the principal source
of information on the single-particle energies of
the s„„d31„andkyy/2 skell-model states which
occur above Z =64. Two P-decaying isomers are
known" in '"Tb, and recently the high-spin ex-
citations built on the 1.9-min &h»„single-parti-
cle state were investigated' in an (cL, 8n) experi-
ment. There are; however, no data on the s»,
and d», single-proton states, and their energies
could only be estimated by extrapolation" from
the lower-Z N =82 isotones.

Before our work the 1.6-h "'Tb spin and parity
had been assigned' as ~' and had been attributed
to the d», shell-model orbit. This assignment
arose' from the systematic comparison of the
ground-state spins of ' 'Eu and of the N =84 and
86 Tb isotopes which were adopted as ~' from
early +-decay data. In the meantime, however,
the "'Tb«ground-state spin has been measured
in an atomic beam experiment' as ~, and a de-
tailed P-decay" study of 4.2-h "'Tb«concludes
that the ground state must also have I'=&'.

These findings diminish the basis for the ~ as-
signment for "'Tb. Moreover, the &h„„nature
of 1.9-min "'Tb also makes a d5/2 assignment for
the 1.6-h level highly questionable. The &h»»
—d5]2 E3 transition' in '~'Eu has 4 Weisskppf
units (W.u.), and comparable ES enhancements
have been measured in several odd-proton nu-
clei" in this region. On the other hand a decay
branch connecting the twp '"Tb isomers has not

been observed, and therefore its partial half-life
must be»1.9 min. Since an E3 transition of 1
W.u. in '"Tb has T», (20 sec (if E y

) 2 keV),"a
d, „assignment for 1.6-h Tb appears very unlike-
ly.

In"'Tb one expects the h»», s„»and d„,si.n-
gle-proton states at low excitation. Since pairing
is important at Z = 64, the &d„,'j,' and 7t g», 'j,'
two-particle, one-hole levels are also expected
at low energy, analogous to '"Eu where, e.g. ,
the &hery/2 jo one-particle, two-hole state lies' at
716 keV. Other states in ' 'Tb will j.nvolve excita-
tipn pf the ' Gd 3 pr 2' cpre states at 1.6 and
2.0 MeV. The data on the other three single-nu-
cleon nuclei, '"Gd (Ref. 10), '4'Eu (Refs. l and
ll), and "'Gd (Refs. 1, 2, and 5), suggest that
such states only occur above l MeV. [The lowest-
lying known core-excited state is the (vf», x 3 )'
—,
"level'" in ' 'Qd which, because of strong in-

teraction with the vi»» single-particle state,
comes as low as 997 keV. ] One, therefore, would
expect that in '"Tb such core-excited levels
would also occur above 1-MeV excitation.

The importance of pairing at Z = 64 has been
demonstrated in a recent analysis of proton exci-
tations in the iV =82 isotones by Chasman, "who
directs particular attention to the level scheme
of '"Tb. This analysis suggests that the five
single-particle levels of the 50& Z + 82 shell
should lie weQ below 1 MeV in that nucleus.

In order tp elucidate the interesting problems
of '"Tb and also to remedy the unsolved discrep-
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FIG. 1. Examples of coincidence spectra for transi-
tions in YTb measured in the ( Li, 3n) reaction with
two 80-cm3 coaxial Ge(Li) detectors.

ancies, we have investigated this nucleus through
the '4'Sm('Li, 3n) reaction at the FN tandem ac-
celerator of Cologne University using in-beam
y and electron spectroscopy. A coincidence
measurement at 30-MeV bombarding energy (Fig.
1) reveals a cascade of three y rays with 101,
253, and 365 keV which, from excitation-function
studies and coincidences with x rays, is attribut-
ed to '"Tb. We have also observed this cascade
in P decay of "'Dy which was produced through
the (a, 9n) reaction with 120- to 140-MeV n-par-
ticle beams from our cyclotron. A P-decay study
of mass-separated "'Dy produced through ("C,
7n) reported in a recent abstract" independently
establishes this result. Gamma rays of 101 and
253 keV also occur' in "'Tb, but this nucleus is
not observably populated in our I i-induced in-
beam measurements.

The properties of these three transitions are
summarized in Table I. Conversion-electron
measurements with a mini-orange spectrometer
establish M1 multipolarity for the 253- and 365-
keV transitions, and a y-ray singles timing meas-
urement with a pulsed beam gave T», 1.3 ns for
the 253- and 365-keVy rays, and (2 ns for the
101-keV line.

The measured transition intensities, together
with the intensities observed in the coincidence
experiment (Fig. 1), establish the transition se-
quence as shown in the level scheme of Fig. 2.
The intensity balance and the Ty/2 limit require
magnetic dipole character for the 101-keV y ray.
The observed cascade, therefore, establishes
four levels of the same parity.

