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’¥¸Éμ¢ „. ¨ ¤·. E15-2014-85
�¥°É·μ´´Ò° ¤¥É¥±Éμ· ’…’�� ¤²Ö ¨§ÊÎ¥´¨Ö μ¸±μ²±μ¢ ËμÉμ¤¥²¥´¨Ö ´  ALTO

�¶¨¸Ò¢ ¥É¸Ö ´μ¢ Ö Ê¸É ´μ¢±  (BEDO) ¤²Ö ¨§ÊÎ¥´¨Ö ¸¢μ°¸É¢ β-· ¸¶ ¤  Ö¤¥·, ¸μ§¤ ´´ Ö
´  μÉ¢μ¤¥ ³ ¸¸-¸¥¶ · Éμ·  PARRNe Ê¸±μ·¨É¥²Ó´μ£μ ±μ³¶²¥±¸  ALTO. �·μ¨§¢μ¤¸É¢μ ´¥°-
É·μ´μ¨§¡ÒÉμÎ´ÒÌ Ö¤¥· ´  ALTO μ¡¥¸¶¥Î¨¢ ¥É¸Ö §  ¸Î¥É ËμÉμ¤¥²¥´¨Ö Ê· ´μ¢μ° ³¨Ï¥´¨
¶·¨ Éμ·³μ¦¥´¨¨ Ô²¥±É·μ´´μ£μ ¶ÊÎ± . “¸É ´μ¢±  μ¸´ Ð¥´  ²¥´Éμ¶·μÉÖ¦´μ° ¸¨¸É¥³μ°.
	Éμ ¶μ§¢μ²Ö¥É ¶μ²ÊÎ ÉÓ ¨¸ÉμÎ´¨±¨ · ¤¨μ ±É¨¢´ÒÌ Ö¤¥·, ¶·¥¤¸É ¢²ÖÕÐ¨Ì ¨´É¥·¥¸ ¢ ¸ ³μ³
Í¥´É·¥ ³μ¤Ê²Ó´μ° ¸¨¸É¥³Ò ¤¥É¥±É¨·μ¢ ´¨Ö,   É ±¦¥ μ¸ÊÐ¥¸É¢²ÖÉÓ Í¨±²¨Î¥¸±¨° ¶¥·¥´μ¸
¸μ§¤ ´´μ£μ ¨¸ÉμÎ´¨±  §  ¥¥ ¶·¥¤¥²Ò. Œ¥Ì ´¨Î¥¸± Ö ±μ´¸É·Ê±Í¨Ö ¡Ò²  · §· ¡μÉ ´  ¤²Ö
·¥ ²¨§ Í¨¨ · §²¨Î´ÒÌ ³´μ£μ¤¥É¥±Éμ·´ÒÌ ±μ´Ë¨£Ê· Í¨° ¢ ±μ³¶ ±É´μ° £¥μ³¥É·¨¨. �¶¨¸Ò-
¢ ¥É¸Ö ¶¥·¢Ò° μ´-² °´ Ô±¸¶¥·¨³¥´É, ¢Ò¶μ²´¥´´Ò° ´  ¤ ´´μ° Ê¸É ´μ¢±¥. „¥É¥±É¨·ÊÕÐ Ö
¸¨¸É¥³  ¸μ¸ÉμÖ²  ¨§ 80 3He ¸Î¥ÉÎ¨±μ¢ ´¥°É·μ´´μ£μ ¤¥É¥±Éμ·  ’…’��, ¸μ§¤ ´´μ£μ ¢ �ˆŸˆ
(„Ê¡´ ), μ¡Ñ¥¤¨´¥´´ÒÌ ¸ HPGe ¨ ¸Í¨´É¨²²ÖÍ¨μ´´Ò³ 4π-¡¥É -¤¥É¥±Éμ· ³¨. 	ËË¥±É¨¢-
´μ¸ÉÓ ·¥£¨¸É· Í¨¨ ´¥°É·μ´μ¢, ¨§³¥·¥´´ Ö ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¨¸ÉμÎ´¨±  252Cf, ¸μ¸É ¢¨² 
(53±2)%. 	±¸¶¥·¨³¥´ÉÒ ¡Ò²¨ ¢Ò¶μ²´¥´Ò ´  ¶ÊÎ± Ì Ö¤¥· Ga, ¨μ´¨§¨·μ¢ ´´ÒÌ ² §¥·μ³.
ˆ¸Ìμ¤Ö ¨§ ÔÉ¨Ì ¤ ´´ÒÌ, ¨§³¥·¥´´Ò¥ ¢ ´ ¸ÉμÖÐ¥° · ¡μÉ¥ §´ Î¥´¨Ö Pn(82Ga)= (22,2±2)%
¨ T1/2(

