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Lifetime measurement for the 21’ state in 106Cd*
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Abstract: The lifetime of the 27 state in '%°Cd populated via the **Zr (1°0, 4n)!%Cd reaction has been measured

with the Recoil Distance Doppler Shift technique in combination with the Differential Decay Curve Method. By sub-

tracting the contamination in the data, the mean lifetime of the I"=27 633 keV state was determined as 9.9 (12) ps.

The B(E2) value calculated in this study is in good agreement with the experimental systematics and was compared

to the shell model calculations.
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1 Introduction

Several nuclei such as '%Cd in the A ~ 100 mass re-
gion exhibit some features of the E(5) critical-point sym-
metry [1]. However, the E(5) symmetry in '°°Cd is hard
to identify. One of the reasons for this is that the B(E2)
information, or the mean lifetime of the 27 state in '*°Cd,
differs depending on the methods used to determine it [2-
5]. The half-life of this state was evaluated in the Nation-
al Nuclear Data Center (NNDC) [6] as 10.49(12) ps, and
this is deduced from the B(E2) value in Ref. [2]. The
half-life calculatyed in Ref. [3] is 9.8 ps (error not given),
which is close to the result in Ref. [2]. However, a recent
Coulomb Excitation (CE) experiment reported a shorter
lifetime 7.0(3) ps [4] by using the Doppler Shift Attenu-
ation Method (DSAM), which is 33% shorter than the
value quoted in the NNDC.

Furthermore, low-lying states in '°Cd were also pop-
ulated via the fusion-evaporation reaction **Mo ("3C,
3n)!%Cd [5], and the mean lifetime of the 2} state was
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also measured by the Recoil Distance Doppler Shift
(RDDS) technique. However, the lifetime value of
16.4(9) ps calculated in their work is much larger than the
evaluated value of 10.49(12) ps in Ref. [6].

Lifetime measurement results by CE, DSAM, and
RDDS should be consistent, but the results for the 27
state in '9°Cd are inconsistent. Moreover, shell model
calculations suggest that the B(E2) values of the 2] states
in Cd isotopes exhibit an increasing trend with increasing
mass number [7-10]. This trend is not seen clearly for the
deviation of the 2] state lifetime in '%°Cd.

This deviation can be attributed to the complexity of
the level scheme in '9°Cd [11]. In '%°Cd, there exist two
v-ray transitions whose energy values are the same with
the 27 — 07 633 keV y-ray transition, and this situation
also appears for the 47 — 27 861 keV y-ray transition.
Thus, while analyzing data by the Differential Decay
Curve Method (DDCM), any contributions from contam-
inations must be taken into account. In addition, due to
the influence of medium-spin long-lived states [12], Dop-
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pler shifted components of the 67 — 47 998 keV and 65
— 47 1009 keV y-ray transitions are difficult to identify
in the spectrum, making it impossible to extract the 27
state lifetime by gating on the shift parts of these two y-
ray transitions.

In this study, excited states in '%°Cd were populated
by the **Zr (1°0O, 4n)'%Cd fusion-evaporation reaction.
By subtracting the contaminations, the mean lifetime of
the 2 | state in '%°Cd has been measured using the RDDS
technique, in combination with the DDCM. The experi-
mental B(E2) value obtained from the lifetime measure-
ment is compared with the shell model calculations, and
this result fits well with the systematics.

2 Experimental details

The present work was performed at the HI-13 tandem
accelerator of the China Institute of Atomic Energy (CI-
AE) in Beijing. Excited states in '°°Cd were populated
using the **Zr ('°O, 4n)!°°Cd fusion-evaporation reac-
tion at a beam energy of 87 MeV. A 0.65 mg/cm? thick
94Zr foil, which was evaporated on a 9.9 mg/cm? thick
Ta backing facing the beam, was used as the target. The
flying '%°Cd nuclei were stopped by a 10 mg/cm? thick
Ta stopper. The mean recoil velocity of the compound
nucleus was ~1% of the speed of light c. Lifetime meas-
urement was performed by the RDDS method using the
CIAE plunger device, which has been introduced in Ref.
[13]. The plunger device was utilized to set and keep the
distance between the target and stopper with a relative
precision of 0.3 pum. Ten Compton-suppressed high-pur-
ity Ge (HPGe) detectors were utilized to detect the y-rays
from the reaction residues. Three of these detectors were
placed at 90°, four at 153° and three at 42° with respect
to the beam direction. The detectors were calibrated for
y-ray energies and efficiencies using the '*3Ba and '>?Eu
standard sources. The energy resolutions of these detect-
ors were 2.0 ~ 2.3 keV (FWHM) at 1332.5 keV peak
from %°Co. Five different target-to-stopper distances of
10, 18, 30, 47, and 80 um were used to record the y-y
coincidences data. Due to the neutron damage and poor
statistics of the forward ( 42°) detectors, only the back-
ward ( 153°) detectors were used for data analysis.

