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Determination of lifetime of low-lying states using a plunger method could be a subject of sys-
tematic uncertainty if, among else, correction of unobserved feeding is not properly taken
into account. In this paper, a simple analytical approach is proposed to deduce a lifetime of the
state of interest if fed directly by observed and unobserved feedings. Evolution of population
of the state of interest for 10 target-degrader distances was simulated, using Monte Carlo ap-
proach, assuming a decay scheme of three populated states (a state of interest, one observed
and one unobserved state). The simulation was performed using a wide range of initial condi-
tions (lifetimes and detection efficiencies of the three states). A fit on simulated evolution of
investigated state using analytical solution of described model (by fixing known parameters
from direct, observed feeding: initial population and lifetime) successfully reproduced de-
sired lifetime. In order to successfully apply the method, it is necessary to have experimentally
available intensities of unshifted components of peak from at least five target-degrader dis-

tances.
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INTRODUCTION

Measurements of reduced transition probabilities
are important for understanding nuclear structure as
they are sensitive on nuclear wave function of the initial
and final state of the observed transition. They can be
used, among else, to determine electric quadrupole mo-
ment, to deduce nature of the state (single-particle ver-
sus collective modes), and determine shape coexistence
[1,2].

Reduced transition probabilities could be mea-
sured directly by Coulomb excitation measurement or
extracted from the lifetime measurements. There are
numerous techniques developed depending on lifetime
of an investigated state. Commonly used method to de-
termine lifetime of the low-lying states, that is typically
of the order of ps, is recoil distance Doppler shift
method (RDDS) or colloquially a plunger method [3].

The RDDS method is performed using a plunger
device that consists of target and degrader foil that
could be placed at various distances from each other.
The role of degrader foil is to stop or slow down recoil
nucleus, which can be produced by various reactions,
such as Coulomb excitation, multi-nucleon transfer,
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deep-inelastic scattering etc. Depending whether
y-rays are emitted before or after the degrader, they
will be differently Doppler-shifted which will result in
two y peaks for each transition. Transition occurred in
the degrader (in the case of stopping foil) or, after the
degrader is called unshifted component, as its peak
would be at proper energy since the recoil is in rest or it
is properly Doppler-corrected by recoil velocity mea-
sured in spectrometer placed after the plunger device.
The component emitted before degrader is named
shifted component. Velocity of recoil nuclei is of the
order of few percentages to a several tens of percent-
ages of the speed of light and target-degrader dis-
tances, set to be of the order of time of flight necessary
for the recoil to reach the degrader after leaving the tar-
get, have values typically from several micrometers to
several millimeters. Thus, by changing target-de-
grader distances, observed number of de-population
of excited state will change as well. From the intensity
ratios of these two components as a function of tar-
get-degrader distance it is possible to deduce the life-
time. The details of the method could be found else-
where [3, 4].

In general, there is a good agreement between
RDDS and Coulomb excitation measurements. How-
ever, an interesting case of >7#Zn isotopes appeared in
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recent years, with a systematic discrepancy between
B(E2;4"—2") values obtained using Coulomb excita-
tion and RDDS method [5-10].

In all the RDDS measurements considered [5-7],
only v singles spectra were used in the analysis, thus
susceptible to the same potential systematic errors that
could arise due to inability to separate peaks from dif-
ferent transitions, unknown feeding patterns or unob-
served feeding transitions which could lead to apparent
increase of the measured lifetimes. Researchers have
applied different approaches to solve the problem of un-
observed feeding. One approach would be to include
the unobserved feeding via one level approximating all
possible unobserved feedings coming from continuum
or other discrete levels [4]. Its intensity corresponds to
the relative intensity ratio of observed transitions popu-
lating and depopulating the state of interest, while its ef-
fective lifetime can be assumed to be similar as that of
the observed feeding [11, 12]. In cases where such as-
sumption is not applicable, wrong feeding estimates
would be observed by deviations of the lifetime from
the constant value for different target-degrader dis-
tances, as explained in [4]. The influence of the unob-
served feeding on the lifetime of interest can, for exam-
ple, be deduced by nonlinear least-square minimization
method, as explained in [13].