82Ga)= 0,604(11) ¸ ´ Ìμ¤ÖÉ¸Ö ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ ²¨É¥· ÉÊ·´Ò³¨ ¤ ´´Ò³¨. ‚ Éμ ¦¥
¢·¥³Ö ¨§³¥·¥´´μ¥ §´ Î¥´¨¥ Pn(83Ga)= (84,8 ± 3,6)% ¶μ¤É¢¥·¦¤ ¥É ¶·¥¤¶μ²μ¦¥´¨Ö μ
Éμ³, ÎÉμ 83Ga Ö¢²Ö¥É¸Ö £μ· §¤μ ¡μ²¥¥ ¸¨²Ó´Ò³ ¶·¥¤Ï¥¸É¢¥´´¨±μ³ ´¥°É·μ´μ¢, Î¥³ ÔÉμ
¸Î¨É ²μ¸Ó · ´¥¥.

� ¡μÉ  ¢Ò¶μ²´¥´  ¢ ‹ ¡μ· Éμ·¨¨ Ö¤¥·´ÒÌ ·¥ ±Í¨° ¨³. ƒ. �.”²¥·μ¢  �ˆŸˆ.
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The 3He Long-Counter TETRA at the ALTO ISOL Facility

A new β-decay station (BEDO) has been installed after the PARRNe mass-separator
operated online to the electron-driven ALTO ISOL facility. The station is equipped with a
movable tape collector allowing the creation of the radioactive sources of interest at the very
center of a modular detection system and their cyclical evacuation outside of it. The mechanical
structure was designed to host various assemblies of detectors in compact geometry. We
report here the ˇrst online use of this system equipped by the 3He neutron counter TETRA
built at JINR, Dubna, associated with the HPGe and plastic 4π-beta detectors. The single
neutron detection efˇciency achieved is (53 ± 2)% measured using 252Cf source. The online
commissioning of the TETRA was performed with a laser-ionized Ga beams. β and neutron
events were recorded as a function of time. From this data we report Pn(82Ga)= (22.2±2)%
and T1/2(

82Ga)= 0.604(11) s in good agreement with values available in the literature. We
also report Pn(83Ga)= (84.8 ± 3.6)% measured by simultaneous β, neutron counting, which
conˇrms that 83Ga is much stronger neutron emitter than considered before.

The investigation has been performed at the Flerov Laboratory of Nuclear Reactions, JINR.
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INTRODUCTION

Much effort is devoted to understand the role of neutron excess in the evolu-
tion of shell structure far from stability. One of the means to investigate nuclear
structure is β decay. Once a nucleus is proven to exist, its β-decay proper-
ties, such as T1/2, Pn (probability of β-delayed neutron emission) and others,
which are relatively easy to measure by high-efˇciency detectors, can provide
the ˇrst hints on its structure. In addition, from the nucleosynthesis point of
view, ©waiting pointsª (nuclei on closed neutron shells) have signiˇcant effects
on the rapid neutron capture-process (r process) dynamics and the abundance
distribution. Reliable experimental T1/2 and Pn values provide important inputs
to r-process calculations. As it has been seen lately, most of the theories have
failed to reproduce newly measured data sets near shell closures [1Ä4]. With
new experimental data already (or shortly) available theoretical approaches can
be adjusted.

The β-delayed neutron emission process can occur whenever the energy
released in decay (Qβ) is larger than the neutron separation energy in the daugh-
ter nucleus and becomes signiˇcant if not the dominating decaying channel for
neutron-rich nuclei far from stability. That is why usage of a proper neutron
detector to study their properties is indispensable.

Neutron detection methods are based on registration of secondary charged
particles produced as a consequence of neutron interaction with a detection me-
dia Å the active material of the detector. Various media can be used resulting
in many possible options for a neutron detector. Since a production rate of
neutron-rich isotopes can be low, a high efˇciency for the neutron registration
can be considered as the key parameter. Thus, the cross section for a nuclear
reaction

3He + n → 3H + 1H + 765 keV (1)

is high in a thermal and low-energy neutron range [5]. Therefore, systems em-
ploying the 3He detection media are known to provide uniformly high efˇciency
of neutron detection below 1 MeV (∼ (40−70)%). Furthermore, since the de-
tection of neutrons is based on a capture reaction, the 3He detection arrays are
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free from cross-talks allowing the possibility for neutron multiplicity measure-
ments. It explains why the 3He counters now are of arising interest for β-decay
studies [6, 7].

We report in this paper on the installation and commissioning of the 3He
neutron counter TETRA [8] on the BEDO (BEta Decay studies at Orsay) [9]
station. The performances and characteristics of the TETRA detector will be
detailed in Sec. 1. We will describe the experimental conditions for the commis-
sioning of the TETRA detector coupled to the BEDO station using laser ionized
radioactive Ga beams at the PARRNe mass-separator operating online to the
electron-driven ALTO ISOL facility. In the last Section, results on decay prop-
erties of 82,83Ga, T1/2 and Pn, obtained within this commissioning run, will be
presented.