3 Data analysis and results

The DDCM [14-16], which has been proved to be a
reliable method to determine the mean lifetime of excited
state precisely, is used to analyse the RDDS data. In the
present work, the 47 — 27 861 keV transition has two
contaminations (see Fig. 1). The first one is the 7 — 67
862 keV transitionand the other one is the 127 — 107
861 keV transition. And the same problem also occurs for

the 27 — 07 633 keV transition. The first contamination
is the 77 — 67 634 keV transition. However, the 7] state
at 3126 keV was only found in Refs. [17, 18], and the
634 keV 77 — 67 transition was only observed in Ref.
[18]. This is because it is too weak to be observed in later
investigations (only 1% relative intensity of the 2 | — 07
633 keV transition). The second contamination is the 97
— 87 634 keV transition. Since the mean-life of the 3044
keV 87 state (0.6(2) ns) is much longer than the mean-
life of the 27 state [12], the influence of the 634 keV 97
— 87 transition is negligible. Thus, these contaminations
of the 633 keV y-ray transitions can be ignored. Shifted
parts of the 1009 keV 6] — 47 transition and 998 keV
67 — 47 transition were hardly observed for any target-
stopper distance (see Fig. 2), because mean lifetimes of
the medium spin near-yrast states are much longer than
the mean lifetimes of the low spin states in '°°Cd [12].
Thus, it is impossible to extract the lifetime of the 27
state in '9Cd by setting a cut on the shifted peaks of
these two transitions.

The result in Ref. [5] was also reported in Ref. [12],
and was obtained from the direct gating of the 861 keV
47 — 27 transition, but the contaminations from higher-
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Fig. 1. 'Cd. The width of the ar-
rows represents the relative intensities of the transitions.

Partial level scheme for

Relative intensity information was taken from Ref. [11].
Lifetimes of the 3678 keV 97 and 3044 keV 87 states were
taken from Ref. [12], and lifetimes of the 3507 keV 87 and
2331 keV 57 states were taken from Ref. [19].
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Fig. 2. Projections of the backward-backward matrix for a

distance of 80 um between the target and stopper foils.

lying transitions was not considered. Moreover, the level
scheme of '%°Cd presented in Ref. [12] did not exhibit the
862 keV 77 — 67 transition, but the 851 keV 77 — 67
transition, which was not seen in the present work by gat-
ing on the 1009 keV 6] — 47 and the 861 keV 41 — 27
transitions at 90° (see Fig. 3). This 851 keV 7] — 65
transition was not found in Ref. [11]. If the 851 keV 73
— 67 transition exists, the unshifted component of the
851 keV transition will overlap with the backward shif-
ted component of the 861 keV transitions, and the life-
time of the 27 state could not be determined by setting a
cut on the backward shifted component of the 861 keV
transitions.

In order to subtract the contaminations, direct and in-
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Fig. 3. Background-corrected coincidence spectra obtained

by gating on the (a) 1009 keV and (b) 861 keV y-ray trans-
itions at 90°. The 851 keV transition deexcited from the
3354 keV 77 state to 2503 keV 65 state in Ref. [12] cannot
be seen in both spectra.

direct gating cases should be considered simultaneously.
In the case of direct gating on the transition B, as shown
in Fig. 4, the mean lifetime 7 of the level L depopulated
via transition 4 can be determined at every target to stop-
per distance x as:

Fowo

D 1
d AB ()

U- a[ (5.5)
where v is the recoil velocity, the subscripts s and u de-
note the Doppler shifted and unshifted components, re-
spectively, and Iai) refers to the normalized intensities /
of the unshifted component of the depopulating trans-
ition A, obtained by gating on the shifted peak of trans-
ition B. When indirect gating is used, for example, when
the gate is set on the shifted peak of transition C, the
mean lifetime will transform into:

T(x) =

AC BC
Ly — @ L)

TL(x) = q , )
U- —IAC
dx (9
and
AC AC
_ I(“) +I(s,s) 3
- IBC +IBC : ( )

(u,s) (s,5)

If the energies of the y-ray transitions B and C are the
same, when a cut is set on the Doppler shifted compon-
ent of transition B, a coincident gate will also be placed
on the flight peak of transition C simultaneously. The
shifted and unshifted components of transition 4 in the
gated spectrum will contain two parts, one part is ob-
tained by gating on the shifted part of transition B, and

D

Fig. 4. Level scheme sample for direct and indirect gating.
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the other part is obtained from gating on the shifted part
of transition C, as shown in Fig. 5.

