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Decay history and magnetic moments at high spin in ' Dy
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Average magnetic moments as well as information on the time evolution of the continuum structure of"Dy at high spin have been obtained using the transient hyperfine magnetic field acting on fast ions
traversing a thin, magnetized gadolinium foil. ' Dy nuclei were populated by the Ge(' Se,4n)" Dy
fusion-evaporation reaction at E(' Se) =326.5 MeV. The target-ferromagnet arrangement corresponds
to a time window of about 70 & t & 1100 fs, during which the excited nuclei experience the transient field

interaction. The statistical y rays, as well as the high-energy, E~ ) 1200 keV, y rays contributing to the
collective E2 "bump, " exhibit a negligible precession, in accordance with the very short lifetimes of
these states. The precession of the angular distribution of discrete yrast y rays deexciting the nucleus
from spin I-35k down yields an average magnetic moment for states with 43% ~ I ~ 31k. The resulting

(g ) =0.21i2i is considerably lower than the collective value Z/3 -0.43 and indicates an appreciable
contribution from aligned neutrons to the lower-spin region populated within the above time frame. The
results are discussed in the framework of model calculations of the y-ray cascade.

I. INTRODUCTION

The measurements of g factors of high-spin nuclear
states have received a new impetus from the improved
theoretical understanding of shell efFects in deformed po-
tentials as well as from the availability of modern, high
sensitivity, multidetector arrays. The experimental deter-
mination of magnetic moments has traditionally played
an important role in the evolution of nuclear structure
models since these moments probe mostly the single-
particle degrees of freedom, in contrast to E2 properties
which probe collective features. As an example, the mea-
surements of g factors of high-spin levels in ' Dy and in

U and Th using the transient field technique have
unambiguously determined the role of neutron and pro-
ton alignments in the structure of the backbending region
[1,2]. Previously, only a few spin precession experiments
have been carried out for the higher-spin regime. The
most notable were experiments [3] on ' ' Dy, where
average g factors for 20% &.I & 30% were determined, and
the experiments [4,5] on ' ' ' Yb, where yet higher-
spin states were probed.

The evolution of nuclear properties with changes in an-
gular momentum I and internal excitation energy above
the yrast line U has been the subject of many investiga-

tions. So far, most studies examine y-ray spectra, multi-
plicities and the appropriate Doppler shifts in order to
determine decay schemes and to understand how nuclear
structure changes in the spin-excitation energy plane. In
particular, ' Dy is a nucleus for which the evolution of
the nuclear structure with increasing spin and internal
energy has been exhaustively studied by a plethora of ex-
periments which measured spectra, lifetimes, and angular
distributions of continuum and discrete transitions [6]. It
has been determined that the yrast states consist of oblate
aligned-particle configurations. However, the excited
states above the yrast line show evidence of collectivity,
clearly rejected by a prominent quasicontinuum E2
"bump" [6].

In view of the available knowledge of the ' Dy struc-
ture and of the intense theoretical interest generated
more recently by the discovery of the superdeformed
shape in this nucleus, the present study was undertaken
with the two distinct goals of determining, from a spin
precession measurement, both the time evolution of the
nuclear decay and the magnetic moment of the states in-
volved.

The time evolution of the nuclear decay can be fol-
lowed after population of the highest-energy states
through the complex decay pattern of statistical y rays,
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the continuum E2 "bump, " the dipole radiations and the
weak discrete states that immediately precede the yrast
line. As in all other experiments on short-lived nuclear
states, the transient field technique [7] was used. This
technique makes use of a large hyperfine interaction ex-
perienced by fast nuclei traversing ferromagnetic foils.
This procedure provides a time window of about
70—1100 fs during which the ' Dy ions traverse the mag-
netized gadolinium foi!. The decay history can then be
traced by foHo wing the magnetic precession of the
relevant states sequentially populated as the nucleus de-
cays.

