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Abstract. A fast-timing method to determine lifetimes of nuclear states in the sub-nanosecond domain
is presented. It is based on in-beam measurements of triple-gamma coincidences in heavy-ion fusion-
evaporation reactions, performed with an array of HPGe and LaBrs:Ce detectors. The high-energy reso-
lution HPGe detectors are used to define de-exciting cascades, while the fast LaBrs:Ce detectors are used
to determine the decay time spectra of selected levels fed by these cascades. A special method to treat
the time information of an array of fast detectors is employed in order to fully use the efficiency of the
array. Two measurements are presented to illustrate the method: a re-determination of the known half-life
T1/2 = 0.7ns of the E, = 205keV, J™ = 7/2" level in '°"Cd (test experiment), and the determination of
a half-life T /o = 47 ps for the E, = 36TkeV, J™ = 3/27" state of 1997,

1 Introduction

The measurement of lifetimes of excited nuclear states is
one of the most important topics in nuclear spectroscopy
because these quantities are the essential ingredient in the
determination of the reduced electromagnetic transition
probabilities, that are rather sensitive to details of the
intrinsic structure of these states. The lifetimes encoun-
tered at low and medium nuclear excitations cover many
orders of magnitude and consequently there are several
specific methods of measurement each covering a certain
range [1]. Among these, the electronic method, based on
the direct measurement of the time decay spectrum of a
certain state, is based on the use of fast detectors (with
good timing properties), such as certain scintillators, and
appropriate electronics. This method continuously bene-
fited from the occurence of new scintillators and is cur-
rently applicable to lifetimes down to a few picoseconds.
Thus, based on the use of the BaFs crystals, the capa-
bilities of the delayed coincidence method were pushed
into the low-picosecond range. This method, designed for
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use in the (-decay, employs triple-Gv~ coincidence mea-
surements and is suitable especially for the investigation
of the neutron-rich nuclei where it was applied in many
cases ([2-4] and references therein). One of the y-ray de-
tectors is a Ge detector, and its good energy resolution
is used to select the desired decay branch. The other two
detectors are the timing detectors: a thin scintillator for
the f-rays, and a BaFy one for the ~-rays.

The v-ray spectroscopy in fusion-evaporation reactions
allows the population of many more nuclear states. How-
ever, the use of a similar method for vyvy delayed coin-
cidence measurements, in which one of the detectors is a
Ge and the other two are scintillators (with good timing
properties) could not be used in the past due to the large
number of «-rays in the spectra and the poor energy reso-
lution of the BaFy detectors. The occurence of new scintil-
lators, such as LaBr3:Ce, is about to change this situation.
These new detectors have excellent properties concerning
time resolution (100 to 300 ps depending on the crystal
size), energy resolution (typically 2-3% at 662keV), high
efficiency and light output per keV (more than 63 photons
per keV), and fast decay time (~ 16ns) [5-7]. The use
of a LaBrs:Ce detector, but again in 37y measurements,
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Fig. 1. Part of the electronic scheme detailing the timing processing for one of the five LaBrs:Ce detectors.

was recently reported for the determination of lifetimes of
high-spin states in '22Cd populated in the 3-decay of a
(97) isomer of 122Ag [8].

In this work we present a development of the fast-
timing method which is suitable for in-beam ~-ray spec-
troscopy measurements. Triple-gamma coincidences are
measured with an array containing both HPGe and
LaBrj3:Ce detectors. The high-energy resolution of the Ge
detectors is used to select the desired -ray cascade, and
the array of fast LaBrs:Ce to build the delayed coinci-
dence time spectra for selected levels. In order to fully use
the efficiency of the LaBrs:Ce array, that is, all vy coin-
cidence combinations between these detectors, a special
method is necessary for the processing of the time infor-
mation from the LaBrs:Ce detectors, and this is presented
in some details. The method is illustrated by two in-beam
level lifetime measurements, one in 1°7Cd, populated with
the %¥Mo(*2C, 3nvy) reaction, and the other in '*°TI, fol-
lowing the 7Au(a, 2n7) reaction.