A _ JAC AB
{Iu - ](u,s) + I(u,s)’ (4)

A _ JAC  JAB
I5 =T + 1

Though Iéfs), I&i ) Iéi) and I(Afs) could not be identi-

fied in the gating spectrum, the lifetimes of level L de-

rived from the gating on transitions C and B should be the

same, which means:

AC BC AB
Tus =2 105 L)
T(x) = q = . Q)
- _IAC - _IAB
dx (59 dx ()

The following relations can be obtained from Egs. (4)
and (5):

d AB d A AC
— 7 =—U; -1
dx( K s,s))

dx &9
d a_doac
=0l T ey (6)
AB A _ JAC
i AB _ I(M»S) _ Ly _I(u,s)
dx UA' 7L verp ™
¢ —a-1BC
4 e _ w78 Ty
dx (5:8) v-TL ’
then
A _ JAC AC _ . 1BC
M = i[A — M (8)
v-TL dx ' * U TL .
I4€ can be cancelled, and Eq. (8) is transformed into:
A —a- BC,
TL()C) = u—w (9)
v-—I4
dx™’

The form of Eq. (9) is similar to Eq. (2). However, in
Eq. (9), gates are set on direct and indirect transitions
simultaneously, and the shifted and unshifted peaks of
transition 4 in the gating spectrum contain direct and in-
direct gating components. A problem arises due to the
factor of proportionality @, which is determined by the
detector efficiencies and angular correlations [16]. In the
present work, the numerator can not be extracted from the
experimental data as shown in Eq. (3). Thus, the factor «
was replaced as:

_ A '(UAC(Q)’ (10)
&g wpc(9)
where &4 and ep are the detection efficiencies of trans-
itions A and B, respectively, and wuc(6) is the angular
correlation between transitions C and A4 at angle 6, re-
spectively.

If there are more than one contaminations, say trans-
ition £ shown in Fig. 4, whose energy is the same as that
of transition B, but transition C and E is not coincident

gating on C: I(ji)
shift component If /

. . ,4B
gating on B: [ 6.9

A
. AC
gatingon C: [
unshift component IMA < @9
. AB
gating on B: [ ws
. BC
gatingon C: [
. 9
shift component If <
. . CB
B gating on B: [ 69
unshift component IuB gatingon C: / (ﬁcs)
Fig. 5. Shifted and unshifted components of transitions 4

and B in the gating spectrum.

with each other, Eq. (9) and Eq. (10) still hold. The
biggest difference between Eq. (9) and Eq. (2) is that the
factor of proportionality « in Eq. (9) could not be extrac-
ted from experimental data easily. However, it can be
chosen in another way: a gate was set on the unshifted
component of a transition which is coincident with the 47
— 27 861 keV transition and the 27 — 07 633 keV
transition, but not coincident with the 7 — 67 862 keV
transition and the 127 — 107 861 keV transition. The ra-
tio of the intensities of the 633 keV and 861 keV trans-
itions in the gating spectra can be used as the factor of
proportionality a. In the present work, a gate was set on
the 77 — 65 906 keV transition and the 77 — 67 917
keV y-ray, respectively. The values of @ extracted by dif-
ferent gating transitions were found to be consistent, and
a mean value @ = 1.35 (18) was used in the present work.

It should be noted that Eq. (2) is used to calculate the
lifetime of level L, which is fed by a single elementary
transition directly [15]. But in the present work, the 27
state is fed by several transitions. The 107 4106 keV state
decays to the 27 633 keV state via several paths except
the 47 — 27 861 keV transition, e.g., the 47 — 27 1472
keV transition. The influence of the 1472 keV transition
could be estimated by subtracting all decay paths that de-
cay to the 47 state, such as the 423 keV, 827 keV, 1135
keV, and 611 keV transitions deexciting from the 87, 6,
57 and the 47 states, respectively. In addition, only 10%
intensities of 127 — 107 861 keV transitions decay to the
27 state through the 47 — 27 1472 keV transition. These
intensities have been taken into account in the statistical
error.

It is necessary to modify the recoil velocity in the data
analysis, because of the low recoil velocities of the com-
pound nucleus. In the present data analysis, three 1 keV
wide cuts were set on the Doppler-shifted parts of the 861
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keV vy-peaks, from 852 keV to 855 keV. These spectra
are shown in the upper three spectra of Fig. 6. It can be
seen clearly from the shifted peak positions of these three
spectra that the mean recoil velocities of the compound
nuclei are from 0.0085 to 0.0105 c. The sum gate of these
three cuts was used to determine the mean velocity of the
recoil nucleus, and it is demonstrated in the bottom of

Fig. 6. The mean recoil velocity 0.00905 Y was used in
c

the present work. The spread of the recoil velocity % is
almost 0.01%. This spread has been added in the statistic-
al error as a systematic error.

