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A B S T R A C T

A new method of extracting the 𝛾-ray intensities necessary to perform lifetime measurements using the
differential decay curve method (DDCM) is presented in this work, the unresolved Doppler-shifted components
method (UDCM). The UDCM allows for a DDCM analysis to be performed using a 𝛾-ray transition for which
the fully Doppler-shifted and degraded components are unresolvable in energy and so are detected as a single
peak. This technique was used to measure the known lifetime of the yrast 2+1 state in 50Mn with a depopulating
transition that does not have resolvable fully Doppler-shifted and degraded components. The lifetime measured
through applying the UDCM was consistent with the standard DDCM measurement of the 2+1 state. Use of the
UDCM allows for DDCM lifetime measurements to be made using transitions of smaller 𝛾-ray energies, smaller
recoil velocities and, in some cases, with a smaller uncertainty. In contrast to a standard DDCM analysis, a
UDCM analysis is also independent of the widths of the fully Doppler-shifted and degraded components and
as a result they do not need to be determined.

1. Introduction

The lifetimes of excited nuclear states are important experimental
observables for understanding nuclear structure as they relate to the nu-
clear wavefunction. There are several methods that can be used to mea-
sure nuclear lifetimes depending on the magnitude of the lifetime being
measured [1–3]. The differential decay curve method (DDCM) [4] has
become a well established technique for measuring nuclear states with
lifetimes of order a picosecond.

A standard DDCM analysis relies on the use of a plunger device [5]
which typically consists of two foils: a target and a degrader. A beam is
incident on the target which produces recoils of interest in an excited
state. These excited recoils leave the target with some velocity, 𝑣1,
where they can either de-excite by radiating a 𝛾 ray, or first pass
through the degrader foil where they are slowed down or stopped and
radiate a 𝛾 ray at a velocity 𝑣2 < 𝑣1. The 𝛾 rays radiated at these two
velocities can be differentiated when they are detected in the laboratory
as they undergo different Doppler shifts in energy. The fully Doppler-
shifted 𝛾 rays emitted by excited recoils at a velocity 𝑣1 are referred
to as fully shifted (fs) throughout, while those travelling at 𝑣2 are
referred to as degraded (de). For DDCM, it is necessary that the two
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Doppler-shifted peaks are detected and resolvable in energy. This can
be difficult experimentally, as the separation in energy of the fully-
shifted and degraded components increases with both the energy of
the 𝛾 ray and the recoil velocity. Therefore, a lifetime analysis with the
standard DDCM approach becomes less feasible for a smaller energy
𝛾-ray transition, a smaller recoil velocity or a greater target mass to
projectile mass ratio.

However, a new method of extracting the lifetime of a state by
using a 𝛾-ray transition for which the fully-shifted and degraded com-
ponents are unresolved from each other in energy is presented here.
This method is hereby referred to as the unresolved Doppler-shifted
components method (UDCM). The proposed method relies on fitting a
single normal distribution to the unresolved fully-shifted and degraded
components for each plunger distance, 𝑥. The dependence of the energy
of the centroid as a function of plunger distance is used to determine
the lifetime. This method differs from the approach commonly applied
in DDCM analyses in which two separate distributions are fitted to the
two Doppler-shifted components with centroids, 𝜇, and widths, 𝜎, that
are fixed. Centroid measurements of 𝛾-ray peaks have previously been
used in recoil distance analyses in the case of 𝛾-ray transitions that
overlap in energy, see, for example, Ref. [6]. The proposed method
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Fig. 1. A schematic of the 𝛾-ray coincidence gates that can be applied to transitions between excited nuclear states in order to determine the centroids of unresolved Doppler-shifted
peaks, 𝜇fs,de, of the transition 𝐴. Any transition, 𝐵, populating the state of interest, 𝑖, that has well-resolved fully-shifted and degraded components can be used to determine
𝜇de through a 𝛾-ray coincidence gate on the degraded component, labelled ‘𝐵de gate’. Similarly, a 𝛾-ray coincidence gate on the fully-shifted peak component of a depopulating
transition, 𝐶, can be used to measure 𝜇fs. Such gates are labelled ‘𝐶fs gate’. The effects on an unresolved Doppler-shifted peak from applying these gates are illustrated with
schematic 𝛾-ray spectra for backward angled, 𝜃 > 90◦, ring 1 detectors.

applies measurements of the centroids of unresolved 𝛾-ray peaks as a
function of plunger distance to extend the applicability of the standard
DDCM approach.