2 Experiment arrangement

The measurements were performed with beams delivered
by the Tandem van de Graaff accelerator in Bucharest.
In the first experiment, a 1.3 mg/cm? Mo target with a
29.5 um Pb backing was bombarded with a 50 MeV 12C
beam with intensity of about 10 pnA. In the second exper-
iment, a 9.65 mg/cm? Au foil was bombarded by a 24 MeV
a-particle beam with intensity around 10nA. The detec-
tion of the v-rays was made with 7 HPGe detectors each
with relative efficiency around 50%, five of them being
placed at 143° and the other two at 90° with respect to

the beam, and five LaBrs:Ce detectors placed at 45° with
respect to the beam. The LaBrs:Ce detectors, delivered
by Saint-Gobain Crystals, had crystals of 2" x 2" (one),
1.5"” x 1.5"” (two), and 1” x 1" (two) and photomultipli-
ers XP5500B. Energy and efficiency calibrations of the
detectors were performed with standard sources of %°Co,
B7Cs, and '°2Eu. Coincidences between all these 12 de-
tectors were registered on-line and processed after the ex-
periments. The energy information of the detectors was
treated by conventional amplification chains.

Figure 1 shows details of the electronics that are rel-
evant for the LaBrs3:Ce detectors and the treatment of
their time information. For each LaBrs:Ce detector we
have used the anode signal for the timing, and the signal
from the last dynode for the energy information. Although
this non-standard choice does not ensure the optimum
timing signals, we used the weakest signal for the energy
chain such that one does not rapidly reach the saturation
(because of the large light output). For each detector we
have chosen the high voltage at which the best linearity in
energy was achieved, which simplified the off-line energy
alignment of the different detectors. The timing signals
were passed first through constant fraction discriminator
modules (type ORTEC 935) —fig. 1. Because the Ge de-
tectors are much slower than the LaBrs:Ce ones, the sig-
nals from these CFDs had to be delayed by about 500 ns,
and this was done by using only long cables, avoiding addi-
tional electronic time jitter. Then, the signals were passed
again through CFDs to rebuild their front. From these
CFDs, one signal, appropriately delayed for synchroniza-
tion (by a short delay) was sent as start signal of a time-to-
amplitude converter (TAC). The other signal from CFD
was sent to a coincidence/multiplicity unit. The resulting
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signals with multiplicity equal to or larger than 2 were fed
into another coincidence unit where the trigger signal of
the experiment was built from an “and” operation with
the multiplicity one signal separately built for the germa-
nium detectors. This trigger signal was used, on one hand,
to generate a gate signal for the TACs such as to reduce
their load. On the other hand, because the front of this
signal was given by the LaBrs:Ce detector multiplicity sig-
nal, it could be distributed as a “common” stop signal to
all the TAC units. This was done again only by cabling,
therefore avoiding additional jitter. In this way, exactly
the same stop was used for all TACs, and in the off-line
analysis the time differences between different detectors
do not affect the time resolution.