The present experiment, coupled to existing models for
the y-ray Aow from the entry point in the I-U plane
down to the yrast line, provides information concerning
the time evolution of the nuclear decay as well as the rel-
ative contribution of neutrons and protons to the total
spin for the ensemble of nuclear states which is probed
within the time window.
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II. EXPERIMENT

High-spin levels in ' Dy were populated with the
Ge( Se,4n)' Dy reaction using a 326.5-MeV beam

from the ATLAS Facility. This particular reaction was
selected to provide high recoil velocity to the ' Dy nu-
clei. The high velocity insures that recoiling ions do not
stop in the gadolinium foil (see discussion in Ref. [7]).
The target layer of 1 mg/cm of enriched Ge was
directly deposited on 6.6 mg/cm of gadolinium, eva-
porated onto a 1 mg/cm tantalum foil and backed by a
15 mg/cm gold foil which provides a perturbation-free
environment for the recoils to stop in. The target assem-
bly was held between two permanent magnets in a setup
similar to that used in a previous g factor measurement
on ' Gd [8]. The target was cooled by flowing liquid ni-
trogen to 100 K and the magnetization of the gadolinium
foil was measured at this temperature (see Ref. [8]). The
details of the target structure as well as the kinematics
used in the reaction are presented in Table I. The target
assembly is shown schematically in Fig. 1, together with
the corresponding time scale for the ' Dy nuclei travers-
ing the target and ferromagnet [9]. As discussed below,
the transit time through the ferromagnetic foil provides
the relevant parameter needed to extract both the time
history and magnetic moment information from the
present results.

The present experimental setup made use of the

FIG. 1. Schematic view of the target assembly; the time scale
for the recoiling ' Dy nuclei is derived from the kinematics,
with the average t =0 being taken in the middle of the Ge lay-
er. Also depicted are the average spin, excitation energy, and a
schematic decay pattern as derived from the Monte Carlo simu-
lations described in the text.

Argonne —Notre Dame BGO y-ray facility. This ap-
paratus consists of two rings of six Compton-suppressed
detectors each, placed at 17' above and below the hor-
izontal plane. Eight detectors located in the horizontal
plane, at angles of +35.5' and +144.5 with respect to
the beam direction, were used to determine the preces-
sion effect while the four remaining detectors at 90'
served as checks for geometrical and systematic efFects.
Channel selection of ' Dy was performed by tagging on
the 60-ns isomer detected with an inner array of 46 hex-
agonal BGO detectors.

A typical spectrum of prompt y rays measured in a
backward detector, gated by a delayed multiplicity
3 &M &8, is shown in Fig. 2. The strongest features of
the spectrum are the statistical y rays at high energy, the
collective E2 structure peaking at E —1250 keV, and
the discrete transitions. Figure 3 presents a partial level
scheme emphasizing the transitions whose precessions
were measured in this experiment [10,11].

TABLE I. Description of the target composition and kinematics of the reaction. l represents the
thickness of the target isotope while L is the thickness of the gadolinium foil. M is the magnetization of
the ferromagnetic layer in an external field of H„,=0.14T. (v /vo);„and (v /v0), „,are the average "Dy
velocities at the entrance and exit of the gadolinium foil in units of the Bohr velocity vo =e /A'.

l( Ge) L (""Gd) E(80Se) E (152Dy) E ( Dy)
v

in
v

Out

(rng/cm ) (mg/cm )

1.0 0.2045

(MeV)

326.5

(MeV)

138.4

(MeV)

20.5 6.1 2.3
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FIG. 2. A typical y spectrum in a backward detector with the delayed multiplicity condition of 3 & M & 8. The statistical y rays,
the E2 continuum, and the discrete transitions are easily discerned. The dashed line corresponds to a fit of the statistical radiations
from 2000 to 3000 keV to the function N(E~ ) =E~ exp( —E~ /T).

III. ANALYSIS

The analysis of the precession of the statistical y rays,
the E2 continuum, and the discrete transitions was car-
ried out on "unfolded" spectra. These were obtained by a
procedure designed to correct for the detector response
and described in a previous publication [12]. A fit to the
statistical radiations, corresponding to a spectral shape
given by N(E~ ) =E~ exp( E /T), was subtr—acted from
the data. The analysis of the precession of the statistical
and discrete radiations was also carried out on the raw
data, yielding essentially the same results.

Standard double ratios were formed as described in
Ref. [7]:

Pij
N t(i)/Nl(i)
NT(j )/Nl(j)

1/2

where N f(i,j ) and N &(i,j ) represents, for example, the
integrated counts in a given energy bin with magnetic
field "up" or "down" for detectors i orj (i,j = 1,4 or 2,3),
located at the complementary angles of +35.5 (1,4) and
+144.5' (2,3).