An additional advantage of the UDCM over the standard DDCM
approach is that the analysis is independent of the widths of the
distributions. These widths must usually be determined at the cost
of beamtime and fixing these widths can be a source of systematic
uncertainty. Furthermore, this approach can be applied in cases where
it is not possible to fit two normal distributions due to a small Doppler
shift and, in some cases, reduce the uncertainty on the measured
lifetime for a given number of statistics.

The UDCM is verified in this work by remeasuring the known
lifetime [7] of the yrast 2+1 state in 50Mn. This lifetime was measured
using the standard DDCM with well-resolved fully-shifted and degraded
components in Ref. [7] to be 6.4(2) ps. In this work, the lifetime of
the yrast 2+1 state was remeasured by applying the UDCM to an M1
transition depopulating to the yrast 1+1 state. The separation in energy
of the fully-shifted and degraded components was such that the two
could not be resolved. Hence, the UDCM was applied to give a value
of 6.7(2) ps, which is consistent with the previously published value.

2. Differential Decay Curve Method (DDCM)

The lifetime, 𝜏𝑖, of a state, 𝑖, which is populated by a transition, 𝐵,
and depopulates through a transition, 𝐴, (c.f. Fig. 1) can be calculated
by applying the DDCM. This method is often applied in conjunction
with a 𝛾-ray coincidence gate, where only 𝛾 rays detected within a par-
ticular time window are considered, allowing for random coincidence
events to be removed. There are several expressions for 𝜏𝑖 depending
on whether a 𝛾-ray coincidence gate is applied and to which specific
transition. For an analysis where a 𝛾-ray coincidence gate is applied to
the direct feeder, labelled 𝐵dir. in Fig. 1, the lifetime can be calculated
through [4]

𝜏𝑖 =
𝐼{𝐵fs ,𝐴de}(𝑡)

d
(

𝐼{𝐵fs ,𝐴fs}(𝑡)
)

∕d𝑡
(1)

where the notation 𝐼{𝑋,𝑌 } represents the number of detected transitions
𝑌 when a gate is applied to the transition 𝑋.

The expression for 𝜏𝑖, Eq. (1), requires a 𝛾-ray coincidence gate
to be applied to the fully-shifted component of the direct feeder, 𝐵fs,
and also has a dependence both the fully-shifted, 𝐴fs, and degraded,
𝐴de, components of a directly depopulating transition, 𝐴. Therefore,
for both the coincidence expression used in this work and also 𝛾-
ray singles approach, the DDCM requires that the fully-shifted and
degraded components of the 𝛾-ray transitions that are used in the
analysis to be separable in energy when they are detected. Satisfying
the condition that the fully-shifted and degraded components of a 𝛾-ray
transition are resolvable in energy depends on both the widths of the
detected 𝛾-ray peaks and the separation of these peaks in energy due to
the Doppler shift. The width of a 𝛾-ray peak has contributions from the
detector resolution, the distribution of recoil velocities and the range of
angles that 𝛾 rays enter the detector. The separation of the fully-shifted
and degraded components depends on the Doppler shift in energy, 𝛥𝐸,
experienced,

𝛥𝐸 = 𝐸fs − 𝐸0 = 𝐸0

(
√

1 − 𝛽2

(1 − 𝛽 cos 𝜃)
− 1

)

(2)

for a 𝛾-ray transition with energy 𝐸0, that is radiated from a recoil
travelling at 𝛽 = 𝑣∕𝑐 and detected at an angle 𝜃 relative to the beamline.
Therefore, for a given 𝜃, unresolved fully-shifted and degraded compo-
nents are more likely at smaller recoil velocities and 𝛾-ray energies. For
example, in order to completely resolve the fully-shifted and degraded
components of a 300 keV 𝛾 ray, detected with typical energy resolutions
of 1.5 keV for HPGe detectors, they must be separated in energy by
∼ 7 keV in order to be well resolved. If detected at 𝜃 = 142.3◦ relative
to the beam, as in this work, then for 𝑣 ≪ 𝑐 there must be a difference in
velocity of the recoils 𝑣1−𝑣2 = 𝛥𝑣 ∼ 0.03𝑐 upon passing the degrader in
order to completely separate the fully-shifted and degraded components
of a 300 keV 𝛾-ray in energy.