An attempt to explain a longer lifetime of the 47
state in 7*Zn deduced by RDDS method, compared to
what Coulomb excitation result suggests [8,10], by ad-
dition of the unobserved feeding was made in [5], as-
suming a long lived, but weakly populated state feed-
ing the 4" state, which was added to the measured
uncertainty. However, it does not explain the observed
discrepancy in 74Zn, even though in cases where the
unobserved feeding is of low relative intensity and
similar lifetime as the observed feeding, its influence
should fall within the experimental errors [12].

These kind of discrepancies could be resolved
by using a y-y coincidence measurement, however it is
not always feasible to achieve it. In this paper, authors
are trying to deduce lifetime of the state of interest by
taking into consideration unobserved feeding. A sim-
ple analytical approach based on solution of sequential
decay is proposed and validated using Monte Carlo
simulations.

METHODS

Bateman equations represent a set of differential
equations whose solution provide abundances and ac-
tivities of nuclei in decay chain as a function of time
(i.e., set of decays from one unstable nuclei to another
one until reaching stable nuclei, or a sequence of
de-excitations of nuclei from higher state to the
ground state). In the lifetime measurements of excited
states, instead of decay chain, rather particular state of
interest could be fed by one or more feeding excited

states. In the case of system with N excited states,
among which N-1 states directly feed the state of inter-
est (denoted as state 1) a set of N differential equations
can be written
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while time evolution of number of nuclei in V; state of
interest is described as

dnN,
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where N, and N; denote the population of the state of
interest and its direct feeders in i states, respectively, as
a function of time, while 4, and A; are the decay con-
stants of those states. Corresponding lifetimes are 7, =
=1/A;and 7;= 1/A,.

Solution of the system of first order non-homo-
geneous linear differential equation described with
egs. (1) and (2) can be easily generalized from the sys-
tem of two equations into

_ NioA;  _ _
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where Njg and N are the initial numbers of particles in
the state of interest and state i, respectively.

For the purpose of finding lifetime of the state of
interest, decay analysis of only three states has been
considered, as shown in fig. 1.

The first state, with unknown life time 7, (aiming
to deduce) and unknown initial population N,,. The
second state corresponds to the observed state that di-
rectly feeds the state of interest, with known lifetime
7, and population N, (i.e. as it is observed feeding, the
values are deduced from the experiment directly). The

N, T

&2

T4

&1

Figure 1. A schematic representation of decay scheme
used to deduce lifetime of state 1: N, and 7, — population
and lifetime of state of interest; V,, 7, and V5, 73 are
populations and lifetimes of direct observed and
unobserved feeder of state of interest, respectively, while
€1, €2, and g3 represent absolute detection efficiencies for
corresponding transitions
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feeding pattern of the second state does not need to be
considered, as only its effective lifetime and popula-
tion, by which it feeds investigated state of interest, are
needed. Furthermore, there could be several observed
direct feedings, but again, population of those states
and lifetimes would be measured and could be directly
included in eq. (3). Therefore, without a lack in gener-
ality, it is enough to assume only one state that directly
feeds the state of interest. Finally, the third state corre-
sponds to unobserved feeder of the state of interest
(therefore with unknown lifetime 75 and population
Nsp). Similarly, there could be several unobserved
feeders, but what is considered in the simulation, and
would be considered in experimental analysis, is ef-
fective feeding of state of interest.

The evolution of population of the state of inter-
est is simulated for 10 target-degrader distances up to
500 pum. Recoil velocity of 20 pum(ps)~' was assumed,
which is within the range of velocities typical for
plunger experiments, and for the largest target-de-
grader distance, recoil nuclei time of flight is 25 ps. At
each (infinitesimal) step of time, it was sampled
whether decay from any of three states has occurred
and at the same time it was sampled whether transition
from the corresponding state has been detected or not.
Sampling was performed using Monte Carlo method.
Number of detected transitions was integrated for the
period that corresponds to the time of flight between
each target-degrader distance. The process was re-
played for each state and target-degrader distance. As
an output, a number of survived nuclei in state 1, for
each target-degrader distance is given. In the plunger
experiment, it would correspond to the measured in-
tensity of unshifted component of transition emitted
after the degrader. Simulated results were then fitted to
eq. (3) by fixing parameters N,, and 7, (being known)
and leavingN,, 7|, N3, and 75 as free parameters, from
which the lifetime of the state of interest 7, was ex-
tracted.

