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GR-15310 Aghia Paraskevi, Attiki, Greece
A. DEWALD, K.O. ZELL, A. GELBERG, P. von BRENTANO
Institute fir Kernphysik, Universitat zu Kéln, D-5000 Kéln, FRG

Abstract

Mean lifetimes and side feeding times were measured for the 8} and 10f
states of the nucleus '*°Xe by using the Recoil Distance Doppler-Shift method
(RDDS) and taking not only v -singles spectra but also v -coincidences.
It was found that the side feeding times 7*/ of these levels lie close to the
effective lifetimes 7¢ of their precursors, i.e 1'8',{ ~ 755+ and 1'1’0,+ =~ 77,+. Mean
lifetimes for the ground state band members of the nuclei '?Ba, !*°Ba, and
130Ce were further determined by assuming either that the side feeding has
the same time distribution as the discrete feeding or that the side feeding
time ¢/ is negligible, i.e 7*/ = 0. For these nuclet RDDS measurements
were carried out without taking 4 -coincidence spectra but only ~ -singles
spectra. The resulting B(£2) values, which were found to depend strongly
on the assumed side feeding times, are compared with theoretical predictions.

1. Introduction

Lifetime measurements of excited nuclear states have been carried out
for a long time. The aim of most of these measurements is the determination
of the reduced transition probabilities B(L) of the v -transitions deexciting
the states of interest. The B(L) values can be easily obtained from the
experiment using the following equation:

1 1 8x(L+1) (E")ZLH-B(L) )

TR LRL+ D) \R-c
where:

o 7 is the experimentally determined lifetime,

! Presented by S. Harissopulos
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o L is the multipolarity of the ¥ -transition,
e E, is the energy of the v -ray,

e /A is Planck’s constant, and

e cis the light velecity.

Reduced transition probabilities can be computed on the other hand in the
framework of particular nuclear models, such as the shell model or some
collective models (e.g. the rigid rotor or the Interacting Boson Model (IBM))
using the general equation:

B(L) = (2% + 1) |< Uy || M(L) || @ > (2)
where:
e J; is the spin of the initial state
e U, is the wave function of the initial state,
o U, is the wave function of the final state, and
e M(L) is the operator of the electromagnetic interaction.

Hence, by comparing the experimentally derived B(L) values with those
predicted by a certain model, one performs a very sensitive test of the wave
functions used and obtains important information about the structure of the
nuclear states of interest.

In order to obtain r experimentally one has to choose between different
methods. Hereby, the crucial point is the order of magnitude of r to be
determined. In the v -spectroscopy one is usually interested in lifetimes down
to some hundreds of fs. For r > 1 ns standard electronic techniques, like
these described in ref.!), are widely used, whereas for 1 < 1 ns the Doppler
Shift techniques, i.e. the Recoil Distance Doppler Shift method (RDDS) and
the Doppler Shift Attenuation Method (DS AM) have become the standard
tools for measuring 7. The former method (RDDS) is used to measure T
in the range 1 ps < 7 < 1 ns, whereas the latter technique (DSAM) is the
most appropriate method to determine 7 < 1 ps.

The lifetimes reported here have been determined by carrying out RDDS
experiments. Hence only the RDDS method will be here further presented.
Details on the other methods mentioned above as well as on many other
techniques used to measure lifetimes “indirectly” (such as the Coulomb exci-
tation method or the resonance fluoresence) can be found in standard review
articles #34).
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2. The Recoil Distance Doppler Shift Method (RDDS)
2.1 THE BASIC PRINCIPLE

The basic principle of the RDDS method is illustrated in fig. 1. A very
thin (= 0.5mg/cm?) target backed with a thicker foil (backing) is placed
vertically to a Hl-beam. In addition a very thick foil (stopper) is placed
parallel to the target at a distance d.