In practice, two separate peaks with fixed centroids and widths can
be fitted to fully-shifted and degraded components that have significant
overlap in energy given enough statistics. However, for a given number
of statistics, as 𝛥𝑣 decreases there will be point at which only one
peak can be fitted. This sets limits on what can be studied with the
standard DDCM, especially when deploying tagging techniques that
require 𝑣2 > 0.
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3. Unresolved Doppler-shifted components method (UDCM)

3.1. Methodology

The fully-shifted (fs) and degraded (de) components of a 𝛾 ray
passing through a standard two foil plunger can be characterised by
normal distributions with centroids 𝜇fs,de, widths 𝜎fs,de, and amplitudes
𝐴fs,de, respectively. If the fully-shifted and degraded components are
unresolved, i.e. |𝜇fs − 𝜇de| ≪ 𝜎fs,de, then a single peak will be detected
that is a superposition of the two underlying normal distributions,
referred to as a mixture distribution. The centroid of this mixture
distribution is given by

⟨𝜇⟩ =

∑2
𝑖=1 ∫

+∞
−∞ 𝐸𝐴𝑖 exp

(

−(𝐸−𝜇𝑖)2
2𝜎2𝑖

)

d𝐸

∑2
𝑖=1 ∫

+∞
−∞ 𝐴𝑖 exp

(

−(𝐸−𝜇𝑖)2
2𝜎2𝑖

)

d𝐸

=
𝐴fs𝜎fs𝜇fs + 𝐴de𝜎de𝜇de

𝐴fs𝜎fs + 𝐴de𝜎de

(3)

where the subscripts have been relabelled, (1, 2) ↔ (fs, de). Eq. (3) can
be used to find the ratio of the two amplitudes, 𝑟,

𝑟 =
𝐴de
𝐴fs

=
𝜎fs

(

𝜇fs − ⟨𝜇⟩
)

𝜎de
(

⟨𝜇⟩ − 𝜇de
) . (4)

Additionally, the integral of the mixture distribution, 𝐼tot., must be
equal to the sum of the integrals of the underlying normal distributions,

𝐼tot. = 𝐼fs + 𝐼de =
√

2𝜋
(

𝐴fs𝜎fs + 𝐴de𝜎de
)

. (5)

Expressions for the integrals of the underlying normal distributions for
an unresolved peak, 𝐼fs,de, can be found from Eqs. (4) and (5),

𝐼fs =
𝐼tot.

1 + 𝑟 𝜎de𝜎fs

=
𝐼tot.

1 + 𝜇fs−⟨𝜇⟩
⟨𝜇⟩−𝜇de

(6a)

𝐼de =
𝑟𝐼tot.

𝜎fs
𝜎de

(

1 + 𝑟 𝜎de𝜎fs

) =
𝐼tot.

1 + ⟨𝜇⟩−𝜇de
𝜇fs−⟨𝜇⟩

. (6b)

The resulting expressions for 𝐼fs,de, Eqs. (6a) and (6b), do not have
a dependence on the standard deviation of the underlying normal
distributions, 𝜎fs,de, which cancel in the final expressions. Therefore,
Eqs. (6a) and (6b) can be used to calculate 𝐼fs,de and perform a standard
DDCM lifetime analysis from unresolved fully-shifted and degraded
components, so long as the centroids of the underlying normal dis-
tributions, 𝜇fs,de, are known. There are several possible approaches to
determine the centroids of the unresolved peaks, 𝜇fs,de, although the
applicability of any given approach depends on the specific experimen-
tal setup and the excited state being measured. These approaches are
detailed in Section 3.2. Finally, the expressions for 𝐼fs,de are valid for
𝑣2 ≥ 0, i.e. also when the degrader foil is sufficiently thick as to stop
the recoils.

3.2. Determining 𝜇fs,de

3.2.1. Determining 𝜇fs,de from a 𝛾-ray coincidence gate
For experimental setups that allow for 𝛾-ray coincidence spectra to

be produced, it is possible to measure 𝜇fs,de for the unresolved peak if
particular coincidence gates can be applied. A 𝛾-ray coincidence gate
made on any transition with well-resolved Doppler-shifted peaks that
either populates or depopulates the state of interest as part of a 𝛾-ray
cascade is required. It is not necessary that the coincidence gates are
applied to transitions that directly populate or depopulate the state
of interest, only that they are both part of the same cascade of 𝛾-ray
transitions. Examples of such transitions are labelled as 𝐵,𝐶 in Fig. 1
for populating and depopulating transitions, respectively.