Since, as discussed above, one expects only the
~', ~', ~', and ~' states of the same parity be-
low 1 MeV in '"Tb, the dipole character of the
cascade transitions requires that they form a
monotonic spin sequence. The measured angular
distributions exclude I =~ for the first and second
excited states and thus are in accord with this
conclusion. Since a ~' lowest level would connect
with the ~ isomer through an M2 transition of

T„,&10 ms, the only possible spin sequence is
(g.s.), ~ (253 keV), ~5 (354 keV), and ~ (719

keV) as shown in Fig. 2. [Here we have assumed
that the energy separation between the two iso-
mers is not «2 keV, such that o.'„,(M2) might be-
come small. J The new ~' assignment for the 1.6-
h isomer removes the severe difficulties encoun-
tered with the previous ~' assignment. The re-
sults also confirm that the d3/2 level lies above
the s», state, as suggested by extrapolation from
the lower-Z N =82 isotones. 4

The position of the h»» state relative to the
positive-parity levels is not yet known, but its
1.9-min half-life excludes the possibility that it
lies above the 354-keV ~' state. A rather low ex-
citation energy is suggested independently by an
examination of the energy systematics of the odd

TABLE I. Properties of transitions in Tb observed in the reaction Sm( Li, 3n) at 30-MeV
bombarding energy.

jV

{keV)
Relative p-ray

intensity
Angular-distribution coefficient

A2 A4 l0 n~2
Mutt ipol arity

l00.7(3)
253.4(2)
365.l(3)

23(3)
100
33(4)

—0.09{2)
—0.l5(l)
—0.03(2)

—0.02(2)
0.0l(l)
0.0l(2)

230(180)
l4(2)
4.2(S)

Ml
Ml
Ml

Angular-distribution data given E2 admixtures ( GVo for all three transitions.
Value listed is ~, , derived from intensity balance.
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FIG. 2. Level scheme of 4~Tb established from the
present experiments. Quasiparticle Energies

Tb isotopes. In "'Tb„the 8»„level is found"
at 100 keV, and for '"Tb~ the e-decay data' sug-
gest —40-keV excitation for the 6»» state. From
a pairing analysis of the measured level energies
discussed below, one would expect that the kyy/p

level also lies very close to the s», state in '~'Tb.
Figure 3 illustrates the results of the pairing

calculations for odd-Z N =82 isotones carried out
with a standard BCS program. In these admitted-
ly simple, but straightforward, calculations G

=0.20 MeV was kept constant, and the single-
particle energies were varied to reproduce the
experimental quasiparticle energies. The final
calculations for each nucleus were made without
varying the single-particle energies, blocking
each of the five individual single-particle states
separately. The quasiparticle energies shown in
the lower part of the figure, calculated in this
manner from the single-particle levels shown
above, agree within 20 keV with the experimental
values from the present work and from Ref. 4.
In the calculations for '~'Tb the four positive-
parity states were reproduced, with the relative
~11/2t 1/2p a d d3/2 single-particle energies simi-
lar to those for '~'Eu. The calculated occupation
probabilities for ' ~Sm and the lighter even nuclei
agree to within half a particle with experiment.
The calculations suggest about 2.3 MeV for the
single-particle energy gap at Z =64. This gap
value is somewhat dependent on the details of the
pairing calculation (cf. the caption to Fig. 3) but
is in good agreement with our earlier approxi-
mate estimate' and is, as expected, slightly larg-
er than the 1.829-MeV d5/, to 8»» energy separa-
tion observed' in ' 'Sb.

In conclusion, the present study has located the
four positive-parity single-proton states in ' 'Tb,
with the s», and 4», states, and also the h»»

g7/2
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FIG. 3. Single-particle energies and quasiparticle
energies calculated with G = 0.20 MeV for odd-Z N = 82
isotones. The calculated quasiparticle energies re-
produce the experimental data within 20 keV. Chasman
obta~ed-single particle energy gaps of 2.1 MeV for
'4~Tb (Ref. 16) and 1.9 MeV for '4'Eu (Ref. 13) (dotted
lines) with a pairing calculation based on the method
of correlated quasiparticles using G = 0.17 MeV. If
a pairing plus quadrupole interaction is included the
Eu-gap value (Ref. 17) becomes 2.06 MeV.

level, lying at low energy. This sequence is re-
versed as compared to the Z =63 nucleus '"Eu8„
where the 4», and g7/, states occur below the sy/p,

d3/» and h»» excitations. This pronounced dis-
continuity in the observed quasiparticle energies
provides strong support for a large energy gap in
the single-particle spectrum at Z =64.
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Nuclear P+ decay in the presence of a very intense laser field is considered. If the en.—

ergy which is available for the decay in the absence of the field is small, the impact of
the laser field is very significant, resulting in a large enhancement of the decay and a
large upshift of the P energies.

PACS numbers: 23.40.-s, 13.40.Ks, 42.60.-v

Applications of lasers to nuclear physics have
thus far been restricted to measurements of hy-
perfine or isotope shifts of atomic levels which
provide information about nuclear quantities. Di-
rectly influencing nuclear phenomena by a laser
field seems hopeless at first glance. However,
laser fields (albeit well focused) are of practical-
ly infinite extent compared to nuclear dimensions.
Hence, although nuclear matrix elements are
hardly affected by the laser, the quantum states
of charged particles which evolve from nuclear
processes are. For example, the state of a free

electron in the presence of a laser field is given
by the Volkov solution [Eqs. (2) and (3)].

The basic dimensionless parameter which turns
out to govern all these effects is (we use units
such that k= c = 1)

v' =(ea/M)'

= 7. 5 & 10 "h.'[cm] I [W/cm'](m/M)',

with a, ~, and I the field strength of the vector
potential, the wavelength, and the intensity of the
laser field; M is the mass of the charged particle
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