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ABSTRACT

Yrast levels in the backbending region of '°®Dy were Coulomb excited with
a 4.7 MeV/u 2°%Pb beam. Employing the transient field technique with a
thin magnetized iron foil, the precessions of the angular correlations of
decay ¥-rays from levels up to spin " = Ha+ were measured. The results
show a clear reduction of the g-factor mow states in the backbending
region relative to that of the low spin levels, thus demonstrating that
the backbending in '°®Dy is mainly caused by the alignment of pr\m -neu-
trons. In a similar experiment, precession measurements on Coulomb
excited low spin levels of '®“Dy served to determine the static hyperfine

+
field of Dy in Fe and the g-factor of the 6 state in !®*Dy.

NUCLEAR REACTIONS 'S%Dy(2°%pb, 208pp')isepy, 164py(208pp,

E = 4.7 MeV/u; Coulomb excitation; transient field technique; measured

W(0,B); deduced magnetic moments. Enriched targets.
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8
exploiting both the Coulomb excitation process with 2°%®Pb ions )

3)

and the
(HI,xn) reaction using Xe beams™. Spectroscopic properties such as life-
times, population probabilities, etc. are therefore well known m.bm should
ensure a straightforward data analysis of the present experiment, free of
uncertainties related to the spectroscopy of '°®Dy. Low spin levels (up
to Hﬂnm+v in !'®Dy were also investigated in the course of this work;

these measurements mainly served to calibrate the static hyperfine field

of Dy in Fe, which was then used to deduce the g-factors of the low spin

states in '®°®Dy.
2. Experimental Set-up and Data Reduction

The experiment is based on measuring the precessions of particle coinci-
dent ¥-ray angular correlations caused by the transient field that acts on
swift ions traversing thin polarized ferromagnetic foils mv. .H,ru..mnmov-

nique is especially suited for the purpose of measuring g-factors of lev-

els with lifetimes in the ps range, as is the case for the levels in the

region of interest.

The *°®Dy yrast levels were populated by Coulomb excitation with 4.7 MeV/u
2°%Pb projectiles of 1 pnA intensity supplied by the UNILAC accelerator in

Darmstadt; a schematic view of the experimental set-up is shown in fig.

la. The target (fig. 1b) consisted of a layer of lmg/cm? of highly
enriched ( >98% ) '*°Dy deposited on a &.4mg/cm? thick iron foil.t This
was backed by 50ug/cm? of Al to prevent the conceivable - though yet unob-
served - possibility of polarized electron pick-up of the recoiling Dy
ions on emergence from the ferromagnetic foil. The foil was magnetized by

an external field of mmx = 0.03 Tesla which was proved to be sufficient

t
for saturation by a magnetometer measurement. The 164Dy measurement was
carried out under the same experimental conditions, although only a con-

siderably smaller number of events was collected in this experiment as

compared to the '*®Dy run.

Recoiling target nuclei and/or scattered particles traversing the iron
backing were detected in two position sensitive parallel plate
10)

detectors Cuw and mH. in fig. la) positioned in the forward hemisphere

symmetrically to the beam axis , each subtending an angular range of
20° < @ < 40° and A¢_ = 56°.

P P
The Dy ions were distinguished from recoiling Fe and scattered Pb ions by

means of the kinematical correlation between their scattering angles and

their flight-times measured relative to the beam burst. Fig. lc presents a

+ The Dy targets were prepared in the laboratoire R. Bernas (CSNsSM),

Orsay, France
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direction of the beam and the scattered particles could be determined
experimentally by monitoring the "up - down" count rate differences for
the scattered Pb ions in the position sensitive particle amﬁmnﬁﬁnm. The
directional change was determined to be 0.3 * 0.4 mrad., in agreement with
theoretical estimates using average charge states and the measured stray
field profile. Similar estimates for recoiling Dy nuclei resulted in cor-
respondingly small directional changes. These changes were consequently
neglected in the angular precession analysis.

In the off-line analysis Numum,nnum were constructed for each Ge(Li) detec-
tor in coincidence with both recoiling Dy and scattered Pb ions. For the
Dy-events each particle detector was divided into four angular windows
subtending 5° in the laboratory frame. The four particle windows corre-
spond to different scattering angles of the recoiling Dy ions and hence to
slightly different excitation probabilities of states in the Coulomb
excitation process.