Eq. (9) and Eq. (10) were used to fit curves of the
shifted and unshifted normalized intensities by the
NAPATAU program [20]. The intensities of the y peaks
at every target-to-stopper distance should be normalized

Recoil Velocity(v/c %)

by setting gates on both the Doppler-shifted and unshif-
ted parts of the 861 keV 47 — 27 y transition. Then, sum
intensities of the unshifted and shifted parts of the higher
lying 1009 keV 6] — 4] y transition were determined.
These intensities were normalized to the intensity whose
target-to-stopper distance is 30 um. A 3 keV wide gate
was placed form 852 to 855 keV, which is the backward
shifted part of the 861 keV transitions. The backward
shifted and unshifted spectra of the 633 keV 27 — 0f
transition and corresponding unshifted components of the
861 keV transitions were fitted and plotted in Fig. 7. The
final decay curves and the 7 plot are shown in Fig. 8. It
should be noted that the unshifted intensities in the bot-
tom panel of Fig. 8 were obtained by reducing the unshif-
ted peaks of the 861 keV y-ray in the right side of Fig. 7
from the unshifted peaks of the 633 keV transition in the
left side of Fig. 7 with a factor of proportionality a. From
the resulting decay curves, the deduced mean-lifetime of

15 1.0 0.5 0.0 the 27 state in 1Cd is 9.9(12) ps. Limited by the low de-
30 LA N T tective ability, the error in the present work is mainly in-
: 852.0 -853.0 fluenced by the poor statistics of the experimental data.
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Fig. 6. (color online) Projection of the backward-shifted 633 Energy (keV)
keV peak in 19%Cd from gating on the shifted components Fig. 7. (color online) (left) Projected stopped and backward-

of the 861 keV y peak. The range of the y-ray coincidence
condition is shown in the upper center of each spectrum.
The dashed line denotes the measured centroid of the Dop-
pler-shifted peak.

shifted components for the 633 keV, 27 — 0} transition in
106Cd from gating on the backward-shifted components of
the 861 keV. (right) Corresponding backward-unshifted
components of 861 keV transition.
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Fig. 8. Decay curves and lifetime determination of the 633
keV, 2+ — 07 transition in 'Cd. The middle and lower
panel show the Doppler-shifted and stopped intensities vs
distance. The mean-lifetime at each distance is determined
(using Eq. (9) and Eq. (10)), and is shown in the upper pan-
el as a function of the distance. The weighted average of
these values yields the overall mean-lifetime.

4 Discussion

By reducing the contamination, the lifetime v =
9.9(12) ps determined in this study is shorter and more
reasonable than the result deduced by the DDCM in Ref.
[5]. This value fits well with the adopted value 10.49(12)
ps [2] within the experimental uncertainty. The reported
value of 7.0(3) ps in Ref. [4] for the 2} state in '%°Cd is
33% shorter than the evaluated value in the NNDC [6].
The difference may be caused by the influence of the
long-live state above, i.e., the lifetime of the 47 state re-
ported in Ref. [4] is longer than 10 ps, though the life-
time of this state evaluated by the NNDC is < 2.9 ps.

The lifetime of 7 = 9.9(12) ps for the 2] state meas-
ured in this study yields a reduced transition probability
of B(E2;2f — 0}) = 0.081(10) e’b?, or 27.2(33) W.u..
The B(E2) value is compared to those of neighboring
even-even Cd isotopes in Fig. 9. Though cadmium iso-
topes are only two proton holes away from the Z = 50
number, this comparison of the B(E2) values illustrates
that the collectivity of the 27 states increases rapidly with
an increasing neutron number from '2Cd to !%°Cd.

T T T T T T T
40 T E
35+ —
~
=]
= 30 1
5
N
o 25 —a— cvaluated values N
as) —eo— present work
20k —a— Ashley et al. |
—w— Koller et al.
I SM (e, e )=(1.6, 1.0)| |
I5r ! SM (e, ¢ )=(1.7, L1)|]
1 " 1 " 1 2 I n I n I
102 104 106 108 110 112
Cd mass number
Fig. 9. (color online) Systematics of B(E2) values in W.u.

for the excited 27 states in the even Cd isotopes. The exist-
ing experimental data for '%Cd in Refs. [4, 5] and the
present work are presented in comparison with evaluated
values in NNDC and the shell model (SM) calculations [9].
Evaluated values are taken from 192104Cd [9], 106108 Cd [2],
10Cd [21], 112Cd [22].