1. TETRA DETECTOR FOR ONLINE MEASUREMENTS AT ALTO

A description of the ALTO ISOL facility can be found in [10,11]. At ALTO
radioactive ion beams are available as mass-separated photo-ˇssion fragments at
the ion-source extraction voltage of 30 keV. Radioactive sources of interest are
created by the interception of the beam by a movable Al-coated Mylar tape.

Ions are extracted from the source at low 30-keV potential with 1+ charge
state, mass separated, and implanted on an Al-coated Mylar tape. The BEDO
mechanical frame was conceived to host various types of detectors positioned
in compact geometry around the implantation point. In its neutron detection
mode, the detector assembly comprises: 4πβ plastics, HPGe detectors and 80 3He
ˇlled neutron counters. The geometrical arrangement of the detection array for
the neutron detection mode, as shown in Fig. 1, was optimized to allow beam
collection in the center of the array. The implantation point is located at the
centre of the ∅13-cm cavity and is surrounded by 3-mm thick plastic scintil-
lator (BC408) cylinder for beta detection, the set of 3He neutron counters and
tapered coaxial HPGe detector of the EUROGAM-1 type. The 4πβ scintillator
is linked to a photo multiplier tube located at 90◦ by a 50-cm light guide. The
neutron counters are embedded in high-density polyethylene and are arranged
in four rows, so that the distance between their centres is 5 cm. A layer
of 15-cm thick borated polyethylene protects counters from background neu-
trons. Also there is a possibility to accommodate more counters in the 5th row
as shown in Fig. 1.

The 4π neutron array TETRA was constructed at JINR [14]. It consists of
80 counters ˇlled by 3He at 7 atm with 1% admixture of CO2, the active volume
has 50 cm in length and ∅33 mm. Small diameter of the central cavity reassures
almost 4π solid-angle coverage. TETRA is one of many neutron 3He detectors
built at JINR. Similar arrays were used in many experiments. For example,
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Fig. 1. Sectional view of the detection array optimized for neutron detection, including
TETRA, at the BEDO tape station, see text for details

VASSILISSA (FLNR) neutron array [15Ä17] allows measurements of the neutron
multiplicity, half-life of heavy and superheavy nuclei in spontaneous ˇssion;
SHIN experiment [8, 16] Å to search for the best candidate for a superheavy
element in nature via low-background measurements; FOBOS spectrometer and
later miniFOBOS [18] Å to study rare modes of spontaneous ˇssion.

1.1. Design of the Electronic System. The TETRA electronic channels are
grouped into six clusters with 16 channels each (one cluster is spare). Figure 2
shows a schematic diagram of the TETRA electronics for one cluster. Each
counter in a cluster has a built-in preampliˇer. Charged particles produced in
the active volume in the nuclear reaction of Eq. (1) trigger signals which feed
a preampliˇer. Signals then further proceeded to a 16-channel ampliˇer. The
gain for each channel is set individually via computer control by USB interface.
The gain is adjusted so that signals at all outputs of the ampliˇer have the same
amplitude. This allows discrimination of neutron signals from noises and γ by
the low/high thresholds uniˇed for all channels. All the events below the low
threshold are rejected. Whereas response of the high threshold adds a special
mark to the recorded data.

A typical pulse-height spectrum measured for one counter is presented in
Fig. 3. The low-energy peak corresponds to ionization produced by γ-rays;
whereas the neutron full-energy peak corresponds to detection of both particles
produced in the neutron-capture reaction Eq. (1); the low energetic plateau be-

3



Fig. 2. Diagram for the TETRA electronic system providing neutron data in a stand-alone
mode and being coupled with the COMET data acquisition system at BEDO. Synchroniza-
tion is thanks to the ®coden enable¯ signal generated by the Tape Station Automate (TSA)
(see text for details). For the sake of clarity only one TETRA cluster is shown

tween them is due to the wall effect (only one of the two particles is detected due
to the kinematic of the reaction, or a counter wall does not allow full energy dis-
posal); ˇnally, some high-amplitude events are largely due to alphas and sparks.

On the one hand, amplitude signals from the discriminator are transformed
into the logic ones via the OR scheme and directly connected to the COMET
data acquisition card. On the other hand, signals from the discriminator also
feed Encoding Channel Number Circuit (ECNC) which serves Multiplexor and
Digital to Amplitude Converter (DAC) providing a plateau voltage which height
proportional to the identiˇcation number of the counter ˇred.