The ¥-ray energies recorded for Dy-events were corrected for the Doppler
shift assuming that the ¥-decay takes place outside the backing foil and
using the experimentally amnmﬂnhwuma dependence of the energy shifts of the
¥-lines on the particle scattering angle. Such a corrected spectrum is
shown in fig. 2b for a ¥-detector positioned at an average angle of 100°

with respect to the recoiling Dy nuclei, i.e. close to an angle of maximum

logarithmic slope of the particle-¥ angular correlation function. The
resulting energy resolution of = 5keV around ma =500 keV is sufficient to
clearly resolve the lines in the backbending region. Full energy peak
intensities of the ¥-lines were evaluated using standard peak fitting Hor-
tines which treated the "up" and "down" spectra in an identical manner.

The positions of the particle- and ¥-detectors have been chosen symmet-
rically about the beam axis in order to E»Sws,wNm systematic errors. The
symmetry implies that the detection of a ¥-ray in detector i in coinci-
dence with a particle at angle o@ in mr and polarizing field "up" ("down')
corresponds to detecting a ¥-ray in detector j =7 - i in coincidence with
a particle at ov in Pp and field "down" ("up"). For each observed transi-

tion we can hence define double ratios by

[}
y
b= v =
- Nip @) Ny
R 0 = .
:A vv n ,
N @ ) N ©)
iL"p JR*p

T
where e.g. z“.rH.Aevv denotes the number of full-energy peak events

recorded in ¥-detector i in coincidence with particles in detector mH. and

polarizing field up, ov being the average detection angle for a given par-

10
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Pb-events, where the Dy nuclei are stopped in the iron foil, B and wmn

tf
are assumed, as usual, to be the only extranuclear fields acting on the
nucleus. However, for the Dy events, where the excited nuclei Hmmo“: into
vacuum, an attenuation of the angular correlations might occur which is
caused by the hyperfine interaction between the nucleus and the highly
ionized and excited atomic shells. This interaction is commonly assumed
to be isotropic, i.e. symmetric about any direction.

In order to calculate the particle-¥ angular correlations we have to take'
into account that only the direction (but not the energy ) of projectiles
or recoiling particles are smww:nmm. Thus the feeding from higher lying
levels to the state for which the ¥-decay is observed has to be

considered. All nuclear levels are subsequently assumed to be ordered

according to their energies, such that mc > mc+~. For any state.a, popu-

lated via Coulomb excitation at t = 0, the initial state m of an observed

transition m * n can be fed through distinct feeding paths denoted by

vw___ ={ a,b,...,i,j,k,...,m}

In a coordinate system oriented with z | B the doubly differential cross
section for scattering a projectile into Q and the emission of a ¥-ray

into bu within observation times HH and ._,N is

13

2
d as: S.mu:.H.HuHNV 1 \aagv
= L]
dQ awu ' vam dQ R
. o2 (@) e H (¥ ) e F (II) (&)
kk k" am k' 'nm
@cm K
s " :
. . .
mw_nmvma .HH.HNV ﬁcnng

where Aao\abvw is the Rutherford cross section and emﬂgv denote the sta-

tistical tensor components for state a at time t = 0 as defined in ref. 11.
Note that Q is the direction of the projectile in a reference frame with
z | B having its origin in the centre of mass of the projectile and the
target, (c.m.-coordinate system), while mu is the direction of emission of
the ¥-ray in a frame having the same orientation but which moves with the
excited nucleus (rest-coordinate system). The quantities :—anvwsv

describe the feeding of state m through the cascade vM and are given
m

by:

il
pR—
—_—

=)
~
~
-
[
—
-
~

:F@Msv for a <m (5)

= 1 for a = m

14
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t5
B = (/B g, M B(t")dt (7b)

(3

where tz denotes the nuclear magneton and w.w the g-factor of the state j

u

in the cascade p
am

; B(t') is the magnetic field acting on the nucleus at
time. t', i.e. B(t') = 0 if the nucleus is outside the iron at time t',
B(t') = wmn for nuclei at rest in the iron, and B(t') = wnm?ﬁﬁ.vv for nuc-

lei recoiling in the iron foil with velocity v at time t'.