The excited nuclei produced after a compound reaction in the target
recoil freely into vacuum with a recoil velocity v. Part of these nuclei will
decay in flight giving rise to a Doppler shifted peak in the v -ray spectrum.
The rest of the nuclei will arrive in the thick stopper and will decay there
at rest, giving rise to another peak in the spectrum, which however is not
Doppler shifted. Thus, for each v -transition one obtains a Doppler unshifted
peak (stoppeak) with an energy Eq equal to the energy difference of the initial
and final state and additionally a broadened Doppler shifted peak (flightpeak)
with an energy E., given by the following equation:

E,=Ey: (1 + % . cosa) (3)

where 6 is the detection angle with respect to the beam axis.

As shown in fig. 1, the widths of the stoppeak and flightpeak corre-
sponding to the same transition are different. The width of the stoppeak
depends on the energy resolution of the Ge-detector used, whereas the width
of the flightpeak depends additionally on the thickness of the target as well
as on the finite solid angle substended by the v -ray detector.

The intensity N, of the stoppeak can be expressed as

N, = No ¥ e"d/"", (4)

whereas the intensity N, of the flightpeak is given by the following equation
Ny =No- (1= (5)

where;
o Np is the total number of nuclei decaying from a particular level,
o 7 is the lifetime of the level,
e d is the distance between target and stopper, and

o v is the recoil velocity of the residual nuclei.
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Fig. 1. The basic principle of the RDDS-method
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By measuring N, and/or Ny at different recoil distances d, an experi-
mental decay curve can be obtained for the level of interest: As shown in
fig. 1, by increasing d, the intensity N, decreases whereas Ny increases. By
fitting the function given by eq. (4) or eq. (5) to the experimental points
determined for N, or N respectively, the lifetime 7 can be derived.

2.2 DATA ANALYSIS AND SIDE FEEDING

In compound nucleus reactions the residual nuclei deexcite mainly by
+ -cascades so that the simple egs. (4) and (5) are no longer valid for states
which are fed from other higher lying levels. The necessary corrections due
to this feeding lead to a rather complicated expression for N, given by the
following equation:

Jmas

Ny(t) = etlm 4+ Z M; ( ig=t/Ti _ -z/r,) (6)

=2

In this equation the level of interest is labeled with the subscript 1, whereas
the subscript j = 2,3, ..., jmaz runs for all states feeding level 1. Thus 7, is
the lifetime of the level of interest, 7; the lifetime of the j-th state feeding
level 1 and P, is the direct population of level 1 by the neutron evaporation.
M;, is given by the general equation

lm“
My, = (blrnPl + Z Mlkblk—‘ - Z Mklblm) (7)
= k=m+1 k>

where by, is the branching ratio of the ¥ -transition deexciting level [ and
feeding level m.

The above eqgs. (6) and (7) show that in order to determine the lifetime
of a level in a 4-cascade, the contribution of all transitions feeding this level
to its decay curve has to be correctly assessed: in order to obtain 7, one has
to have accurate information on all ;’s, P;’s and bjm's.

The necessary values for P; and the branching ratios bim are obtainable
from an independent “intensity” measurement. Hereby, the intensities of all
7 -transitions deexciting levels of the nucleus considered are measured by
means of a thick target and at least one « -ray detector placed at 55° to the
beam axis.

In such a measurement, however, one often finds that the difference
of the population of a given state, i.e the sum of the intensities of all v -
transitions feeding this state, from its depopulation is not zero. This intensity
difference, which is called side feeding is the feeding from unobserved discrete
or continuum v -transitions.
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In eq. (6) the side feeding of level 1 is represented by the direct pop-
ulation Py, which is assumed to be prompt. However, if this is not real, i.e
thé side feeding gives rise to a “side feeding time” comparable to the mean
lifetime of the level of interest, then one has to a) eliminate the first term
of eq. (6) and b) add to jms; the (unknown!) number of the side feeding
transitions (side feeders). According to these, the data analysis becomes
rather difficult by assuming that the side feeding time is not negligible: One
neads a 7; (see egs. 6 and 7), i.e a decay curve, for each side feeder, which,
however, is very weak and therefore “hidden” in the background of the spec-
tra. Consequently, the contribution of side feeding on the decay curve of the
level of interest can, in contrast to the feeding from discrete levels (discrete
feeding), not be assessed: For the discrete levels feeding the state of interest
one can obtain their lifetimes from their decay curves, which can be obtained
experimentally. Hence, by fitting eq. (6) to the experimental points of Nj,
in order to obtain the lifetime of the level of interest, one has more than
one unknown (free) parameters, namely the lifetime 7; as well as all the 7;'s
associated with the side feeding transitions.