The Multiplexor is a part of TETRA Integrated Acquisition System (TIAS)
which can be used independently, coupled or in parallel with COMET. Multi-
plexor can hold up to 16 channels even ˇred simultaneously, that is why the dead
time of TIAS is negligibly small. It allows the correct registration of neutron
events of high multiplicity. The Multiplexor transmits neutron events subse-
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Fig. 3. A typical pulse-height spectrum recorded for one counter with an AmBe source

quently to the Control Board via Convertor to the Serial Code (CSC). The time
is deˇned by a timer counter with a 20-byte (∼ 2 s) capture register. At over
ow
the time counter is reset to 0 with a stamp in the recorded data. Thus, when
a channel is touched, time and a high threshold mark are captured by a com-
puter via USB interface.

COMET is a triggerless acquisition card used presently at ALTO. It allows
one to proceed data with six detectors determining the energy (coded on 13 bits
(8192 cx)) and the time (coded on 47 bits Å 15.6 h) of signals from detected
radiations. Part of the processing is done in the card itself using a 32-bits DSP,
40 MHz [19]. In our experiments, as shown in Fig. 2, two signals from TETRA
were recorded. The signal noted ©Neutron1ª was the identiˇcation number of
the ˇred counter with its associated time. However, the occupation time of this
channel for the coding and readout of the identiˇcation information was 25 μs,
thus eliminating the possible registration of neutron events of multiplicity higher
than 1. For that reason this channel was not considered in the analysis. The
signal ©Neutron2ª was the OR time signal without any energy information (no
amplitude coding) which limited the occupation time of the COMET channel to
10.3 μs. However, all neutron data, including time, number of counter ˇred, and
a high threshold mark were recorded by TIAS in parallel. Signals from HPGe
and 4πβ detectors, processed by typical electronic analog circuits, were plugged
into CH2 and CH3 COMET inputs, respectively. The ©codenª signal, generated
by Tape Station Automate (TSA) connected to COMET and TIAS, allowed their
synchronization and data recording interruption during the tape motion.

1.2. Neutron Life-Time in the Detector. Neutron life-time in the detector
τ is determined by moderation and diffusion times and can be estimated via a
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Fig. 4. Time difference between two consecutive neutrons emitted in spontaneous ˇssion
of 252Cf (see text for details)

neutron time distribution relative to a start signal, Fig. 4, which shows a time
difference distribution between two consecutive neutrons emitted in spontaneous
ˇssion of 252Cf. The neutron life-time τ = (28.2 ± 0.2) μs was obtained from a
ˇt (exp(−t/τ) + const) and is deˇned as a time to detect half of the neutrons.

1.3. Efˇciency. The TETRA efˇciency∗ was found by the method based
on neutron multiplicity distribution emitted from a source proposed in [20]. This
method was also used previously by our group [21].

Prompt spontaneous ˇssion neutrons of 252Cf are described by the average
number of neutrons per decay (ν̄ = 3.75 [22, 23]) and by multineutron emission
probabilities Pl, l = 0, 1, 2 . . . lmax. For a detection efˇciency (ε0) below 100%
the observed multiplicity distribution is different from the real one. Under the
assumption that neutrons are detected independently the probability to detect n
neutrons Fn is the sum of the partial probabilities to detect the emission of
ν = n, n + 1, . . . , νmax neutrons:

νmax∑
ν=n

KnνPν = Fn, n = 1, 2, . . . , nmax, (2)

where Pν are the components of the true neutron distribution; νmax is the maxi-
mum possible number of neutrons per ˇssion; Knν is the matrix of the transmis-
sion coefˇcients between real and measured components. The exact solution of
Eq. (3) is given in [20]:

Knν =
ν!

n!(ν − n)!
εn(1 − ε)ν−n. (3)

∗For single neutrons.
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If Ni and Nj are the numbers of events detected with i and j �= i neutrons
emitted in the same number of decays Ndec, considering Eqs. (2) and (3):

Ni = Ndec · Fi = Ndec

νmax∑
ν=i

ν!
i!(ν − i)!

εi(1 − ε)ν−i
Pν . (4)

Nj can be expressed analogically to Eq. (4). Therefore, their ratio Ni/Nj is a
function of an efˇciency ε:

Ni

Nj
=

Fi

Fj
= f(ε). (5)

Comparing the experimentally measured multiplicity ratios Ni/Nj to the cal-
culated Fi/Fj ones, ε0 = (53 ± 2)% was found. The obvious advantage of
the method is independence of the initial measurements of neutron activity of a
source provided with its passport. Furthermore, the method leads to self-check
procedure: whatever an efˇciency is measured, multiplicity ratios must justify the
calculated multiplicity ratios unless there is an electronic problem or a mistake in
the analysis.

1.4. The MCNP Simulations for TETRA. To optimize the installation of
TETRA on the BEDO tape station, a validated computer model of TETRA was
highly needed. This model was created using the MCNP code (Monte Carlo
N-Particle transport) [24]. The MCNP code is a well-established powerful tool
for neutron-transport calculations initially aimed at reactor calculations but widely
used nowadays for varied applications showing good agreement with experimen-
tal data.