Because we finally look at time differences of pairs of
LaBrj3:Ce detectors, it is of utmost importance to prop-
erly treat the time information from the detectors, in or-
der to be able to add up the contributions from all pairs
of detectors. The following off-line processing procedure
was adopted. A 59Co source was placed precisely at the
position of the beam spot. The °Co source represents a
perfect case of prompt coincidence between two ~y-rays.
One chooses one of the scintillator detectors as a time
reference (therefore only events of fold two and contain-
ing signal from that detector are chosen). Then, for each
of the rest of scintillator detectors one builds a matrix
E, AT, where AT is the time difference with respect to
the reference detector, and a gate was set on the 1332keV
transition in the reference detector. In this way one gets
the response of the CFD as a function of energy, for all
energies smaller than 1173keV. Such a time response is
shown in fig. 2(a) for a certain pair of detectors (the 2" x 2"
detector refered to one of the 1.5” x 1.5” detectors). One
observes a non-linear dependence of the time response
on the energy (a time walk), that was found to be in-
dependent of the detector chosen as a reference, therefore
it represents the instrumental time response for that de-
tector —CFD combination. Different detectors will have
different such time walks, which would make it impos-
sible to combine the time information from all of them.
Therefore, for each such matrix one fits the average en-
ergy dependence of the time response with a polynomial
function. This function was composed of polynomials up
to the second order, separately applied on successive en-
ergy domains and smoothly joined between them. Then,
by using this function one corrects the time response of
that detector such that one completely removes the en-
ergy dependence, leading to an optimum time resolution
(fig. 2(b)). This is equivalent to the alignment of the time
response for any energy to the position of the prompt full-
energy peak coincidence 1173-1332keV, which is very pre-
cisely defined (fig. 2). This procedure is repeated for all
detectors, therefore resulting in a perfect time alignment
of all pairs of detectors. The time calibration of the spec-
tra was performed with a standard time calibrator. The
range of the TACs was of 50ns. Typical time resolutions
(FWHM, for the °Co source peak-to-peak coincidences)
were about 150 ps for the small (1”7 x 1”) detectors, about
180 ps for the middle-size (1.5” x 1.5”) ones, and about
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Fig. 2. Example of time walk correction to the LaBrs:Ce de-
tectors. (a) Time difference —energy matrix having as start
one of the 1.5” x 1.5" LaBr3:Ce detectors, and as stop the
largest (2" x 2) LaBrs:Ce detector, measured with a %°Co
source placed in the target position, and gated by the 1332 keV
transition. (b) The same matrix after applying the time walk
correction as described in the text. Note that the correction
was not applied at the lowest energies, which were outside the
range of interest.

300 ps for the largest (2”7 x 2”) one. One should note that
the alignment of the time signals is independent of this
time resolution, and its accuracy is that of the centroid of
the prompt coincidence, that is, a fraction of one channel
(fitting a polynomial curve to the time response and then
correcting for the determined variation with the energy is
equivalent to the procedure of aligning the energy gain of
two detectors by matching their peak centroids) —which
in our case (fig. 2) is of the order of 5 ps.

After all these corrections, a FE, I, At coincidence
cube was built for the LaBrs:Ce detector coincidences,
using all the data. We briefly describe how this cube is
constructed. Assume that a double-yy coincidence event
is recorded, consisting of y-ray number 1 (1) detected by
the detector number ¢ and y-ray number 2 (v2) detected by
the detector number j (with 4, j being any of the numbers
between 1 and 5). The projection in the energy plane will
be a symmetric F,, E,,-matrix constructed in the usual
mode, that is, we record one event in the x = E(y1),
y = E(72) position, and a second one in the z = F(7v,),
y = E(v1) position. The time difference for the first event
is recorded as At + T, where At = t1; — ta; and T is
an arbitrary offset (channel). For the second event a time
difference —At + T is recorded. In this way, the two axes
are distinguished, with the x-axis assuming, say, the role
of “start” axis, and the y-axis the one of “stop” axis, re-
spectively.
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Fig. 3. Relevant part of the level scheme of °"Cd [9]. The
dashed rectangle comprises the three transitions used for gat-
ing in the HPGe detector spectra.