For the functional dependence of the transient field mﬁm?v for Dy nuclei

(Z = 66) recoiling in iron we have used the parametrization given in ref.

12:

wﬁm?v =a-e* 2 A<\<ov * exp -ﬁm?\/\o: - (8)

with @ = +19.0 T and B = 0.12. This calibration has been determined from
transient field experiments involving nuclei in this mass region and
recoil velocities <\<o < 10.5 assuming no Coulomb scattering (Lindhard -
Winther) contribution to be present; the error of wﬂm?v in this velocity
region is quoted in ref. 12 to ._um of the order of * 5% . The inclusion of
a Lindhard - Winther field changes the parameters to a= +15.5 T and B =

0.10, respectively: the effect of including a Lindhard - Winther term in

the analysis of the Pb-event data shall be discussed in sect. 4.2.

17

For a proper application of the field strength parametrization, the stop-
ping powers dE/dx needed to derive the function <Qn..v must be the same as

those used in' the calibration, and consequently we have used the dE/dx

values of ref. 12.

The spin relaxation processes resulting from hyperfine interactions are
assumed to occur for nuclei recoiling in vacuum only, therefore for

Pb-events the attenuation coefficients q, ( Y st ..., t are set equal
k vma a m a4

to unity. For the Dy-events, however, a simple exponential time depend-

ence was assumed for t > nﬁuv i.e.:
q (' st ...ty =1 for t <t (9a)
k “am’ "a’ ’“m m - tr
and
LI = - -
awnvma.ﬁm...inau exp [-k(k+1l) e >5 . Ans ﬂnnv_ for na > ﬂnn (9b)

This corresponds to an Abragam and Pound type Umrm<wo=nauv for purely mag-
netic interactions, assuming an average g-factor for all the levels in the

various possible feeding paths leading to state m; effective attenuation

parameters >=_ could be determined from the present experiment (see sect.

4.1).

18
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independent of the choice of mu mainly because the accumulated precessions
are small and moreover cancel in first order by the up/down averaging pro-
cedure. For high spin state transitions with HH. 2 HN+ the mxvmwwsm:ﬁmw

angular correlation functions are found to be well represented by the cor-
responding theoretical correlations assuming >=_uc. i.e. no attenuation is
observed for these transitions .Aom. fig. 3b). For the decays between the
low spin states with H“ < ~o+. however, the attenuation is increasing

with decreasing spin (cf. fig. 3a), the b+ hd N+ transition being consist-'
ent with an isotropic angular correlation pattern in the rest-coordinate
system. Within the mon:nmo%,mm the angular correlation data, which is
predominantly determined by the knowledge of the relative efficiencies
between the six G.w-n.r.wﬁmﬁnouumv nqQ velocity dependence of >B for the two
sets of data with 20° < OU% < 30° and 30° < oc% < 40°, corresponding to

average recoil velocities of 10.7 v, and 8.4 Vo respectively, was

observed. Averaged values of >B are given in table 1.

As can be seen from table 1 the effective attenuation parameters deduced

m +
for low spin state transitions with HE < 10 are independent of m, the

average value being R = 0.024 + 0.004 vmnu. This value is in agreement

with what has been observed for low spin state transitions in other heavy

15)

nuclei recoiling into vacuum at similar velocities . The increasing

insensitivity of high spin state transitions to the hyperfine interaction

21

is due to the short lifetimes of the high spin yrast states. In fact the
corresponding angular correlations are found to be consistent with >E = N.
as well as >a.n 0, which are the values expected if the average g-factor of
the high spin states is of the order of that of the low spin states or
approximately zero, respectively. Using the average attenuation parame-
ter N not only the normalized angular correlations but also the relative
intensities of the yrast transitions are zm: reproduced by our calcu-
lations, which also confirms the set of matrix elements used in the

Coulomb excitation calculation and the evaluation of the subsequent

decay.

4.2 Large impact parameter data: Pb-events

Gamma spectra in coincidence with Pb-events correspond to large impact

parameters with the Dy ions excited to low spin levels only AH.: < Ho+u see

fig. 2a). They recoil at large angles with respect to the beam direction,
are stopped inside the ferromagnetic foil and therefore also experience

the static hyperfine field wmne%m.lmv in addition to the transient field
wnm.

