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Measurement of the Nuclear Level Density at High Spins
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The neutron spectrum from the reaction Zr(~Ni, ln) "~Er has been measured at an average spin of
52h and for excitation energies between 30 and 36 MeV in ' Er. Channel and spin selection have been
obtained from the Darmstadt-Heidelberg Crystal Ball. The level density in ' Er is derived within the
framework of a Fermi-gas model. A level-density parameter of a A/(8. 8+ 1.3) MeV ' is deduced.

PACS numbers: 21.10.Ma, 25.70.Gh, 25.70.Jj, 27.70.+q

The atomic nucleus constitutes a unique system in that
it exhibits both microscopic features and statistical as-

pects commonly described in terms of a level density.
The spin and excitation-energy dependence of the level

density provides a stringent test for nuclear models.
Moreover, since phase space governs the gross properties
of a large class of nuclear reactions, a precise knowledge
of the level density is required to understand all nuclear
reactions involving statistical features. From the theo-
retical point of view, level densities are usually described
in terms of a Fermi-gas model including shell effects
which represent the impact of microscopic nucleonic
motion on the average properties of nuclei.

Experimentally, the most direct and detailed informa-
tion about nuclear level densities has been obtained from
neutron-capture resonances. ' Such information is, how-

ever, limited to low excitation energies and spins. The
major source of knowledge about level densities at higher
excitation energies and spins arises from particle-evap-
oration spectra in heavy-ion fusion reactions analyzed
in the framework of the statistical model. The informa-
tion obtained so far, however, suffers from several uncer-
tainties: The spin distribution of emitting nuclei is not
known experimentally; moreover, the experimental parti-
cle spectra contain contributions from several steps in an
evaporation cascade and, hence, represent a mix of spec-
tra corresponding to the substantially different excitation
energies. Consequently, full statistical-model calcula-
tions involving many additional parameters apart from

the level densities are needed for a quantitative descrip-
tion of the various deexcitation steps.

In this Letter we present a new method to obtain
direct information on nuclear level densities at high spins

by measuring neutron spectra from heavy-ion fusion re-
actions in coincidence with a 4tr multi-element y-ray
detector system. The Darmstadt-Heidelberg Crystal
Ball was used to measure the spin distribution of the re-
sidual nuclei after neutron evaporation. As a conse-
quence, it is possible to select the excitation energy and
spin range for which the evaporation of one and only one
neutron is the dominant exit channel. Such selection can
be done with high e%ciency because of the solid angle of
almost 4x. Thereby, ambiguities involved in a compar-
ison with a complex statistical-model calculation can be
avoided.

The reaction Zr( Ni, ln) ' Er at a bombarding en-

ergy of 239 MeV has been chosen for the present study.
An isotopically enriched (95%) Zr target of 320
pg/cm was irradiated with a Ni beam provided by the
Max-Planck-Institut tandem postaccelerator facility at
Heidelberg. The y radiation from the residual nuclei
was registered in 158 NaI modules of the Crystal Ball
and in one Ge detector. Neutrons were detected with
two 10X5-cm cylindrical liquid scintillator counters
(NE213) positioned at laboratory angles of 0 and 65
relative to the beam direction at a distance of 71 cm
from the target. Standard pulse-shape discrimination
techniques were applied to separate neutrons from y
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FIG. 1. Delayed Ge-detector spectrum for the fold cut
(prompt fold ) 31, delayed fold ( 2) to select the 1n exit chan-
nel. The position of the isomeric transition in ' Er is marked
to illustrate the suppression of the 2n channel.

FIG. 2. Neutron spectrum for the same fold cut as in Fig. 1.
The solid curve represents a least-squares fit to the data with
use of Eqs. (1) and (2). The fit parameters are given in Table
I.

rays. Neutron energy spectra were derived from the
time of fiight with respect to the pulsed beam. The neu-

tron background due to scattering from the Crystal Ball
elements and other surrounding material was measured
separately by our placing cones of borated polyethelene
(23 cm long) between the target and the neutron detec-
tors. This contribution amounts to 6% of the observed
neutron yield and was subtracted in the off-line analysis.
The spectra have been corrected for the detector efft-

ciency. After transformation into the center-of-mass
system both the spectral shape and yield at the two an-

gles were found to be identical. Thus in the energy
range studied there is no evidence for preequilibrium
emission which would otherwise give rise to forward-
peaked angular distributions as well as high-energy tails.
Therefore, the spectra at 0' and 65' have been added to
improve statistics.

The neutron spectrum from the 1n channel will direct-
ly reAect the level density of ' Er, provided there is no
significant competition from the 2n channel within the
spin window to be selected. Such a contribution would

bias the ln spectrum towards higher energies. For IcN
& 49A the ln channel is the dominant evaporation de-

cay channel of the compound nucleus; contributions
from all other channels amount to less than 7%. This
spin range can be selected by the requirement of more
than thirty detectors responding per event within 5 ns of
the beam pulse. Because of the finite multiplicity resolu-
tion, however, this fold cut contains contributions from

Er decays, arising from spins IcN (496. These con-
tributions can be removed by the rejection of events with
more than two delayed (10-110ns) elements firing. The
quality of this spin-range selection is demonstrated in

Fig. 1 which shows the delayed (15-110 ns) Ge spec-
trum with this fold cut. Delayed transitions from the de-

cay of the 11 40-ns isomer in ' Er (2n channel) are
not observed.