3 Measurements

3.1 Test measurement: the lifetime of the 205 keV
state of 197Cd

States in 1°7Cd were populated in the %®*Mo(!2C, 3n)197Cd
reaction at 50 MeV beam energy. Figure 3 shows the rel-
evant part of the level scheme [9]. Different matrices and
cubes were sorted out from the vy coincidences. Fig-
ure 4(a) shows the Ge-energy axis projection of a vy
cube. By gating on this axis on the strong yrast transi-
tions of 956, 798, and 515 keV in this spectrum, one selects
the 640-205keV decay sequence (fig. 2) in the LaBrs:Ce
detectors, which contains the 7/27 level of interest. The
two transitions can be seen in fig. 4(b), while the spec-
trum in fig. 4(c) shows the scintillator spectrum gated by
both the Ge detectors (yrast transitions above the 11/2~
states) and the 640keV transition detected in the scintilla-
tors. Figure 5(a) shows the resulting delayed coincidence
time spectrum for the 205keV transition, resulted from
gating on the two ~-rays on an energy-energy time differ-
ence yyAT cube constructed for the LaBrs:Ce detectors
gated by the HPGe detectors. This is the typical time-
delayed spectrum, obtained when the start was given by
the transition above the level (640keV in our case) and
the stop by the transition de-exciting the level (205keV
in our case), respectively (cf. the discussion above about
the “start” and “stop” axes). It clearly shows an expo-
nential tail due to a decay time larger than the width of
the prompt coincidence spectrum. The exponential decay
e~ t/™ was convoluted with a Gaussian obtained by fitting
the prompt coincidence peak (determined by gating on the
Compton background near the 205keV peak), and the fit
to the experimental data (continuous line) provides a value
Ti/2 = 0.69 = 0.03 ns, which agrees, within uncertainties,
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Fig. 5. (a) Delayed coincidence time spectrum of the 205.0 keV
level. The continuous line is a fit to the data with an ex-
ponential decay convoluted with a Gaussian representing the
prompt coincidence time spectrum, that provides a half-life
of 0.69 + 0.03ns. (b) Delayed coincidence time spectra ob-
tained for the 205.0keV level with two alternatives: i) start
with the 640.5keV transition and stop with the 205.0keV one
(this is identical with the spectrum shown in (a)); ii) start with
the 205.0keV transition and stop with the 640.5keV one (see
fig. 3). The dashed lines indicate the centroids of the two dis-
tributions, their time difference being twice the lifetime of the
level.
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Fig. 6. Relevant part of the level and decay scheme of '°°Tl as seen in this experiment. The level at 748.9keV is a known

isomer with a half-life of 28.4 ms [11].

with the ENSDF adopted value of T ) = 0.71£0.04 ns [9].
In this fit we have chosen the zero-time channel as that
taken for the numerical offset value, but, in principle, the
zero time can be also taken as a free parameter. Fig-
ure 5(b) illustrates an alternative determination of this
lifetime. One can obtain the decay curve symmetric to
that in fig. 5(a) by using the 205keV transition as start
and the 640 keV transition as stop. The time difference At
between the centroids (first-order moments) of the two de-
cay distributions is twice the lifetime 7. The determined
T /o value coincides with the one obtained with the fit in
fig. 5(a). This centroid method is obviously the one to use
when the time resolution is comparable to, or larger than,
the lifetime being measured. One should note that the two
time distributions are not perfectly symmetric (there are
small differences, of 1-2 counts per channel) because of
rounding errors in calculating the coordinates of the areas
used to define the background subtraction.

3.2 Lifetime of the 367 keV state of 1997l

The TI isotopes with N < 126 have 1/2% ground state
and a low-lying 3/2% excited state. In 2°7T1, the two states

are almost pure s;,o and dg/o proton-hole states, respec-
tively, in the 2°°Pb doubly magic core, and the single-
particle character of the 3/2% — 1/2T transition results
in a rather long lifetime of the 3/27 state, T} /o = 30(7) ps,
and a B(E2) value of 2.7(6) W.u. [10]. With decreasing
number of neutrons, this transition increases in collectiv-
ity (B(FE2) increases) up to 21 T1, the lifetime of this state
remaining in the range tens of ps to 1.5ns [10]. In 199T1
the lifetime of the 3/2% state is not accurately known
(T2 < 1.5ns [11]), and, according to this systematics,
we expected that it is in the range of tens to hundreds of
ps, therefore a good test for the capability of our measur-
ing method.