The transient field strength was derived from the parametrization given by

eq. (8), but as various calibrations (see e.g. ref. 9) yield quite similar

22
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aﬁm+v = 4.2 ps, the analysis yields a g-factor of mﬁm+v =+ 0.41 + 0.13.
This is the only state where including a Lindhard - Winther term in the
transient field calibration could affect the deduced g-factor. ‘zwnv the
parametrization quoted above we derive mnm+u =+0.39+0.13 .

It should be pointed out that in the analysis of the large impact parame-
ter data ommmonw due to feeding via preceding yrast states could be neg-
lected. This is beause both the direct population as well as the lifetimes

of the states involved are rapidly decreasing with increasing spin.

4.3 Low impact parameter data: Dy-events

For the Dy-events the double ratios defined in sect. 2 were constructed
for each of the four particle windows. As can be seen from fig. 3, four
double ratios are maximally sensitive to the precessions of the angular
correlation patterns. For reasons of statistics the Dy-events could only
be analyzed for the measurement performed on !°®®Dy.

The velocity nm.:mm of the Dy ions in the Fe foil Qm<\<om:v is determined
by taking the entrance velocity from the kinematics of the Coulomb excita-
tion process and the exit velocity directly from the observed ¥ energy

shifts; both velocities vary with the recoil angle of the Dy ionms.

25

Although the parametrization of the transient field given by eq. (8) is
based only on experiments involving ion velocities of <\<o < 10.5, which
overlaps just with the lower half of the velocity range spanned by the Dy
ions, we retained eq. (8) as parametrization for the transient field act-
ing at the highest velocities occuring in the present experiment; it is
felt that the assumed error of 20% in the transient field strength at
these velocities should mooo,cnw for possible uncertainities connected
with this extrapolation. Moreover, an independent check of the strength
of the transient field at high velocities was obtained from a recent
20)

at mxmub.w MeV/u. The

measurement was performed using a recoil-distance set-up with a thin,

2°Mg(**°Xe,5n) %Dy transient field experiment

backed iron foil as a "stopper". By varying the distance between the Mg

target and the Fe foil the population of the states experiencing the tran-

sient field could be controlled. Angular precession values observed for
+ +

the 6 and 4 yrast transition and a level population centered around the

w__+

1'=6 yrast level in '°°Dy determine the strength of the transient field

in the velocity range 4 < <\<o < 11 to be within 20% of the value obtained

with the above parametrization (assuming a collective g-factor of g, =

0.35 for the states involved).

In order to demonstrate the main implications of the present data, we
first present approximate results in terms of average precession angles.

Table 2 shows the precession angles, averaged over the four particle win-

26
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5. Discussion
The g-factors resulting from the present experiment are mcsamnwnma. in
table 3 and displayed in fig. 5.
The main conclusion of the present experiment is that the g-factors of the
high spin yrast levels in the backbending Hmmwoz of '5%Dy are significant-
ly reduced (consistent with g = 0) as compared to the average value of g=
+0.35 observed for the low spin members of the yrast sequence in !5®Dy as
well as *®“Dy. We have ammmcnm,a, the in-beam magnetization of the Fe foil
(via the static hyperfine field of Dy in Fe) and have shown that the tran-
sient field was acting throughout the measurement (sect. 4.2). We have
furthermore shown that the angular correlations of the high spin transi-
tions are highly anisotropic and not noticably attenuated by the hyperfine
interaction in vacuum. The transient field has been taken from an existing
12)
H

parametrization determined from measurements using similar ions an

extrapolation was needed only for the highest velocity range :o.m<o <vsg

Hb<ov while the lower velocities span the range where the adopted parame-

trization has been experimentally verified. Moreover, a recent
20)

experiment with !5°Dy ions experiencing the transient field at the same

high velocities b<o Ssvs< :<o agrees with the adopted parametrization to

29

within ~20%. Thus the small precessions observed for the high spin states
have to be attributed to g-factors close to zero.