Figure 5 presents the calculated and measured efˇciency of the TETRA array
for a 252Cf source moved inside the detector on the beam axis OY (see Fig. 1).

Fig. 5. Validation of the model: calculated and measured efˇciency of TETRA as a
function of distance of 252Cf source from the center of the detector
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Fig. 6. The MCNP-calculated total efˇciency of TETRA (red solid line) and MCNP-
calculated efˇciencies of the inner and the outer layers of counters (blue solid lines) as a
function of neutron energy. Hatched interval A shows the measured efˇciency for 252Cf
spontaneous ˇssion neutrons and B stands for Ga β-delayed neutrons

As can be seen, the efˇciency is obviously maximum at the center and is almost

at up to 8-cm shift from the center, gradually falling down with further increase
of the distance from the center. The calculated curve slightly underestimates the
experimental points, which is a consequence of uncertainty in density of materials
used and geometrical dimensions of parts of the detector. The TETRA model
developed is fully discussed in [25].

As seen from Fig. 6, illustrating the calculated efˇciency of TETRA as a
function of neutron energy, the efˇciency is high and is almost constant up
to 0.8-MeV neutron energy. The efˇciency ε0 measured by the method described
above for prompt neutrons from spontaneous ˇssion of 252Cf source is shown by
hatched area A. The εtetra measured for β-delayed neutrons from a radioactive
source in the experiments described in Subsec. 2.3 is shown by hatched area B.
As can be seen, the energy of β-delayed neutrons detected was lower than the
energy of prompt neutrons.

2. EXPERIMENTS

Ions of Ga+1 were extracted with the Resonant Ionization Laser Ion
Source (RILIS) using two-step ionization scheme [12] at 30-keV energy towards
the online isotope separator PARRNe [13]. The pure beam was then transmit-
ted to the BEDO station. All the γ transitions in the recorded γ spectra were
identiˇed and no impurities were observed for 82,83Ga settings.
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During these experiments Ga nuclei were collected onto a Mylar tape at the
centre of the detection array. Typical decay chains following the decay of the
collected nuclei are shown in Fig. 7. In order to enhance shortest lived activities,
the sources were evacuated outside the detection array by moving the tape with
a period depending on a half-life in the decay chain of the particular Ga isotope
studied. The TIAS and the COMET recorded data between two consecutive tape
movements triggered by the TSA signal, which stopped/opened the DAQs when
the tape was moving. A short counting time of Tbg was allowed before each beam
collection to estimate the evolution of the background during experiments, Fig. 8.
After irradiation during Tbeam, the beam was stopped to measure the activity of
the accumulated radioactive source for a duration of Tdecay. Afterwards, the tape
was moved for 2 m to remove the source outside the detection array.

Fig. 7. The β− and β−n decay chains of Ga radioactive sources; λi (i = 1 . . . 5) are decay
constants; Pn1 is probability of β-delayed neutron emission of Ga

Fig. 8. The γ−β−n activity is recorded by DAQs only during Tbeam, which consists of
background measurements Tbg, irradiation during Tbeam and decay for Tdecay . At the end
of each cycle time is reset
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2.1. Measurements of Pn Value. The Pn value of a neutron precursor
(A, Z) is the ratio between the number of neutrons emitted and the total number
of β decays. There are different general methods to experimental determination
of Pn. These approaches differ in a way mother/daughter nuclei are counted [26].
In the present experiments, β and neutron activity curves were measured. Col-
lected simultaneously, β and neutron integrals were used in the analysis based on
solutions of Bateman equations [27]. It allowed one to separate contributions of
isotopes in β−, β−n decay chains, Fig. 7.

The decay of a radioactive source created by accumulation of beam depends
on both decay constants λi and Pn1, Fig. 7. In case of 82,83Ga multineutron
emission probabilities can be neglected due to small (Qβ−S2n) energy window.
Also negative (Qβ−S1n) energy window for Ge leads us to an assumption that Ga
isotopes are the only unique neutron precursors on their decay chains. Therefore,
a number of ith nuclei accumulated at t moment during the implantation N col

i (t)
is characterized by the set of coupled linear differential equations:

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

dN1(t)
dt = −λ1 · N1(t) + φ, (A, Z),

dN2(t)
dt = −λ2 · N2(t) + (1 − Pn1) · λ1N1(t), (A, Z + 1),

dN3(t)
dt = −λ3 · N3(t), (A, Z + 2),

dN4(t)
dt = −λ4 · N4(t) + Pn1 · λ1N1, (A − 1, Z + 1),

dN5(t)
dt = −λ5 · N5(t) + λ4N1(t), (A − 1, Z + 2),

(6)

where φ is the production rate of Ga; Pn is its probability of β-delayed neutron
emission and λ1 is its decay constant; λ2−5 are decay constants of its decay
daughters. The number of ith nuclei accumulated at t moment during the implan-
tation N col

i (t) is found as a solution of Eqs. (6) with initial condition N col
i (0) = 0.