If such a 𝛾-ray transition exists at a lower excitation energy than
the unresolved transition of interest then a gate on the fully-shifted

component of this transition can be used to determine 𝜇fs. These
transitions are labelled as 𝐶 in Fig. 1. Any 𝛾 rays that are in coincidence
with this gate that originated higher in energy in the cascade than the
gate must also be fully shifted, as they occur earlier in time. Therefore,
if such a coincidence gate is applied, 𝜇fs can be measured directly from
a fit to the unresolved peak, as it will contain no contribution from the
underlying degraded distribution. An example of the effect of such a 𝛾-
ray coincidence gate on an unresolved peak is shown in Fig. 1, labelled
‘𝐶fs gate’.

Similarly, if a 𝛾-ray transition with well-resolved fully-shifted and
degraded components exists higher in energy than the transition of
interest and within the same cascade, labelled as 𝐵 in Fig. 1, 𝜇de can be
measured. The degraded component of the well-resolved transition will
only be in coincidence with the degraded component of any transitions
it populates. Therefore, a gate on the degraded component of such a
transition will allow for the 𝜇de to be measured from the unresolved
peak, which will contain no contribution from the underlying fully-
shifted distribution. The effect of such a gate is also demonstrated in
Fig. 1, labelled ‘𝐵de gate’.

3.2.2. Determining 𝜇fs,de from plunger distances
It is not always possible to extract the centroids of one or both

of the underlying fully-shifted or degraded normal distributions due
to the lack of a suitable coincidence gate. The centroids in this case
could instead be extracted from the unresolved peak by considering
the plunger distance, 𝑥. For data collected at 𝑥 ≪ 𝑣1𝜏, where 𝜏 is the
lifetime of interest, only the underlying degraded distribution will con-
tribute to the unresolved peak. In contrast, when the condition 𝑥 ≫ 𝑣1𝜏
is met, there is only a contribution from the fully-shifted component.
Therefore, the unresolved mixture distribution can be reduced to either
the fully-shifted or degraded underlying distribution, depending on 𝑥,
and their centroids directly measured.

It is possible to judge whether one of the conditions on 𝑥, required
to reduce the mixture distribution down to one underlying normal
distribution, is satisfied. There is a region of sensitivity when 𝑥 ∼ 𝑣1𝜏,
in which 𝐼fs has a dependence on 𝑥. However, away from this region of
sensitivity, 𝐼fs is a constant as a function of 𝑥. When 𝑥 ≫ 𝑣1𝜏 is satisfied,
𝐼fs will be a constant non-zero value, whereas when 𝑥 ≪ 𝑣1𝜏 𝐼fs is
consistent with zero. These limits can also be calculated if the order of
magnitude of the lifetime being measured, 𝜏, is known, although this
is not necessary.

3.2.3. Determining 𝜇fs,de from recoil velocity
If it is not possible to determine one of the underlying centroids,

𝜇fs,de, due to the lack of a suitable 𝛾-ray coincidence gate and the
condition on 𝑥 not being met, then they could also be inferred from the
measured recoil velocity. The recoil velocity after the target, 𝑣1, can be
measured from any 𝛾-ray transition with well-resolved fully-shifted and
degraded components that is radiated from the recoil of interest. It is
necessary that the well-resolved 𝛾-ray transition and the 𝛾-ray transition
of interest originate from the same isotope, as in general the recoil
velocity will be unique to each isotope produced at the target. With
𝑣1, the angle of detection, 𝜃, and one of 𝜇fs,de measured, the unknown
centroid can be determined through the formula for the Doppler shift
in energy, Eq. (2). This method would likely be used to determine 𝜇de,
as it is usually trivial to collect data at 𝑥 ≫ 𝑣1𝜏, whereas it might not be
possible to satisfy 𝑥 ≪ 𝑣1𝜏 due to the minimum achievable separation
of the plunger foils due to artefacts on the surfaces of the foils and
some non-zero angle between the faces of the two plunger foils due to
misalignment.
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Fig. 2. A partial level scheme including the low lying states in 50Mn, with transition
energies given in kilo-electron-volts [8]. The 2+1 state has two depopulating transitions.
The 800 keV transition is well resolved into its fully-shifted and degraded components
while the components of the 149 keV transition are unresolved, allowing for the UDCM
to be verified. 𝜏(2+1 ) as measured by UDCM is shown.