The observed reduction of the g-factors in the backbending region of !%°Dy
constitutes a stringent test of the rotation alignment picture, in which
the main cause of the lowest discontinuities observed in the yrast
sequence of many deformed rare earth nuclei are attributed to the succes-
sive alignment of pairs of quasiparticles in high-j intruder orbits: The
measured average g-factor of g= +0.04 + 0.11 directly demonstrates that
the alignment of an wuu\w neutron pair rather than of an r:\m proton pair
plays the dominant role in the intrinsic structure of the yrast states in
the first backbending region of ®®Dy. Furthermore, the amount of the
observed reduction requires that the aligned neutron pair has a large spin
component i along the axis of collective rotation: using the simplified
expression of ref. 4 - relating the g-factors of yrast states to the
aligned angular momenta of quasiparticles - an aligned angular spin of i =
10 h is obtained, which is close to the maximum possible aligned spin of i

= 12 h obtainable by complete alignment of an u..Hu\m neutron pair. The

extracted value of i = 10 & is slightly larger than the one deduced from

the energies of the yrast levels in '®°Dy (ref. 2), although both values
are presumably still consistent in view of the uncertainities and approxi-

mations made in both procedures used to extract i (see also the recent,

21)

more detailed discussion of Chen and Frauendorf on the connection
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b)

b)

marked ¥-ray lines correspond to the decay of '®®Dy being at
rest in the iron foil, while the lower energy satellites are
due to Dy-events, which were not completely suppressed by the
time-of-flight window used in the analysis.

Gamma-ray spectrum observed in detector 4 in coincidence with
158Dy ions detected in P_ between uo=M®U%Mbo=. The marked

¥-ray lines correspond to the decay of the yrast states of

1%%Dy after emergence from the target.

The ¥-angular correlation tnauv (in the laboratory frame) for
+ o+
the 8 *6 yrast transition in !®®Dy, observed in coincidence

with Dy ions detected at 20°<0_ <30° The solid line repres-

Dy
ents Coulomb excitation calculations including the atten-
uation due to hyperfine interactions present while the Dy
nuclei recoil in vacuum. The dashed line refers to the unper-
turbed correlation.
+ + 14 : 158 :

Same for the 12 -10 yrast transition in Dy. The solid
line represents the unperturbed correlation.

In the lower panels the corresponding up-down double ratios

(cf. eq. (1)) are displayed, which were calculated by assum-

ing a constant g-factor of g = 0.35 for all levels involved.

37

b)

The arrows indicate the actual positions of the four

Ge-detectors most sensitive to the presession.

Gamma-angular correlation of the b++n+ yrast transition in
'¢4Dy for Dy ions decaying after being stopped in the iron
foil (Pb-events) with polarizing field "up" (full circles)
and "down" (open circles), respectively. The solid and dashed
lines represent the best fit obtained with mnb+vuo.um and
adjusting the static hyperfine field strength wmﬁnuwmwu. The
fit results in wmnncwmmv = -245* 25 T.

Same for the 4'+2% yrast transition in '®®Dy. The best fit
yields wﬁb+vu+o.uw + 0.06 using wmnmcwmmv as determined

above.

Summary of the g-factor results obtained in the present exper-

+ +
iment for yrast states in '®*®Dy and !®“Dy. For the 10 to 16

levels in '*®Dy only an average g-factor has been deduced. The

lower part of the figure displays the sensitivity of this average

value to the various yrast levels in '®°Dy as determined from

experimental ¥-ray intensities. The dashed line represents a

theoretical prediction of the g-factors for the yrast states in

12Dy and the dotted line the predictions for ¢“Dy (ref.22).
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. (a)
135 M
Table 3: :
]
o . 2085t
Summary of g-factors determined in the present experiment. Pb
state »m-U% nmrU< N@
m 135
I
‘ (b)
Dy-target Fe- foil
+ a . \
2 : -- +0.35 % 0.02 /\>_-_o<2 b
y
b+ +0.35 * 0.06 --
6 -- +0.28 * 0.08 208, goﬂ'*“m
m+ +0.41 + 0.13 -- @
10*-16" +0.04 % 0.11° --
2 ref 10.
b R .
The average spin is <I> = 14.1 (see fig.5) do
—
3 8L
a .
—
X
-~ m B -
L
2
= 4} 4
S
o
g2 l
=
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