The number of ith nuclei at t moment during the decay Ndec
i (t) is given by solu-

tion of Eqs. (6) at φ = 0 and with initial conditions Ndec
i (t) = N col

i (Tbeam). The
analytical solutions for N col

i (t) and Ndec
i (t) are too cumbersome, but are easily

obtained using any computer application for numerical computations. There-
fore, the total number of decayed nuclei

∑5
i=1 Atot is deˇned by summing two

integrals over the implantation and decay correspondingly:

Atot =
5∑

i=1

(∫ Tbeam

0

λi · N col
i (t)dt +

∫ Tmeas

Tbeam

λi · Ndec
i (t)dt

)
. (7)

In fact, since all the nuclei in the region have 100% β-decay mode, it
is reasonable to assume that the number of decays is equal to the number of β
emitted. As a result, a total number of betas N exp

β and neutrons N exp
neutron detected

in an experiment corrected by beta Nbg
β and neutron Nbg

neutron background events
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and detection efˇciencies εβ, εneutron, respectively, is described by Eq. (8):⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

(N exp
β − Nbg

β ) 1
εβ

=
Tmeas∫

0

Atot
β (t),

(N exp
neutron − Nbg

neutron)
1

εneutron
=

Tmeas∫
0

Atot
neutron(t).

(8)

If all the decay constants λi are known, Eqs. (8) are solved analytically for
Pn1 and φ. To determine uncertainties on Pn1 and φ, the parameters entering
Eqs. (8) (λi) were varied within the uncertainties quoted in the literature and
had a negligible effect on the ˇnal result. The major contribution to error on
Pn1 and φ was due to statistics of measured β and neutron integrals. To verify
values of Pn1 and φ obtained this way, a ˇt of β and neutron activity curves
was performed using the ROOT system [28]. The ˇt functions were set in
an analytical way, with Pn1 and φ as free parameters with initial values given
by solution of Eqs. (8). The decay constants were ˇxed at the given values.
The parameter minimization and error analysis were performed with MINUIT
packages built in ROOT.

2.2. γ−β−n Coincidence Technique. We have explored the possibility
to obtain γ-spectra gated by both β and neutron emissions. It is the ˇrst
time such results are available in the case of 82,83Ga decays. The typical
β–γ coincidence window was 0.1 μs, whereas due to long neutron diffusion
time the γ–β–n coincidence window was 128 μs. Random contribution in the
peak areas in γ−β-gated spectra was considered. Random coincidence count-
ing rate rγ−β was estimated by rγ−β [s−1] = Speak

β [s−1] · Nβ [s−1] · Twindow[s].

Twindow is the duration of the coincidence window, Speak
β is the counting rate

in the peak surface in the β-gated γ-spectrum; and Nβ is the β counting rate.
The random coincidence contribution in the peak surface obtained was as low
as 0.1%. In the same manner, random coincidence for γ−β−n-gated spec-
tra was estimated to be at the level 3Ä5% due to larger neutron coincidence
window (128 μs).

2.3. TETRA Efˇciency for β-Delayed Neutrons. The efˇciency of TETRA
for prompt neutrons with average energy of ∼ 2.348 MeV [29] of spontaneous
ˇssion of 252Cf was measured as described above to be ∼ 52%. However, based
on numerous experimental evidence [30Ä34], the energy of β-delayed neutrons
is generally considered to be below 1 MeV. Obviously, the energy information
provided with a neutron detector such as TETRA is very poor. However, as
proposed by Reeder et al. [33], by mapping the counters ˇred it is possible to
restore the initial neutron energy: less energetic neutrons are detected by the
inner layer of counters; whereas more energetic ones require a longer path to
become thermal and touch the outer layer of counters. As seen from comparison
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Fig. 9. Normalized neutron counting rate per counter for Ga β-delayed neutrons (in red) as
compared to prompt ˇssion neutrons of 252Cf (in blue). TETRA is schematically shown
illustrating the position of the inner counters

of the normalized counting rate per TETRA neutron counter, Fig. 9, the response
of the inner layer of counters is signiˇcantly higher for β-delayed neutrons of
Ga rather than for prompt ˇssion neutrons of 252Cf. Therefore, the conclusion
is that delayed neutrons are less energetic (than the prompt ones). This fact
results in the higher detection efˇciency for β-delayed neutrons. The TETRA
efˇciency used in the analysis for masses A = 82 and 83 was (63 ± 5.6)% and
(60.5 ± 1.2)%, respectively, measured as weighted average from ratios of corre-
sponded peak areas in γ−βÄneutron (Sγ−β−neutron) and γ−β (Sγ−β) coincidence
spectra:

εtetra =
Sγ−β−neutron

Sγ−β
· 1
(1 − DTneutron)

, (9)

Table 1. Ratio of peak areas of the
most intense transitions in 82Ge ob-
served in βÄneutron-gated γ-spectrum
and in β-gatedÄγ-spectrum

Eγ , keV Ratio

1365.41 0.62(7)
1176.1 0.53(7)
938.83 0.56(3)
867.2 0.59(14)
1348 0.60(1)

where DTneutron < 0.01%, dead time
of the neutron electronic channel, can
be neglected. The measured efˇciency
corresponds to neutrons below 500 keV,
Fig. 6. Thus, neutrons detected were
mostly of low energy. In Fig. 10, γ
is presented as a spectrum measured
for A = 83. In β-gated γ-spectrum
(top, blues) transitions from daughters
nuclei (82,83Ge, 82,83As, 82,83Se) are pre-
sented. Whereas in the βÄneutron-gated
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Fig. 10. Measured γ−β-gated (in blue) and γ−βÄneutron-gated (in red) spectra recorded

for mass A = 83. In the latter, the strongest transitions belong only to decay of 83Ga
β–n−−→

82Ge. Marked transitions are in daughters nuclei

γ-spectrum (bottom, red) only transitions characterizing 83Ga
β–n−−→ 82Ge decay

are seen. The ratios of surfaces of the most intense transitions in 82Ge in both
spectra are listed in Table 1.

3. RESULTS

3.1. The β−n Decay of 82Ga. Half-life and probability of β-delayed neu-
tron emission for 82Ga were already measured several times and should be well
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established [35Ä38]. That is why 82Ga is considered for this commissioning
experiment.

All neutrons detected for A = 82 were attributed either to background or to
82Ga

β–n−−→ 81Ge decay. It is due to the fact that β-delayed neutron emission is not
energetically favourable for the other isotopes in A = 82 isobaric chain and thanks
to the high purity of the beam. The adopted half-life T1/2(82Ga)= 0.604(11) s
found as a result of the ˇt of the growth pattern for the recorded neutron activity,
Fig. 11, is compatible with other experiments, Fig. 12.

The background was considered constant at the level measured within 100 ms
prior to 2-s implantation time and was accepted to be a constant. Total neutron and

Fig. 11. Recorded neutron activity (dots) from the accumulation of the 82Ga beam onto
the tape and corresponding ˇt (line)

Fig. 12. T1/2 of 82Ga presently measured by recorded neutron activity (in red star) in
comparison with other works: 1986Wa [36]; 1991Kr [38]
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Fig. 13. Presently measured Pn for 82Ga (in red star) comparing to other data:
1993Ru [35]; 1986Re [36]; 1980Lu [37] with w.a. as the weighted average

β integrals, corrected by background conditions and detection efˇciencies, were
input parameters to the Bateman equation (6) speciˇed for the 82Ga case. The T1/2

of 82Ga derived from our neutron activity curve was used. The decay parameters
of the daughters nuclei were taken from literature. Varying these parameters
within the uncertainty quoted had a negligible effect on solution of Eq. (6). The
errors on the solution of the system (φ, Pn) were mainly determined by collected
neutron and β statistics. Pn (82Ga)= 22.2(2.0)% and φ(82Ga)= 1.29(6)·103 s−1

were obtained. Pn also agrees well within error bars with the weighted average
from previously data quoted in literature, Fig. 13.

3.2. The β−n Decay of 83Ga. For mass A = 83 all detected neutrons were

attributed either to background or to 83Ga
β–n−−→ 82Ge decay. Although, neutron

emission is energetically possible for 83Ge and ranged from 0.01% to 2% in
different predictions [26, 46], growth and decay pattern for the recorded neutron
activity correspond to a half-life of 0.312(1) s, Fig. 14. It coincides well with
a half-life of 83Ga quoted in literature, Fig. 15. Therefore, even if β-delayed
neutron emission from 83Ge took place, it was neglected.

The pattern of 100-ms background measurements prior to 3 s of implanta-
tion of isotopes followed by 2 s of decay was used for 83Ga. The total neutron
and β integrals, corrected from background conditions and detection efˇciencies,
were input parameters for the Bateman equation (6) speciˇed for the 83Ga case.
The T1/2 of 83Ga derived from the neutron activity curve was used. The decay
parameters of the daughters were taken from literature. Varying these parame-
ters within the uncertainty quoted had a negligible effect on solution of Eq. (6).
The errors on the ˇnal were mainly determined by collected neutron and β sta-
tistics. Values of Pn (83Ga)= 84.8(3.6)% and φ(83Ga)= 370(10) s−1 were
obtained.
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Fig. 14. Recorded neutron activity (dots) from the accumulation of the 82Ga beam onto
the tape and corresponding ˇt (line)