Ratios p=(p&z/pzz)' were then obtained from which
the precession effect, e=(p —1)/(p+1), was calculated.
Similar "cross ratios" p, =(pz4/p») and e, were also
evaluated in order to check for systematic eQ'ects that
might mask the true precession [7]. In all cases, vanish-
ingly small p, were obtained, as expected. In addition,

the transitions below the 21, z&&&=10.0 ns, isomer ex-
hibit no precession. This occurrence is expected because
the time scale for paramagnetic relaxation of dysprosium
in gold is much shorter than the mean life of the isomer.

In order to extract from the data of Table II either g
factors of the high-spin states or the time evolution of the
decay, further experimental input is still required. First,
the angular distribution of the relevant y rays has to be
known. The ratios of counts at 35.5' and 144.5' to the
counts at 90' were compared to the previous measure-
ment of angular distributions [6], and were found to be in
agreement. Hence, the angular distribution coefficients
from the earlier experiment were adopted in the analysis
carried out here, both for the discrete transitions and for
the continuum spectra. The logarithmic slope S of the
angular distribution W(8) at the angle at which the mea-
surements were carried out, S=(1/8')(dW/d8), was ob-
tained from these coefficients and the angular precession
60=@/S was calculated. The resulting values for S and
68 for the discrete lines, and for the continuum radiation
grouped in energy bins of 100 keV, are shown in Table II.

Second, the velocity dependence of the transient field
has to be known to relate accumulated precession to
elapsed time and to extract absolute values for the aver-
age magnetic moments. The Chalk River parametriza-
tion [13]

8(u, Z)=154.7Z(u/uo) exp( —0. 135u/uo)M, (2)

where vo=e /A is the Bohr velocity, was used for the
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analysis. The calibration constant determined in Ref.
[13] has been rewritten in terms of the foil magnetization
M. The Ziegler stopping powers were utilized [14]. A
typical uncertainty in this parametrization is of the order
of 10%%uo [7]. Figure 4 presents the precession results to-
gether with the corresponding energy regions of the y-
ray spectrum.

Finally, the g factor can be obtained from the relation

b8= (—gyre/fi) fB(U(t),Z)dt, (3)

where the integration is carried over the time the ' Dy
ion spends in the gadolinium foil.
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FIG. 3. Level scheme of ' Dy (Refs. [10,11]). The bold lines indicate the transitions whose precessions were measured in this ex-
periment. The dashed Iines suggest the decay out of the superdeformed band not shown in this figure.
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FIG. 4. Precession angles of the (a) discrete transitions vs I. The dashed line represents the average of the measured precessions;
(b) statistical and E2 transitions vs E~. The dotted line is the result of the Monte Carlo calculation described in the text. The values
indicated within brackets are the average 60 for the region.

IV. RESULTS AND DISCUSSION

The data were interpreted according to the following
model for the decay patterns. The paths followed by the
decaying ' Dy nuclei can be approximately classified
into three different, overlapping categories. At first, after
neutron evaporation, the hot nuclei decay very quickly by

statistical radiations intermingled with fast, high-energy,
E2 transitions. The time scale for the early statistical ra-
diations has been estimated in Ref. [1] to be of the order
of 20 fs. Hence, most of the high-energy statistical y rays
are emitted before the nucleus even leaves the target and
no precession effect ought to be noticed.

The second region covers the multitude of E2 transi-

TABLE II. Summary of precession angles 60 for the statistical, E2, and discrete radiations. S
represents the logarithmic slope of the angular correlations at angles of +35.5 and +144.5'.

Energy
(keV)

)2200
1800—2000
1700-1800
1600—1700
1500-1600
1400—1500
1300—1400
1200—1300

1100-1200

388
780
685
254
431
1114
711
402
147
967
221
541
991

A, =1
E2

M1
M1
E2
Ml
M1
E2
M1
M1
M1
M1
E2
E2
E2

35
34
33+
33+
32+
31+
31+
30+
29+
28+
27
25
23

'T

Continuum

Discrete transitions

50 ps

2 ns

ga

—0.39
+0.41

—0.539
—0.480
+0.316
—0.500
—0.230
+0.392
—0.685
—0.500
—0.539
—0.500
+0.210
+0.210
+0.234

60
(rnrad)

—1.8(6.3)
+4.5(28.5)

+45.0(20.5)
—1.3(11.3)

+ 18.8(9.3)
—2.3(6.6)
—8.6(5.6)
+8.5(5.23

(b,8) =2.6(3.0)
+ 13.4(4.4)