However, the increasing trend of experimental results
slows down from '9°Cd to !'9Cd, which means that the
collectivity or the deformation of the ground states in
106Cd, 198Cd, and ''°Cd are similar. '°°Cd and '°8Cd
were both predicted to exhibit features of E(5) critical-
point symmetry [1]. This trend may confirm the predic-
tion to some extent. The B(E2) value obtained in the
present measurement fits smoothly into the systematic
trend. It should be noted that the new B(E2) values of
102104Cq in Fig. 9 were taken from Ref. [9] instead of
Ref. [7].

Several shell model calculations for light cadmium
isotopes have been performed in Refs. [4, 7-10]. The the-
oretical B(E2) values show a smooth increase from '92Cd
to 1°%0Cd, which fit well with the experimental results (see
Fig. 9). For 'Cd, the theoretical prediction B(E2) value
would result in a better agreement from the effective
charge (er,e,) = (1.6¢, 1.0e) [9], rather than (1.7e, 1.1¢)
[8, 10] (see Table 1 and Fig. 9). The transition probabil-
ity of B(E2;2} — 07) = 0.081(10) e’b? from the present
work also fits close to the shell model calculated result of
0.083 b’ in Ref. [4].

The excitation energy ratio R4, defined as
E(41)/EQ2}), for '%°Cd is 2.36. This value is predicted to
be 2.00 for a spherical harmonic vibrator, 2.50 for a -
soft rotor, and 3.33 for an ideal rotor. Though the R4, ra-
tio implies that the yrast band in '%Cd is a little far away
from the E(5) prediction 2.20, it is still found within the
range of 2.00< R4/2<2.40 [1]. In addition, the B,/, value,
defined as B(E2;4] — 27)/B(E2;2] — 07), is 1.65(31) in
the present work (the B(E2;4]7 — 2) value was taken
from Refs. [6, 23]). This ratio is predicted to be 2.0 for a
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Table 1. Comparisons of lifetimes and B(E2) values of the 27 state in 106Cd in different experimental (exp) results and different shell model calcula-

tions (cal).

: B(E2)/(e?b?)
references T/ps inert core proton orbits neutron orbits effec(tlve cl)large
€m> v exp cal
This work 9.9(12) 0.081(10)
M. T. Esat et al. [2] 10.49(12) 0.0765(9)
S. K. Chamoli et al. 0.8 0.082
[3]
S. F. Ashley et al. [5] 16.4(9) 0.049(3)
N. Benczer-Koller et
al. [4] 7.003) T¥Niso f5125 P3j2> P1725 8972 812, dsp2, dzpa, s172 (1.75¢,0.75¢) ~ 0.115(8) 0.061
8772, ds)a, d3j2, S1)2 (2.0e, 1.0e) 0.097
212, dspa, dajo (1.75¢, 0.75¢) 0.052
g12, dsp2, daja (2.0e, 1.0e) 0.083
N. Boelaert et al. [7,
8] T. Schmidt et al. %g Srsg P1/25> 89/2 d5/2~ 51725 d3/2’ 87/2» hll/z (1.76, 116) 0.0883
[10] ’
A. Ekstrom [9] 88Srso D172, 8972 ds;2, s172, d3p2, 87725 2 (1.6e, 1.0¢) 0.076

geometric vibrator, and 1.43 for a symmetric rotor.
Though the By, ratio is close to the the E(5) prediction
1.56 [1], it is hard to identify the E(5) critical-point sym-
metry in '%Cd clearly, because most of the low spin state
lifetimes in Ref. [4] are different from the NNDC values
(see TABLE II in Ref. [4]). More experiments are re-
quired to clarify the differences of these short lifetimes.

5 Summary

The mean lifetime of the 27 state in '%°Cd was re-
measured in the present investigation. By subtracting the
contaminations, the result 9.9(12) ps deduced from the

RDDS technique and the DDCM is well within the exper-
imental uncertainty of the evaluated value 10.49(12) ps
[2], and it is more reasonable than the reported value in
Ref. [5], which is also measured by the RDDS technique
in combination with DDCM. The reduced transition prob-
ability B(E2) in our work, which fits smoothly into the
systematic trend, is 0.081(10) e?b?. This result can be ex-
plained by the shell model calculations.

The authors would like to thank the crew of the HI-13
tandem accelerator at the China Institute of Atomic En-
ergy for steady operation of the accelerator. We are also
grateful to Dr. Q. W. Fan for preparing the target.
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