Fig. 15. Presently measured T1/2 of 83Ga by recorded neutron activity curves (red square)
in comparison with other works: 2006Pe [47]; 1993Ru [35]; 1991Kr [38]; 1986Wa [36];
1980Lu [37]; 1976Ru [48]; NNDC w.a. Å the weighted average as is in NNDC [39]

Discrepancy of experimental Pn values of 83Ga ranges from ∼14.9(18)% [35]
to 62.8(25)%, the most recent one (Winger et al. [44]), see also Table 2 and
Fig. 16. Winger et al. highlighted that their value is 4.2 times larger than proba-
bly the best previous measurements [35], and is underestimated by the continuum
quasiparticle random-phase approximation [3]. As noticed, application of the
blocking approximation with the standard density functional [45] gives an in-
crease in β-delayed neutron emission probabilities and agrees much better with
their data. Unfortunately, due to the lack of measurements of absolute branching
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Table 2. List of measured and predicted T1/2 and Pn for 83Ga

T1/2, s Pn, % Method Reference

Experiment

0.308(1) 84.8(3.6) n Present

62.8(2.5) γ Winger et al. [44]

0.319(24) Å γ Perru et al. [47]

0.307(7) 14.9(18) n Rudstam et al. [35]

0.308(1) Å n Kratz et al. [38]

0.310(10) 54(7) n Warner et al. [36]

0.31(1) 43(7) n Lund et al. [37]

0.308(4) 62.8(63) n Rudstam et al. [48]

Macroscopic statistical models

0.091 46.73 Gross Tachibana [43]

0.082 33.79 KHF Pfeiffer [46]

Microscopic shell models

0.239 64.52 GT QRPA 1997, Méoller [26]

0.327 59.10 GT QRPA 2002, Méoller [41, 42]

0.20 15 GT+ FF CQRPA 2005, Borzov [3]

0.35 39 GT+ FF CQRPA 2012, (blocking) Borzov [45]

0.35 50 GT+ FF CQRPA 2012, (no blocking) Borzov [45]

Fig. 16. Presently measured Pn of 83Ga (in red square) in comparison with the known
data: 1993Ru [35]; 1986Wa [36]; 1980Lu [37], 2010Wi [40]

ratios (Iβ) to levels of 83Ge, the authors admit that the Pn value they obtain
depends on their estimations of Iβ , which has to be veriˇed independently.
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Our Pn(83Ga) value is independent of estimations of absolute branching ratios
and is 5.7 times higher than measurements in [35], which conˇrms the tendency
pointed out by Winger et al. that 83Ga is much stronger neutron emitter than
considered before.

4. SUMMARY

The 4π high-efˇciency neutron detector TETRA built at JINR, Dubna, has
been modiˇed enabling measurements of β-decay properties of neutron-rich nu-
clei produced at recently inaugurated ISOL facility ALTO (Orsay). The unique
design of the detection system was imposed by a requirement to have a con-
stant neutron efˇciency high up to 1 MeV and the necessity to simultaneously
record the β, γ and neutron activity from a radioactive source accumulated in-
side the detection system. For the TETRA optimization, series of the MCNP
simulations were performed. Determination of the TETRA efˇciency was done
with 252Cf spontaneous ˇssion source based on multiplicity distribution of prompt
neutrons conˇrming results of the MCNP simulations. However, during online
experiments, based on recorded βÄneutron-gated γ-spectra analysis, the efˇciency
measured was higher as compared to fast ˇssion neutron of 252Cf. According to
the MCNP calculations, the efˇciency, determined for delayed neutrons, showed
that typical neutron energy did not exceed 0.5 MeV. It illustrates the fact that
average delayed neutron energy in our experiment was low.

Furthermore, the TETRA integrated acquisition system is free from any dead
time, which makes TETRA a tool of choice for detection of high-multiplicity
neutron events. This feature will be important for the upcoming experiments with
beams of neutron-rich nuclei, as with increasing large Qβ values the probability
for multineutron emission channel increases. We have also demonstrated the
ability of TETRA to be used as neutron trigger for β-decay γ-spectroscopy in
spite of the inherently slow neutron registration process. Veriˇcation of the
detection system was done in a commissioning experiment with a selectively
photo-ionized 82Ga beam conˇrming well-established already available in the
literature. In the second experiment at mass 83, we obtained a Pn value for
83Ga signiˇcantly higher than previously reported. Today, there is discrepancy
between the experimentally measured data and predictions of existed theoretical
approaches in the region which has to be understood.

The TETRA is currently based at ALTO (IPN, Orsay) to investigate structure
and β-decay properties of neutron-rich r-process nuclei in vicinity of closed
neutron shells N = 50, N = 82, but can be installed at any excising and future
radioactive beam facilities, where movable tape collector technique is applicable,
such as SPIRAL2 at Ganil, which will open access to new more neutron-rich
species.
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