17.2( 15.4)
35.0( 16.0)
34.8(22.5)
72.4(28.6)
75.2(23.9)
28.6( 18.4)
49.1( 15.0)
53.2(9.6)
53.4( 10.6)
48.4( 8.4)
49.0( 13.3 )

38.1( 13.8)
35.5( 15.8)

( b 0) =45.6(3.8 )

'1986 measurement of the slopes (private communication).
The 254-keV line is a doublet. The intensity ratio of the 254-keV 33+~32+ to the 254-keV 18 ~17

transitions is taken from Ref. [10]. Assuming S =0 for the lower transition and S = —0.5 for the upper
transition, the quoted 50 is obtained.
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that the corresponding states either have no magnetic
moment, a rather unlikely occurrence for collective states
which are expected to have a g factor of the order of
g -Z/A, or are so short lived that they decay before the
nuclei enter the ferromagnetic foil. A mean upper limit
t(E2, E & 1200 keV) -70 fs for the decay of the corre-
sponding ' Dy nuclei is obtained from the mean transit
time through the Ge target.

For the very narrow range 1100&E&&1200 keV, a
finite precession is evident, b,0=13.4(4.4) mrad, indicat-
ing that the ' Dy nuclei in this region of the E2 continu-
um are finally in transit through the gadolinium foil. The
energy range of the E2 "bump" below 1100 keV cannot
be analyzed for precession because the spectrum is dom-
inated by the discrete transitions.

B. Discrete transitions: Probe states

0
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I I

20 30
I I

50 60 70

FIG. 5. Monte Carlo simulations: (a) Schematic representa-
tion of the average paths for diA'erent components of the y spec-
trum for the Ge(' Se,4n)' Dy reaction. (b) Sample of simulat-
ed cascades generated using ( Q ),=7 e b and (J ) = 76A' / MeV
(Ref. [6]).

A.. Continuum transitions

Several observations can be made immediately from
the data displayed in Table II. The statistical y rays
indeed show no precession. This result is consistent with
the expectation of the very short-lived nature of the very
high-spin states. Although not strictly a lifetime mea-
surement, this result constitutes a direct confirmation of
the very fast decay of the statistical transitions.

The precession observed for the continuum E2 radia-
tions in the energy range 1200 & E & 2000 keV,
(60) =2.65(3.0) mrad, is vanishingly small, suggesting

tions contributing to the E2 "bump. " The lifetime exper-
iments of Ref. [6] suggest that these processes last of the
order of a few hundred fs. The analysis of the present
data could, in principle, directly test this evaluation.
However, due to the fact that the discrete transitions
overlap in energy with the lower-energy y rays of the E2
"bump, " only the high-energy part of the region can be
directly measured.

Subsequently, the decay path approaches the vicinity
of the yrast line via discrete, long-lived ( —1 ps) ("grass")
states [6]. Finally, long after the nucleus leaves the ga-
dolinium foil, it emerges into the yrast structure charac-
terized by the well resolved y-ray lines ("trees"). The ob-
served precession of these transitions refIects the integrat-
ed precession of both the nuclear states which give rise to
the low-energy part of the E2 "bump, " and the following
dipole transitions. A schematic representation of the de-
cay paths as determined in previous work is displayed in
Fig. 5.

The integral precession of the lower states in the E2
"bump" does, however, contribute to the precession
displayed by the probe states deexciting via the discrete
transitions. These lines, emitted long after the recoiling
nuclei have left the ferromagnet, exhibit a much larger
precession. The average of the values of 60 for the
discrete lines (Table II) yields (b,0) =45.6(3.8) mrad.
This precession corresponds to the "total" cumulative
precession of the lower-energy E2 states together with
"soil" and "grass" levels incurred by the ' Dy nuclei
while traversing the gadolinium foil, and yields an aver-
age g factor for the ensemble of states (g ) =0.21(2).
This result is significantly lower than the value of Z/A
expected for collective rotations, and suggests that
aligned neutron configurations make appreciable contri-
butions.

C. Monte Carlo simulation

In order to extract from this result either g factors or,
alternatively, the time evolution of the decay, a model
must be invoked. A Monte Carlo approach had been
used to calculate the spectra of the quasicontinuum y
rays [6]. The model was very successful in simultaneous-
ly reproducing the spectral shapes, multiplicities, and
yrast feeding region, and yielded an average transition
quadrupole moment for the E2 transitions, ( Q ), =7 eb,
and average effective moment of inertia of
(J),s=76A' /MeV. The model has now been extended
to calculate the spin rotation accompanying the passage
of the fusion residues through the polarized ferromagnet-
ic foil.