4. Verification of UDCM

The unresolved Doppler-shifted components method (UDCM) de-
tailed in Section 3 has been verified in this work by remeasuring the
lifetime of the yrast 2+1 state in 50Mn. A partial level scheme for 50Mn
is shown in Fig. 2. The 2+1 state has depopulating transitions to the
0+1 ground state and 1+1 state with energies 800 keV and 149 keV,
respectively. As the magnitude of the Doppler shift in energy is directly
proportional to the energy of the 𝛾 ray, Eq. (2), it is possible for
the 800 keV transition to have fully-shifted and degraded components
that are well resolved while the components of the 149 keV transition
remain unresolved in energy. The branching of a depopulating state to
a well-resolved transition and an unresolved transition therefore allows
for 𝜏(2+1 ) to be measured with both the standard DDCM analysis and the
UDCM.

The excited 50Mn recoils were produced through the 40Ca(12C, 𝑝𝑛)
50Mn fusion–evaporation reaction. This reaction was carried out with
a 30.5 MeV 12C beam at the FN Tandem located at the University of
Cologne. A 0.5 mg cm−2 40Ca target was placed within the Cologne
plunger [4] and a 181Ta degrader foil of thickness 3.5 mg cm−2 was
positioned downstream of the target in order to stop the recoils. The
plunger allowed for recoils to radiate 𝛾 rays at one of two velocities;
𝑣1 between the target and degrader and 𝑣2 = 0 upon implanting into
the degrader. The second plunger foil is referred to as a degrader
throughout rather than a stopper so that the terminology is consistent
with the general case presented in Section 3 where 𝑣2 ≥ 0. 11 HPGe
detectors were used to detect 𝛾 rays radiated from the excited recoils.
These detectors were arranged into two rings, referred to as rings 1
and 2, that were placed at angles 𝜃 = 142.3◦, 45.0◦ with respect to
the beamline, respectively. Additional information on the experimental
setup is detailed in Ref. [7].

This dataset was used previously to measure the lifetime of the
2+1 state to be 6.4(2) ps [7] by a standard DDCM analysis performed
using the 800 keV transition. The fully-shifted and degraded 𝛾-ray peaks
of the 800 keV transition were well resolved with a separation of
6.76(6) keV [7] for a recoil velocity of 0.01067(7)𝑐 and detected in the
ring 1 detectors [7].

A lifetime analysis on the 2+1 state using the 149 keV depopulating
transition has been performed in the present work from the same
dataset as Ref. [7] to demonstrate the UDCM. Data were collected at
ten plunger distances ranging from 𝑥 = 20.8(2) μm to 𝑥 = 166.8(2) μm.
A 𝛾-ray coincidence gate on the fully-shifted component of the direct
feeder of the 2+1 state, the 343 keV 3+1 → 2+1 transition, was applied,
Fig. 3a. The resulting gated spectra for the smallest and largest plunger
distances, 𝑥 = 20.8(2) μm and 𝑥 = 166.8(2) μm are given in Fig. 3c and

Fig. 3. Top: (a) the 𝛾-ray coincidence gate that was applied to the fully-shifted
component of the 3+1 → 2+1 transition in 50Mn in order to measure (b) the centroid of
the unresolved 2+1 → 1+1 𝛾-ray peak, ⟨𝜇⟩, as a function of the plunger distance, 𝑥. The
centroid of this unresolved peak moves from between the fully-shifted and degraded
components to purely fully shifted as the plunger distance, 𝑥, increases. Bottom: spectra
from HPGe detectors in ring 1, showing the energy of 𝛾-ray events in coincidence
with the fully-shifted component of the 343 keV transition for the (c) smallest plunger
distance and (d) largest plunger distance. The unresolved 149 keV transition that was
used to measure 𝜏(2+1 ) is shown. This peak is a superposition of both the fully-shifted
(fs, orange dashed) and degraded (de, blue dotted) components, the centroids of which
are indicated with vertical lines.

d, respectively. The fully-shifted and degraded peaks are unresolved in
energy; 149 keV transition appears as a single peak regardless of the
plunger distance, 𝑥. However, the centroid of the unresolved 149 keV
peak, given in Fig. 3b, shifts as a function of 𝑥 due to a dependence
on the relative intensities of the fully-shifted and degraded compo-
nents. Table 1 lists both the centroid and integral of the unresolved
149 keV peak, ⟨𝜇⟩ and 𝐼tot., respectively, which were measured from
spectra analogous to those in Fig. 3 for the ten plunger distances from
20.8(2) μm to 166.8(2) μm.