In a number of experimental investigations®®7) it was assumed that the
side feeding is prompt. In other works®?®), however, the contribution of side
feeding to the decay curves of the levels of interest has been treated by means
of an x? -analysis: an arbitrary number of side feeders is assumed to fit the
data by varying the respective intesities and feeding times.

In the present work, the data were first analysed by assuming that the
side feeding is to be associated to only one 4 -tramsition. Then, the side
feeding time 7*/ was varied over a wide range by fitting eq. (6) to the decay
curves. This procedure, however, showed sizeable errors, in particular for
short lived states with significant side feeding intensity, and an x2-analysis
of the decay curves gave in many cases ambiguous results for the lifetime as
well as for the side feeding time. This is demonstrated in fig. 2, which shows
the decay curve (solid circles) of the 8] state in !?®*Ba. The solid curve labeled
with “a” was obtained assuming a prompt side feeding, i.e 7*f = 0, and yields
a lifetime of 3.3(6) ps with an x? = 1.2. In contrast, the solid curve labeled
with “b” was obtained assuming 7*/ = 4.3 ps and gives a lifetime of 1.5(7) ps
with an x? = 1.1. Curves “a” and “b” are almost identical, although rather
different side feeding times have been hereby assumed to fit the data. As
shown in table 1, the assumed side feeding time and the resulting lifetime of
the 8} state are stronlgy correlated. Moreover, the resulting B(E2) values
for the 87 — 67 transition are rather different for different side feeding times.

Consequently, by comparing experimental B( E2) values of v -transitions
depopulating levels fed significantly from side feeders with B(E2)s predicted
by a nuclear model, a correct assessment of the influence of the side feed-
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Fig. 2: Decay curve of the 8] state in 123Ba. Curve “a” was obtained assuming
74/ =0, whereas curve “b” was derived assuming 7*/ = 4.3 ps.

[Curve | x* | 77 | = | B(E2;8f — 67)
(ps) | (ps) (Wu)
a |12| 0 [3.3(8) 22(6)
b 11| 43 |1.509) 48(7)

Table 1: Fit results for the 8§ state in 1%Ba.
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ing times is particularly important. Due to these problems, the significant
deviations from the rigid rotor values of B(E2)s observed®®1%11) below back-
bending could be the result of a systematic error and not the “signature” of
an unknown effect.

In order to avoid these problems it is necessary to eliminate the side
feeding by carrying out RDDS measurements in combination with vy -
coincidences. Then lifetimes can be measured independently, i.e without
any assumption on the side feeding times. This was the next step in the
present work.

3. Experiments and results

As mentioned above, the aim of our lifetime measurement, carried out in
combination with 49-coincidences, was to obtain lifetimes directly, without
any assumption on side feeding, by eliminating it, and to further determine
side feeding times. For this purpose, it was necessary to choose excited states
in a nucleus which were fed significantly from side feeders.

From previous v -measurements'?) it was known that the 8} and 10f
states of 2*Xe produced with the (**C,3n)-reaction at a beam energy of 54.5
MeV, were populated by a large amount of side feeding (22.8% and 48.4%
respectively). In the present measurement carried out in '?°Xe, four Ge-
detectors, as shown in fig. 3, were used. Three of them were placed at 90°
with respect to the beam and the rest one detector was positioned at 0° to
the beam. More experimental details are given in ref. 13).