States in '9?T1 were populated with the
7Au(a, 20)19T1 reaction at 24MeV beam energy.
Figure 6 shows the relevant level scheme populated
in this reaction [11-13]. From the analysis of the -~y
coincidences recorded in the HPGe detectors, we were
able to significantly develop the level scheme proposed in
the earlier («,2n) reaction studies [12,13]. Nevertheless,
as in this paper we concentrate on the methods to
measure sub-nanosecond lifetimes, the newly developed
level scheme will be published separately. In fig. 6 we
show only a few new transitions added to the two band
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Fig. 7. Relevant part of the symmetric vy coincidence (LaBrs-
LaBr3) matrix obtained as a projection of the E41 E, At cube
described in the text. It shows the coincidence relationships
between the two pairs of ~-rays, 332 and 369keV above the
748.9 long-living isomer, and 382 and 367 keV below this iso-
mer, this later pair of transitions framing the level of interest.
The full line contours that link open circles are the peak gates
and the background bananas.

structures built on the 1/2% and 3/27 states, respectively,
above the (7/271) level at 1205 keV.

Figure 7 shows a part of the two-dimensional energy
projection of a the E,E,AT coincidence cube for the
LaBrj3:Ce detectors. This matrix was no longer gated by
the Ge detectors, because pairs of coincident y-rays of in-
terest appear very clearly. This matrix was constructed
with the start energy signals on one axis, and the stop
signals on the other axis (as discussed in the previous sec-
tion). One can clearly see four peaks, representing the
pairs of coincidences 332-369keV, and 382-367 keV, re-
spectively. Incidentally, one should remark the good en-
ergy resolution of the LaBrs:Ce detectors that allows a
good separation of a 15keV doublet. This is also a very
good case for testing our time alignment procedure, be-
cause we have two pairs of gammas of comparable energies,
but with different time characteristics. The first pair of co-
incidences should represent a “prompt” coincidence, since
it contains transitions that feed/decay the 1118 keV state
(which has a short lifetime), while the second one contains
the feeding/decay of the 367 keV state, which might show
a delayed coincidence, characterized by the lifetime of the
E, = 367keV state. Time spectra obtained by gating on
these pairs of y-rays are shown in fig. 8. In each case two
time spectra are presented, one obtained by gating on the
~-ray above the level as a start transition and on the y-ray
below the level as a stop transition, and the second with
inverted roles for the two transitions. One can see that in
the first case (the 332-369 keV coincidence) the time spec-
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Fig. 8. Time spectra for the pair of ~-ray transitions
382-367keV (top graph), and 332-369keV (bottom graph).
The two time distributions in each case were obtained by gat-
ing on the two transitions as start and stop in both possible
ways. The bottom spectrum corresponds to a “prompt” coin-
cidence, the 1118.3keV level (fig. 6) having a short lifetime,
indiscernible with the present method, while the top spectrum
shows a clear shift of the centroid (first-order momentum of
the distribution), corresponding to the lifetime of the 367 keV
level, as indicated.

tra thus obtained are practically identical, representing in-
deed a prompt coincidence (of overall FWHM = 670 ps),
while in the 382-367keV case the two time peaks have
displaced centroids, due to a lifetime of the 367 keV level
which is shorter than the time resolution of the prompt
coincidence peak. The difference between the centroids of
the two peaks is obviously twice the lifetime of the 367 keV
state, resulting in a value T/ = 47 & 3 ps. This measure-
ment shows that with such a setup with 5 scintillator de-
tectors one can easily measure lifetimes of the order of a
few tens of picoseconds. The quoted error represents only
the contribution of the statistical error in determining the
centroid (first-order moment) of the distribution. For the
same level, at F, = 367keV, we have tested also the time
distribution obtained on the basis of the 838-367keV co-
incidence (fig. 6). We found a similar displacement of the
centroid, which confirms a lifetime compatible with the
value given above, but in this case the statistic was much
lower (note that the thicknesses of the transition arrows
in fig. 6 do not represent y-ray intensities).