RESULTS

Monte Carlo simulation of the system, illus-
trated in fig. 1, was performed for numerous combina-
tions of the three states in order to cover different pos-
sible experimental situations when 7, is shorter or
longer compared to 7,. Lifetimes of the unknown feed-
ing 73 were also covering a large range of lifetimes,
from several lifetimes shorter to several lifetimes lon-
ger than the lifetime of interest 7,. It was assumed that
each transition could have different energy and thus,
its detection efficiency &€ would be different. For each
simulated combination of lifetimes, an integer value of
detection efficiency ¢ was uniformly sampled be-
tween 6 % and 16 %, thus, within the range of absolute
efficiencies found in contemporary y -ray spectrome-
ter systems. Initial number of populated states were

109, 5-10° and 3-10° for N, N,,, and Ny, respec-
tively. Values N, N,, and N; would experimentally
correspond to the number of detected y transitions (the
peak area times efficiency).The N;, as 30 % of inten-
sity of NV, is set as an upper limit of population since it
is expected that such a high intensity of transition
should be observed in y-ray spectrum. Smaller intensi-
ties would make smaller influence on the evolution of
N, and therefore N, was not changing during the sim-
ulations. Fitted lifetimes of the state of interest, for se-
lected combinations of lifetimes and efficiencies are
presented in tab. 1.

In figs. 2 to 4 the simulated evolution of population
of the state of interest for 10 target-degrader distances for
different initial conditions is presented. Uncertainty of
the simulated points was taken into account and ex-
pressed as the square root of NV, for each target-degrader
distance, however it is not visible in the figures. Fit of
simulated data using eq. (3) is indicated as well.

Results of the deduced lifetimes obtained from
the fit of simulated data for different initial conditions,
presented in tab. 1. and figs. 2-4, well reproduce ini-
tially set value. Therefore, it is possible to apply this
approach if there is an indication of unobserved feed-
ing of the investigated state. The only limitation is
when lifetimes of the state of interest and feeder state
are the same, 7, =17, or 7, = 73 (left side of fig. 3), as al-
ready mentioned [14]. Although the lifetime for that
case is in fairly agreement with the initial value, over-
all fit did not converge and therefore, that result could
not be considered reliable.

CONCLUSIONS

The evolution of intensity of the state of interest
that has been fed by two states (one direct observed
feeding, and another unobserved) as a function of tar-

Table 1. Fitted lifetimes of the state of interest 7; obtained
for different combinations of lifetimes (7y, 75, 73) and
detection efficiencies (1, &3, €3)

Lifetimes [ps] Efficiency [%] Fitted lifetime [ps]
71 23 73 | & & & 7

3 15 2 12 7 15 2.917 £0.023
3 15 | 10 | 11 15 6 2.931 +£0.051
3 15 | 20 | 13 9 7 2.913 £ 0.028
5 7 2 7 13 9 4.871 £ 0.033
5 7 5 14 15 6 45+9.9

5 7 20 | 12 10 8 4.85+0.31
10 5 3 13 15 10 10.06 + 0.43
10 5 5 11 10 7 9.91+0.20
10 5 15| 12 10 8 9.93 £0.55
10 5 50 | 15 7 15 9.9+2.1
20 3 3 13 15 15 19.72 £ 0.39
20 3 10 | 10 14 6 18.5+£7.2
20 3 25 | 13 9 10 209+2.9
20 3 60 | 16 13 8 20.0 +3.1
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Figure 2. Simulated evolution of intensity of V, for different initial conditions; (left side: 7, = 3 ps, 7, = 15 ps, 73 =2 ps,
&1=12 %, &,=T7 %, £3=15 %) and (right side: 7, =3 ps, 7, =15 ps, 7, =20 ps, €1 =13 %, €, =9 %, &3 =T %),
Deduced lifetimes are 2.917 +0.023 ps and 2.913 = 0.028 ps, for conditions presented on the left and the right side of figure

x10° x10°
L - 1;=5ps,;,=7ps, 13=5ps & 1, =5ps,r,=7ps, r3 = 20 ps
100 —
= }
50 —
0, - 2' : . 4' 0) 1 1
0 00 00 T
d [um] 0 200 400 Al