A 𝛾-ray coincidence gate that meets the conditions necessary to
directly measure the underlying 𝜇fs using the method described in
Section 3.2.1 can be applied. The 1+1 → 0+1 transition has a 𝛾-ray
energy of 651 keV that allows it to be well separated into fully-shifted
and degraded components. As this transition is at a lower excitation
energy than the unresolved transition of interest, a 𝛾-ray coincidence
gate on the fully-shifted component of the 651 keV transition results in
only the underlying fully-shifted normal distribution to contribute to
the unresolved 149 keV peak, as detailed in Section 3.2.1. This 𝛾-ray
coincidence gate was applied and the fully-shifted centroid, 𝜇fs, was
measured at each plunger distance, 𝑥, allowing for ten independent
measurements of 𝜇fs, also given in Table 1.

Table 1 shows a systematic variation in the fully shifted centroid,
𝜇fs, as a function of 𝑥. Consequently, the recoil velocity calculated at
each 𝑥, 𝑣(𝑥), will also vary. This is a well understood effect [7,9] due
to the recoils exiting the target with a range of velocities and slower
recoils having a greater time of flight for a given 𝑥. This results in a
bias towards selecting slower recoils when applying a fully-shifted 𝛾-
ray coincidence gate at small plunger distances. The variation in the
centroid 𝜇fs is unrelated to the application of UDCM and was also
observed during the standard DDCM analysis of this dataset [7]. In
the analysis, the non-constant 𝜇fs has been taken into account by using
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Table 1
The measured centroid of the fully-shifted component, 𝜇fs, recoil velocity, and calculated effective plunger
distance, 𝑥eff ., are given for each plunger distance, 𝑥. The unresolved centroid of the 149 keV peak, ⟨𝜇⟩,
the integral of the unresolved peak, 𝐼tot , measured from the 2+1 → 1+1 transition are also given. The
normalised 𝐼fs,de were determined by applying UDCM, using 𝑣(50Mn) = 0.0108(2)𝑐 and 𝜇de = 149.03(2) keV,
both determined in the text. The parameters used to perform a DDCM analysis, 𝐼fs,de, were not measured
directly but were calculated from Eqs. (6a) and (6b).
𝑥 (μm) 𝜇fs (keV) 𝛽(50Mn) 𝑥eff . (μm) ⟨𝜇⟩ (keV) 𝐼tot 𝐼fs 𝐼de
20.8(2) 147.89(1) 0.0096(2) 20.8(2) 148.42(2) 5400(200) 800(40) 700(40)
26.8(2) 147.92(1) 0.0094(2) 27.4(5) 148.39(2) 11600(300) 920(40) 670(30)
29.7(2) 147.97(2) 0.0089(3) 32.0(8) 148.41(2) 4300(100) 780(40) 560(40)
33.8(2) 147.81(1) 0.0103(2) 31.6(5) 148.13(2) 7200(200) 1210(50) 430(30)
38.8(2) 147.83(1) 0.0101(2) 36.9(6) 148.13(1) 10600(200) 1210(30) 390(20)
48.8(2) 147.86(1) 0.0099(2) 47.3(7) 148.02(1) 6200(100) 1400(40) 210(20)
58.8(2) 147.78(1) 0.0106(2) 53.5(9) 147.88(1) 5500(100) 1460(30) 120(20)
68.8(2) 147.84(1) 0.0101(2) 66(1) 147.95(1) 4400(100) 1390(40) 140(30)
78.8(2) 147.74(1) 0.0109(2) 70(1) 147.85(1) 6600(100) 1530(40) 140(20)
166.8(2) 147.75(2) 0.0108(2) 148(3) 147.82(1) 3780(80) 1590(40) 80(30)

an effective plunger distance, 𝑥eff . = 𝑣0𝑥∕𝑣(𝑥), such that the physical
time of flight between the plunger foils remains unchanged, but allows
for the recoil velocity to be fixed to a nominal value, 𝑣0. The nominal
velocity was taken to be 𝑣(𝑥 = 20.8 μm) to allow for easier comparison
to the analysis of Ref. [7], however any 𝑣(𝑥) could have been used. The
resulting 𝑥eff . are given in Table 1.