The starting point in the madel is the measured mean
entry point which represents the mean spin and excita-
tion energy after the last particle is evaporated [15]. The
entry distribution is chosen with widths in spin and exci-
tation energy around this measured mean entry point.
The y-ray cascade starts from this entry distribution and
involves competing statistical E1 and collective E2 emis-
sions. The E1 decay is determined by the level density
parameter [16] and uses a standard y-ray strength func-
tion [17]. The E2 decay is characterized by a moment of
inertia J, which determines the transition energy scale,
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and a quadrupole moment ( Q )„which affects the
overall transition rate. Rotational damping [18,19] is
also taken into account.

The continuum cascades are terminated when the exci-
tation energy over the yrast line lies below an experimen-
tally measured [6] threshold energy ( U)0-1.5 MeV,
namely, where the cascade enters the "grass" region (Fig.
5). The decreased level density at this point begins to
give rise to discrete transitions which feed into the yrast
line over a time interval of a few ps. Using the model, the
average spin precession angle can be associated with the
y-ray emission energy and compared to the observed ro-
tation angle. The connection between decay times and
transit through the gadolinium foil is schematically illus-
trated in Fig. 1, which shows that the total precession
occurs in the gadolinium in the time interval of -70 to
1100 fs. The calculation indicates that, on average, emis-
sion of the statistical, collective E2, and dipole radiations
brings the nucleus down from spin (I ) —566 to
(I)—35iii over a time period of approximately 250 fs.
The remainder of the time is spent in "grass" and "tree"
transitions of spin 31k &I & 35fi.

D. Semiempirical modeling

A simplified picture of these complex decays can help
to elucidate the qualitative aspects of the present results.
A two zone model may be invoked, in which one assumes
that the nuclear states that contribute to the collective
E2 "bump" have a g factor g=Z/A =0.43; further-
more, the Monte Carlo modeling of the decay together
with the experimental evidence from Ref. [6] indicate
that, on average, the nuclei in the E2 "bump" spend
about 180 fs in the gadolinium foil. The precession of the
"dipole soil" and "grass" states through the rest of the
foil can hence be calculated, and yields a g factor
(g ) =0.14(2). This small value of the moment implies
considerable contributions from aligned neutrons at spins
31%&I & 35%.

To extract separate contributions to the precession and
hence a precise picture of the evolution of the decaying
structure, additional experiments are being prepared with
a thinner gadolinium foil (-2 mg/cm ) which would
only probe the medium-energy E2 structure. Conversely,
a second experiment with a buffer layer between the Ge
target and the gadolinium, corresponding to a time delay
of approximately 250 fs, will yield an independent mea-
surement of the states connecting the E2 transitions to
the yrast levels.

V. CONCLUSIONS

The precessions of statistical y rays, of the E2 "bump"
high-energy radiations with 1200 & Ez & 2000 keV and of
the yrast discrete y rays, have been determined in a tran-
sient field measurement, resulting in information on the
time evolution of the decay in the region of 31' &I & 56k.
The data from this experiment are consistent with the re-
sults of a Monte Carlo simulation which simultaneously
reproduces the experimentally measured Doppler shifts,
multiplicities, and spectral shapes with a unique set of pa-
rameters, (J ),s; ( Q ), [6].

The average g factor of the ensemble of all states
probed is small: (g ) =0.21(2). If it is assumed that the
E2 collective states have an average g factor of g =Z/A,
the average g factor of the states just above the yrast line
at 31'&I & 35k can be separately determined:
(g ) =0.14(2). These data point to a significant contribu-
tion from aligned neutrons to the total spin of these
states. A similar result of a reduced g factor, and the cor-
responding implication of neutron alignment, was found
in high-spin regions in other rare-earth nuclei such as

Dy [3] and ' ' ' Yb [5].
In summary, the data from this experiment support the

model that has been developed in Refs. [6] and [15] for
the decay of excited quasicontinuum states. The mea-
sured precessions also confirm the short emission times of
the E2 transitions and, hence, the collective character of
the excited states deduced in the earlier experiments. In
order to obtain a sharper picture of the evolution of the
decaying structure, additional experiments, with a
thinner gadolinium foil (which would probe only the E2
component) or with a buffer layer between the target and
gadolinium (which would exclude the E2 component),
are being prepared.
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