Using this lifetime, and the mixing ratio and internal
conversion coefficient of the 367keV transition as given
in [11], we calculated the reduced transition probabilities
B(E2) and B(M1) for this transition, of 16.6(1.7) and
0.0023(3) W.u., respectively. These values are compared
to the similar ones in the heavier isotopes 201 to 207 in
fig. 9. One can see that the values determined with the
present measurement continue the relatively smooth evo-
lution with mass, indicating an increase in the collectivity
of the 3/2% state (slightly larger B(FE2) values) with de-
creasing mass.

The centroid shift method analysis presented above de-
serves some further discussion. The difference between the
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Fig. 9. Systematics of the B(co)) values for the 3/27 — 1/2%
transition in the odd-mass T1 isotopes with mass 199 to 207.
The values for *°T1 correspond to the lifetime determined in
the present work, and the mixing ratio and internal conversion
coefficient of the 367 keV transition as given in ref. [11].

centroids of the two time distributions is exactly twice the
level lifetime if the prompt coincidence spectrum distribu-
tion (which convolutes the exponential decay) has a sym-
metrical shape (e.g., a Gaussian, as seen in fig. 8). In our
case this is true for any pair of detectors due to 1) the time
walk correction, which eliminates the energy-dependent
asymmetries in the time response, and ii) the careful time
alignment of the detectors with the °°Co source placed
in the same emission point as in the in-beam experiment,
which eliminates any geometrical path difference and im-
plicitly angular-distribution effects.

Another aspect concerns the possible systematic error
in the centroid difference that would occur due to sub-
traction of the prompt coincidence background. This type
of error is considerably reduced in our case, because we
avoid as much as possible subtraction procedures by us-
ing more reliable selection methods that greatly reduce
the background, such as the coincidence with the HPGe
detectors (selection of the cascade) and two-dimensional
(“circular”) energy gating.

It is not straightforward to estimate a lower limit for
the lifetimes measured by this approach. In this exper-
iment, a half-life value of 47 ps was measured, which is
much lower than the overall resolution of the prompt co-
incidence peak. How much lower one can go depends also
to a large extent on the statistics of the measurement,
which determines the error of the extracted centroids.
One may compare this capability with that demonstrated
by the Doppler shift attenuation measurements with very
low-velocity reactions, such as (p,n7y) or (n,n’y), where
centroid shifts of y-ray peaks are measured that are very
much lower than the energy resolution of the detector. In
the 10-20 ps range the TAC conversion limitations and
the electronics stability should have an important influ-

ence. Further experiments will show the real limitations
of the method. What is important for the time being is
that the presently developed method can be confortably
used in in-beam measurements of lifetime values within
a range that overlaps well with that of another in-beam
method, the recoil-distance (plunger) method.

4 Conclusions

In the present work we demonstrated the feasibility of
nuclear lifetime measurements in the sub-nanosecond do-
main in fusion-evaporation reactions by the fast-timing
method. The method employed uses triple-yyy coinci-
dences of a mixed array of HPGe and LaBrs:Ce detectors.
The good energy resolution HPGe detectors are used to
gate on ~-rays or cascades that feed the levels of inter-
est, while both the fast timing and good energy resolution
properties of the LaBrs:Ce scintillators are used to gener-
ate the delayed coincidence spectra. We describe a method
that allows to fully use the efficiency of the scintillator ar-
ray by providing the possibility to combine the time spec-
tra from all LaBrs:Ce detector pairs. The method was
first tested by confirming the known 0.7 ns half-life of the
205keV, 7/2% state in 1°7Cd, and then used to measure,
for the first time, a half-life of 47 ps for the 367 keV, 3/2%
level in 99T1.

The method developed in this work allows an extension
of the application of the fast-timing method to in-beam
measurements, such as the fusion-evaporation or fragmen-
tation reactions, where the number of the open channels
and consequently of the ~-rays in the spectra may be
rather large. It was demonstrated that the method can
be used down to the lifetime range of tens of picosends,
which overlaps well with that of the plunger method.
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