Figure 3. Simulated evolution of intensity of /V; for different initial conditions; (left side: 7; =5 ps, 7, =7 ps, 73 =5 ps,
&1=14 %, &,=15 %, ¢3=6 %) and (right side: 7, =5 ps, 7, =7 ps, 71 =20 ps, £1=12 %, £, =10 %, &3 =8 %),
Deduced lifetimes are 4.5 = 9.9 ps and 4.85 £ 0.31 ps, for conditions presented on the left and the right side of figure
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Figure 4. Simulated evolution of intensity of /V; for different initial conditions; (left side: 7, = 20 ps, 7, =3 ps, 73 =3 ps,
e1=13 %, £2=15 %, &3 =15 %) and (right side: 7; =20 ps, 71 =3 ps, 71 =60 ps, £1=16 %, &, =13 %, &3 =8%),
Deduced lifetimes are 19.72 £ 0.39 ps and 20.0 £ 3.1 ps, for conditions presented on the left and the right side of figure

get-degrader distance was simulated using Monte- data fit using eq. (3). From the intensity of unshifted
Carlo approach. Initial number of nuclei in the state component, a lifetime of the state of interest was suc-
two and its lifetime, V,, and 7, can be deduced experi- cessfully deduced for a wide range of initial conditions

mentally and should be used as an input parameter in (lifetimes and efficiencies of three simulated states).
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This simple method has shown that it is possible to cor-
rectly deduce the lifetime of a certain state even when
that state is fed by an unobserved transition.
However, as there are four unknown parameters
in the model fit, it is necessary to have experimental
data from at least five different target-degrader dis-
tances, compared to regular RDDS method in which
just two target-degrader distances or, even one in the
range of sensitivity, can be enough to determine the
lifetime of interest [4]. Since the method is sensitive to
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Tamapa J. MUJIAHOBUWh, Urop T. YEJINKOBHNH

JEAJHOCTABAH AHAJIUTUYKHN MPUCTYII NIOCTYHAIbA CA
HEYOYEHUM IIPEJIAZUMA TP MEPEILMMA BPEMEHA XKHNBOTA
INPUMEHOM ILTAHIIEP METOJE

OnpebuBame BpeMeHa >KUBOTAa HHUCKO-MOOybeHMX crawma KopucTehu IUIaHiep MeTof,
HO/JIOKHO je CHCTEMaTCKUM HECHTYPHOCTHMa akKo, U3Meby ocTajor, Kopeknuja Ha NyHeHe CTamba
HEOYUYEHUM IMpellasuMa HHje y3eTa y o03up Ha oArosapajyhu HauuH. Y OBOM pajy, INpPEAJIOXKEH je
jeqHOCTaBaH aHAJUTHUYKH MPUCTYI 3a ofpebuBame BpeMeHa XXUBOTA CTama Off HHTEPECa aKo ra MyHe U
AUPEKTHU MEPIBUBHY ITPENAa3U U OHU HEyOueHU. EBonynyja nonynamnuje cTama off ”HTEPeCa je CUMyInpaHa
3a 10 MmeTa-ferpaznep yaambeHocT, nomohy Monte Kapno npucryna, npetnocrasibajyhu memy pacnaga of
Tpu nobybeHa crama (CTame Off MHTEpeca, jeAHO EKCIePHMMEHTAHO YOUYeHO M jelHO HEeyOueHO).
Cumynanyja je u3BefeHa kopucrtehy IIMPOK OICer IOYETHAX YCI0Ba (BpeMeHa KUBOTa U e(PUKaCHOCTH
JeTeKIuje TpH IIocMaTpaHa cTama). CHMynIumpaHa eBOJyLHWja IOCMATPaHOr CTama, (PUTOBaHA
AHAJIMTHYKAM pelleheM OMICaHOT Mofena ((hUKCHpambeM MO3HATHX TapaMeTapa MO3HATOT Ipeia3a Koju
INyHA TOCMAaTpaHH HMBO: MOYETHHW Opoj decTHia y moOybeHOM CTamy W BpeMe KHBOTA), YCIEIIHO
penponykyje 3agaTo BpeMme XKuBOTa. Kako 6M ce METOJ YCHIEUIHO NPUMEHMO, IMOTPeGHO je UMaTu
eKCIIepUMEHTATHO ofipebeHe MHTeH3uTeTe HENOMEPEHMX KOMIIOHEHTH raMa Ipeja3a ca 0apeMm IeT
MeTa-flerpajep yAaJbeHOCTH.

Kwyune peuu: meperse 8pemena jcusoiia, Heyo4eHu iipeaas, cumyaayuja