Figure 2 shows the neutron spectrum under identical
conditions after subtraction of the contribution due to
neutron scattering from neighboring Crystal-Ball ele-

Here, e is the rigid-body moment of inertia, a the level-
density parameter, and T the nuclear temperature with

U =aT2 —T. (3)

The yrast energy at the corresponding average spin
was determined by the extrapolation of the yrast line of

Er known up to spin —", 5 into the spin range of in-

terest. The remaining free fit parameters are the level-

density parameter a and the yield normalization constant
C.

The results of the fits are listed in Table I. A level-

density parameter a 17.6 ~ 1.4 Mev ' corresponding
to a A/(8. 8~ 1.3) MeV ' is deduced. The error in-
cludes statistical and systematic errors, the latter mainly
arising from the uncertainty in the absolute spin
value, ' ' estimated to be about + 56. The average

TABLE I. Inputs and results of the At procedure.

(1)E,
(h)

E Q

(MeV)
&E,.t)

(MeV)
C

(MeV)
a

(M@V ')

52 ~ 5 47.2+ 1.7 17.6 2.9+).fx 10 17.6 ~ 1.4

ments. A 10% contribution due to the 2n channel has
also been subtracted. (Since the neutron multiplicity is

2, the actual channel yield is only 5%.) According to
Blatt and Weisskopf the 1n spectrum has been fitted
with the expression

dN(e) =Cap(U) de,

where U E 8„E„,—(I) —e —is the internal excitation
energy of the residual nucleus, E is the total excitation
energy, 8„ the neutron binding energy, Ey, (I) is the
yrast energy at spin I, and e is the average neutron kinet-
ic energy. According to Snover

' 3/2

p(U) = 6 (2I+ 1)Wa
exp2gaU. (2)

12(U+ T) '
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FIG. 3. Experimentally determined density of levels at an

average spin of 52k as a function of excitation energy in ' Er.
The excitation-energy interval is determined by the compound-
nucleus excitation energy and the range of neutron energies
measured. Only the statistical errors are indicated. Because of
the error of the normalization constant C the absolute value of
the level-density scale is uncertain by a factor of 4. The con-
version of total excitation energy E* into the intrinsic energy U
has been performed for the average spin of Iq, 526, with an
extrapolation of the known yrast line. The solid line shows the
result of a calculation with a (A/8. 8) MeV

excitation energy in ' Er after neutron evaporation as
determined from E =47 MeV and the neutron binding
and average kinetic energies (8„=9.9 MeV; (e) 2.2
MeV) agree within 0.5 MeV with the average total y-ray
energy E,„34.6~1.0 MeV registered in the Crystal
Ball for the applied fold cut.

According to Eq. (1) the level density in the residual
nucleus can be derived directly from the measured neu-
tron spectrum by our dividing out the neutron energy
and the constant C. The resulting level density for an
average spin (I)F., -52h is shown in Fig. 3 as a function
of the excitation energy in ' 5Er. The solid line shows
the result of a calculation with a =A/8. 8 using Eq. (2).
This value is consistent with systematics' established for
low excitation energies and spins.

It should be pointed out that, although energetically
possible (8„7.9 MeV), a second neutron is not emitted
at an average excitation energy of 17 MeV above the ex-
trapolated yrast line in ' Er. One possible explanation
would be a reduction of the available thermal excitation
energy, with the remaining energy tied up in deforma-
tion, possibly because of trapping in a superdeformed
minimum" due to shell effects. (A superdeformed band
was recently found in the neighboring nucleus ' Dy. ' )
If the energy for neutron emission is reduced by 3 MeV

(at I-526) to suppress the emission of a second neu-
tron, then a different value of a=(A/10. 3) MeV
would be obtained. (Another possibility is that the eva-
poration of only the second neutron is inAuenced by shell
effects after the cooling brought about by the emission of
the first neutron. ) This discussion illustrates a difficulty
in the determination of the level-density parameter a,
namely that it depends on the choice of the energy avail-
able for neutron emission. If the In channel could be ob-
served in a case where there is no suppression of neutron
emission, the level density could be unambiguously mea-
sured. (Experiments of this type with a Crystal Ball
should still be feasible despite an order-of-magnitude
reduction in the channel yield. )

In summary, a new experimental approach has been
described which allows a direct determination of nuclear
level densities at high spins. It is based on the measure-
ment of neutron spectra for the 1n channel in coin-
cidence with a 4tr multielement y-detector system which
provides exit channel and spin selection. Ambiguities in

the determination of level densities usually encountered
in the analysis of particle-evaporation spectra are there-
by avoided.
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