In contrast to the method applied to determine 𝜇fs, there is no
suitable 𝛾-ray coincidence gate that can be applied in order to directly
measure 𝜇de for the 149 keV transition; there are no transitions at
a higher excitation energy than the 2+1 state that have well-resolved
fully-shifted and degraded components, with a significant degraded
component, that are also within the same 𝛾-ray cascade. Similarly, the
method detailed in Section 3.2.2 of measuring the unresolved peak
at a plunger distance that satisfies 𝑥 ≪ 𝑣1𝜏 cannot be used; there is
a significant 𝐼fs component at all plunger distances, suggesting that
this condition on 𝑥 is not met. Instead, 𝜇de was found using the recoil
velocity method of Section 3.2.3. The mean velocity of 50Mn recoils
was determined through the standard approach of measuring energies
of the fully-shifted and degraded components of a well-resolved 𝛾-ray
peak, the 800 keV transition, at a given detection angle, 𝜃. This resulted
in a measured mean velocity of the 50Mn recoils, 𝑣(50Mn) = 0.0108(2)𝑐.
With the parameters 𝜇fs and 𝜃 also known, Table 1, the only unknown
in the expression for Doppler shift, Eq. (2), was found, 𝜇de = 𝐸0 =
149.03(2) keV.

Eqs. (6a) and (6b) were used to determine the integrals of the
underlying fully-shifted and degraded distributions from the unresolved
149 keV peak for each plunger distance, 𝑥. These were normalised by
the total number of events in coincidence with events in the 343 keV
fully-shifted peak. This allows for fluctuations in both the beam in-
tensity and the time of data collection at each plunger distance. The
uncertainties on 𝐼fs,de were propagated from the uncertainties on the
measured parameters 𝜇fs,de, ⟨𝜇⟩ and 𝐼tot., that were determined through
fits analogous to those shown in Fig. 3, for each plunger distance. The
values of 𝐼fs,de determined through UDCM are given in Table 1.

With 𝐼fs,de determined as a function of 𝑥 from the UDCM, it was
possible to proceed with a DDCM analysis [4]. A second order piecewise
polynomial was fitted to 𝐼fs, whereas its differential multiplied by
𝜏𝑣1 was fitted to 𝐼de. The computer code Napatau [10] was used in
order simultaneously minimise the 𝜒2 of both of these fits. A value
of 𝜏 was obtained at each plunger distance which were combined to
form a weighted mean, 𝜏(2+1 ) = 6.7(2) ps. The lifetime of the 2+1 yrast
state in 50Mn obtained through the UDCM from a 𝛾-ray transition with
unresolved fully-shifted and degraded components, 6.7(2) ps, was con-
sistent with measurement made using the standard DDCM approach in
Ref. [7], 6.4(2) ps, using well-resolved peak components. The resulting
normalised 𝐼fs and 𝐼de are shown in Fig. 4 for both the UDCM and
standard DDCM analyses, along with 𝜏(2+1 ) obtained from the former,
as functions of 𝑥eff ..

The uncertainty on the measured lifetime is equal with both meth-
ods, to one significant figure, however a different number of statistics

Fig. 4. (a) Lifetime plot for the yrast 2+ state of 50Mn, measured from the unresolved
Doppler peaks using UDCM. The value of 𝜏(2+1 ) calculated at each 𝑥eff . is shown. These
are combined through use of a weighted mean to obtain 𝜏(2+1 ) = 6.7(2) ps. (b) The
normalised 𝐼fs and 𝐼de calculated using UDCM, the former was fitted with a piecewise
polynomial of order two. (c) 𝐼fs and 𝐼de obtained from the analysis performed using
well-resolved peaks, Ref. [7], is shown for comparison.

were used in each approach. There are a greater number of detected
events for the 149 keV 𝛾-ray transition used in this work as compared to
the 800 keV transition used in the standard DDCM analysis of Ref. [7].
This difference is due to both an energy dependence on the efficiency
of HPGe detectors and also the different transition rates of the 2+1 →
1+1 , 0

+
1 transitions. For the 343 keV coincidence gated spectra, the total

number of detected events in the 149 keV peak used in this work
was greater than in the 800 keV peak used in Ref. [7] by a factor of
1.79(2), when summed across all plunger distances. Therefore, given
that the resulting uncertainties on the lifetimes determined by the two
approaches were equal, the UDCM requires a factor of ∼ 1.8 increase in
statistics when compared to the standard DDCM, for a given uncertainty
on the measured lifetime, for the specific 𝜇fs,de, 𝜎fs,de of the transition
studied in this work.