vv -coincidences between each detector at 90° and the detector at 0°
were recorded at different distances d between target and stopper and sorted
off-line onto matrices. By setting energy gates on the 90° detectors, where
no Doppler-shifted peaks occur, we obtained from the 0° detector v -spectra
in coincidence with 7 -transitions of the ground band up to the 12§ — 107.
By carrying out this procedure at each recoil distance d, where spectra were
taken, we obtained decay curves in coincidence with these 4 -transitions.
The important point in the analysis is that by setting an energy gate on
the transition 12 — 107, the 10} state is populated only through this v -
transition, i.e the side feeding is eliminated and the decay curve obtained in
this way is not influenced by it. The lifetime obtained from the fit to this
decay curve, which is shown in fig. 4, is the “true” lifetime of the 107 state,
since no assumption on the side feeding time was necessary. On the other
hand, the side feeding of the 10f state contributes to all decay curves of
this level, which were taken in coincidence with a v -transition below the 8}
state. By assuming further that the side feeding is to be associated with only
one “effective” transition and using the “true” lifetime obtained as described
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above, one can extract an “effective” side feeding time for the 107 state: by
fitting eq. (6) to such a decay curve only one lifetime is unknown, namely
the effective side feeding time r*/. In fig. 5 the decay curve of the 107 state
obtained from « -singles (solid circles) as well as the decay curve of this state
taken in coincidence with all transitions below the 8; level (stars) are shown.

The above mentioned procedure was also carried out for the 8 state.
The results of the data analysis are summarized in table 2. From this table
a very important feature of side feeding is to be seen: The effective side

2500
+ +
2000- g + 5E
Gate on 12%»i0"| 12
15001 + , '
‘-o Ny
10004
500 U'
0 r T 7 . a

0 5 10 15 20 25
Distance d [pm]

Fig. 4: Decay curve of the 10} state in 12°Xe. Curve “a” is the fit from which
the true lifetime of the level was derived, whereas curve “b” represents expected
coincidence rates assuming a prompt side feeding, i.e 72/ =0

feeding times obtained for the levels considered lie very close to the effective
lifetimes of their precursors. (Compare the effective lifetime of e.g. the 12f
state and the effective side feeding time of the 10} state).

This experimental fact, which is further supported by other experimental
works!*) in different mass regions, was further taken into account in order
to analyse data of RDDS experiments in which only v -singles and not vy -
coincidence spectra were measured. Such measurements were carried out
in Cologne for the nuclei '?*Ba, *Ba and !3Ce. The reactions used to
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Fig.5: Decay curves of the 10{ state of 12°Xe. With solid circles is indicated the
decay curve obtained from v -singles spectra, whereas stars indicate the decay
curve taken in coincidence with all transitions below the 8f state. The solid
curves “a” and “b" are the respective fits from which the side feeding time was

derived
Level | [* | side feeding | lifetime | side feeding | effective lifetime
(keV) [ (h) | intensity T (ps) | time r*/ (ps) ¢ (ps)
(%) (a) (b) (a) (b)
2099.1 | 8% | 22.3(26) 1.9(6) | 3.5(26) 4.1(28)
2872.6 | 10* | 48.4(32) 1.0(5) | 2.2(13) 2.9(14) | 3.8(4) 3.9(4)
3676.4 | 12+ 2.4(5) 1.8(4)

Table 2: Results of the RDDS-measurement with yy-coincidences in 12°Xe, Ef-
fective lifetimes and side feeding times obtained from y-coincidence spectra are
given in columns labeled with (a), whereas these obtained from v-singles spectra
are given in columns labeled with (b). B
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produce these nuclei were 1*8Sn(*3C,3n)'?®Ba at 53 MeV, ¥Sn(!3C,3n)'*°Ba
at 55 MeV, and ''7Sn('®0,3n)'*Ce at 76 MeV. Experimental details for
these measurements can be found in ref. !3). The analysis of the data
was carried out by means of a new method called the “Differential Decay
Curve Method” (DDC M) proposed recently by Dewald et al.'®). The main
advantage of this method, which is presented in detail in ref. '®) and will
be therefore not presented here, is that systematic errors can be discovered
much easier than in the conventional analysis, which is described in section
2.2. By using DDCM we assumed either that (I) side feeding has the same
time distribution as the discrete feeding or (II) side feeding is prompt. In the
former assumption the time distribution of side feeding N*/(¢) was obtained
from the following eq. (8).

NIy =n-D_ Nj(2) (8)

where:

e N;(t) are the intensities of the stoppeaks of the v -transitions feeding
the level of interest. These intensities are corrected for the efficiency
of the detectors used as well as for the v -angular distribution of the
respective 4 -transitions.

o 7 is the relative intensity difference obtained from the “intensity” mea-
surement mentioned above in section 2.2

By assuming that side feeding is prompt one simply sets =0, so that in the
basic equation used in DDC M to obtain the lifetime of a particular level no
side feeding term, i.e N*/(t), is included. The equations used by DDCM
are given in ref.'®). The mean lifetimes obtained for these nuclei by means
of DDCM are summarized in table 3.

A very important feature of DDC M is that one can determine at each
recoil distance d, where spectra were taken, a value for the lifetime of a
particular level. These values clearly must lie on a straight line in absence of
systematic errors. This was not the case for the lifetimes of table 3, which
are given in square brackets.

The B(E?2) values obtained for the above nuclei are compared with the-
oretical predictions in figs. 6 and 7.
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Table 3: Mean lifetimes 7 determined using DDCM (see text) and assuming
that: (1) the side feeding time is equal to the effective discrete feeding time, i.e
7yl = 75,,. and (I1) the side feeding is prompt, i.e 7*/ = 0. Lifetimes given in
square brackets are, according to the DDCM, affected by systematic errors. The
relative side feeding intensity (F*/) of each level is given in the last column.

Level T (ps) F
Ju (0 (I) (%)
Ly
3F [ 1293) 129(5) |0
& | 6.7(8) (7.63) | 6.3(24)
67 || 1.2(3) [2.2(2)] | 10.3(22)
g | [1.1(3)] [2.9(2)] | 26.9(32)
107 | 0.7(5) (2.5(4)] | 32.9(64)
Wg,
7 5203) 53 | 5@
& || 6.0(4) 6.5(4)  .5(4)
6+ | 1.0(3) 2.2(3) . 1.3(18)
gt | 0.5(3) 1.5(3) | 21.7(30)
00,
T 6.003) 7002) | 6.4(22)
6 || 0.9(3) (2.42)] | 7.7(12)
g* | 0.4(2) (L12]] &)

10} || 0.6(2) 12(2) | 8(2)
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Fig. 6: Relative B(E2) values obtained for the ground state band of 122Ba
(above) and '*Ba (below) assuming either that side feeding has the same
time distribution as the discrete feeding (solid rectangles) or side feeding time
is prompt (solid circles). Data points in squared brackets are affected by sys-
tematic errors. The solid curves indicate the predictions of the rigid rotor
model and the three limits U(5), O(6) and SU(3) of the Interacting Boson
Model (IBM-1).



322

B(E2,1->1-2)
B(E2,2, »04)

Spin 1

Fig. 7: Relative B(E2) values determined in the ground state band of '*Ce. For
explanations see caption of fig. 6

4. Conlusions

The strong dependence observed in the present work of the lifetimes of
states with significant side feeding from the side feeding times suggests that
in order to obtain reliable lifetimes the RDDS-measurements have to be
carried out in combination with v -coincidences. Only such measurements
can provide us with both the “true” lifetime as well as the side feeding time
of such a state.

The side feeding times measured for the 8] and 10} states of 1°Xe showe
clearly that the side feeding is not prompt, i.e r*/ # 0.

Side feeding times measured in !?°Xe lie very close to the effective dis-
crete feeding times. By assuming that side feeding has the same time distri-
bution as the discrete feeding, reliable lifetimes were obtained in the present
work for the nuclei *Ba, '*Ba and !*°Ce. However, before generalizing
such an assumption, more RD DS-measurements in combination with ¥+ -
coincidences have to be carried out.

Since many of the B(E2) values determined in the present work are
strongly correlated with the side feeding time, the deviations from the rigid
rotor values of B(£E?2) reported in some other nuclei below backbending could
be attributed to the lack of accurate information of the respective side feeding
times. The results of this work do not justify a B(E2)-anomaly effect in the
investigated nuclei.
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