Fig. 5 shows the statistical uncertainty of 𝐼de when applying UDCM
more generally, relative to the uncertainty for a standard DDCM analy-
sis, 𝜎𝐼de (UDCM)∕𝜎𝐼de (DDCM). This ratio of uncertainties between the
two methods is varied as a function of both the energy difference
between the fully-shifted and degraded components, 𝜇de−𝜇fs (abscissa)
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Fig. 5. The ratio between the statistical uncertainty on the degraded component
intensity, 𝐼de, from the UDCM to the DDCM is given on the 𝑧-axis. This ratio is given
as a function of both the energy difference between the fully-shifted and degraded
components for a general energy 𝛾 ray, 𝜇de − 𝜇fs (abscissa) and the ratio between
the intensities of the fully-shifted and degraded components, 𝐼fs∕𝐼de (ordinate). In the
region where 𝜎𝐼de (UDCM)∕𝜎𝐼de (DDCM) < 1, the UDCM has a smaller uncertainty on 𝐼de
than the standard DDCM approach. As 𝜇de − 𝜇fs decreases, UDCM allows for lifetime
measurements to be made using fully-shifted and degraded components unresolved in
energy, but requires more statistics for a given uncertainty. An analogous relationship
between these quantities exists for the uncertainty on the fully-shifted component, 𝐼fs.

and the ratio between the intensities of the fully-shifted and degraded
components, 𝐼fs∕𝐼de (ordinate). The widths of the Doppler distributions
are taken to be those of the 50Mn 2+1 → 1+1 transition studied in this
work, whereas Fig. 5 applies for a 𝛾-ray transition of any energy. The
values of 𝜎𝐼de (UDCM) were calculated by propagating the statistical
Poisson uncertainties on 𝐼tot. and the centroids ⟨𝜇⟩, 𝜇de and 𝜇fs through
Eq. (6b). In a standard DDCM analysis, 𝐼de is determined directly
by integrating the degraded peak, so 𝜎𝐼de (DDCM) is taken to be the
statistical error on this integral for a given number of statistics. Fig. 5
was generated using 𝐼tot. = 5000, however, there is less than 1%
variation in 𝜎𝐼de (UDCM)∕𝜎𝐼de (DDCM) for 𝐼tot. > 50.

The relative uncertainty on 𝐼de(UDCM) increases as 𝜇de − 𝜇fs de-
creases, but allows for lifetime measurements to be made using unre-
solved fully-shifted and degraded components that would not be possi-
ble with a standard DDCM analysis. There is also a region, 𝜎𝐼de (UDCM)∕
𝜎𝐼de (DDCM) < 1, in which the uncertainty on 𝐼de when applying UDCM
is smaller than with a standard DDCM analysis. This is a consequence
of the analysis being made with a fit to a single peak at each plunger
distance, rather than fits to the fully-shifted and degraded components
with the number of statistics divided between them.

The UDCM is therefore applicable either when all of the depop-
ulating transitions of a given state have fully-shifted and degraded
components that are unresolved in energy or an unresolved depopulat-
ing transition has a sufficiently higher rate of detection than a transition
with resolved components. The latter can occur due to the energy
dependence of detector efficiency and the relevant branching ratios. A
UDCM analysis can also result in a smaller uncertainty on the measured
lifetime than obtained with a standard DDCM analysis, although this is
dependent on the specific 𝛾-ray distributions considered, as discussed.
The UDCM can also be applied as an independent verification of a
lifetime measured through the standard DDCM. Finally, as the UDCM is
independent of the widths of the underlying fully-shifted and degraded
component distributions, 𝜎fs,de, this method is also applicable in cases
where these parameters cannot be determined.

5. Conclusion

A new method of extracting lifetime measurements, UDCM, through
a DDCM analysis has been presented. The UDCM allows for the

underlying fully-shifted and degraded components of a 𝛾-ray transition
to be extracted when they are unresolvable in energy. The method
has been verified by applying it to the unresolved fully-shifted and
degraded components of the 149 keV 2+1 → 1+1 transition in 50Mn. The
lifetime measured when applying the UDCM, 𝜏(2+1 ) = 6.7(2) ps, is con-
sistent with a previous lifetime measurement reported [7] that applied
the standard DDCM approach on the well-resolved 2+1 → 0+1 transition.
This method allows for lifetime measurements to be extracted through
a DDCM analysis using smaller velocity recoils, smaller energy 𝛾 rays
and without determining of the widths of the fully-shifted and degraded
component distributions, 𝜎fs,de. In some specific cases, a UDCM analysis
can provide a smaller uncertainty on measured lifetimes.
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