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The n_TOF Collaboration has built and commissioned a high-performance detector for ðn; gÞ
measurements called the Total Absorption Calorimeter (TAC). The TAC was especially designed for
measuring neutron capture cross-sections of low-mass and/or radioactive samples with the accuracy
required for nuclear technology and stellar nucleosynthesis. We present a detailed description of the
TAC and discuss its overall performance in terms of energy and time resolution, background
discrimination, detection efﬁciency and neutron sensitivity.
& 2009 Elsevier B.V. All rights reserved.
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1. Introduction

2. Experimental set-up

The Total Absorption Calorimeter (TAC) is a segmented 4p
detector array made of 40 BaF2 crystals for neutron capture crosssection measurements at the CERN n_TOF Neutron Time-of-Flight
Facility [1]. The high-efﬁciency detector in combination with long
ﬂight path of 185 m and high instantaneous neutron ﬂux at n_TOF
of 1:2  106 neutrons/pulse provides the opportunity for accurate
neutron capture cross-section measurements on low-mass and/or
radioactive samples for applications in nuclear technology [2–4]
and stellar nucleosynthesis [5,6]. In the speciﬁc ﬁelds of accelerator driven systems (ADS) for transmutation of nuclear waste
and of Generation-IV reactors, the need for more accurate crosssections has been widely discussed [7], and many n_TOF
measurements have already been funded by EC Framework
Programs (n_TOF-NDADS [8], IP-EUROTRANS [9]) and other
international projects.
At n_TOF, neutron capture cross-sections are measured using
either a pair of C6 D6 total energy detectors or the TAC. The ﬁrst
technique is based on low-efﬁciency, low-energy resolution
detectors with an efﬁciency proportional to g-ray energy [10].
The current version consists of C6 D6 detectors, for which the
required proportionality with g-ray energy is achieved by the
pulse height weighting technique [11,12]. This technique is also
used for neutron capture measurements at GELINA [13], ORELA
[14], and KURRI [15].
In contrast, the TAC is designed to detect the complete g-ray
cascade emitted in neutron capture reactions using detectors
of high-intrinsic efﬁciency and large solid-angle coverage.
By segmentation of the detector, the measured multiplicity can
be combined with the deposited energy of a capture event for an
improved background discrimination and for obtaining information on nuclear structure data characteristic of the compound
nucleus [16].
The Total Absorption technique is best suited for measuring
radioactive and/or small mass samples because of its high
efﬁciency and background rejection capabilities. Large arrays of
inorganic scintillators have therefore been built in the recent
years for measuring neutron capture cross-sections, not only at
n_TOF (40 BaF2 crystals [17]), but also at other facilities such as
FZK (41 BaF2 crystals [27]), KURRI (4p Ge [18] and 16 BGO crystals
[19]), RPI (16 NaI crystals [20]) and LANL (162 BaF2 crystals [21]).
In this work we describe the n_TOF TAC and discuss its overall
performance in terms of energy and time resolution, background,
detection efﬁciency and neutron sensitivity. The detector, the
associated data acquisition system, and the samples for the ﬁrst
applications of the TAC are described in Section 2. Test measurements with g-ray sources are presented in Section 3, and the
performance in the ﬁrst measurements of ðn; gÞ cross-sections of
197
Au and 237 Np is discussed in Section 4, with particular
emphasis on efﬁciency (Section 5) and neutron sensitivity
(Section 6).

2.1. The n_TOF facility
At the n_TOF facility [1] neutrons are generated in spallation
reactions by a pulsed 20 GeV proton beam impinging on a lead
block, which is surrounded by 5 cm of water which serves as
a coolant and as a moderator of the originally fast neutron
spectrum. The resulting white neutron beam ranges from thermal
energies to over 250 MeV with a nearly 1=E isolethargic ﬂux
dependence up to 100 keV. The neutrons travel through an
evacuated beam line to the experimental area at a distance of
185.015(10) m from the spallation target. The intensity of the
neutron beam in the experimental area is monitored by the SiMon
system [22], an assembly of four silicon detectors facing a thin 6 Li
foil which intersects the neutron beam.
The experimental program at n_TOF includes measurements of
ﬁssion cross-sections performed with Parallel Plate Avalanche
Counters (PPAC) [23] and a Fast Induction Chamber (FIC) [24] and
of capture cross-sections studied either with total energy
detectors ðC6 D6 Þ [25] or with the TAC described in this paper.
An overview of the n_TOF facility and the various measuring
devices is given in Ref. [26] and further details can be found in
Ref. [1].

2.2. The Total Absorption Calorimeter
The n_TOF TAC is based on the BaF2 calorimeter built at
Forschungszentrum Karlsruhe [27] and was designed to meet the
requirements of an ideal Total Absorption detector: large solid
angle coverage, high total g-ray efﬁciency, good energy resolution,
high segmentation, low neutron sensitivity and fast time
response.
The TAC consists of 40 BaF2 crystals, 12 pentagonal and 28
hexagonal in shape, which cover 95% of 4p. Both types of crystals
are cut from BaF2 cylinders 1 cm in diameter and 15 cm thickness
with raw and ﬁnal weights of 12 and 7.5 kg, respectively. For
optimal light collection each crystal is covered with two layers of
0.1 mm thick Teﬂon foil and a 0.1 mm thick polished aluminum
sheet on the outside. The crystals are put into 1 mm thick 10 B
loaded capsules and are coupled to an aluminum cylinder that
houses also the 12.7 cm Photonis XP4508B photomultiplier. These
individual detector modules are attached to an aluminum
honeycomb structure, which holds the complete assembly. The
TAC is divided into hemispheres that can be moved to open the
detector for access to the samples in the center. Fig. 1 shows a
picture of the open TAC with the neutron absorber surrounding
the samples. Details of design, construction, and assembling of the
TAC can be found in Ref. [28].
One of the main sources of background in ðn; gÞ measurements
with the TAC is related to the capture of neutrons scattered in the
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Fig. 1. View of one of the TAC hemispheres with the neutron absorber in the center
and the neutron beam line.

sample. This background follows the same energy dependence as
the true capture events and may therefore jeopardize the analysis
of resonances. The probability for detecting such background
events is referred to as the neutron sensitivity of the system.
In the case of the TAC, this was reduced by combining
the spherical neutron moderator/absorber surrounding the sample with the 10 B loaded (16% in mass) carbon ﬁber capsules of the
crystals.
The neutron absorber material was selected by Monte Carlo
simulations [30,29], which conﬁrmed that the best neutron
6
moderator/absorber combination is LiH [21], which has the
additional advantage of a very low g-ray interaction cross-section
thanks to its low effective atomic number Z. However, safety rules
at CERN prohibit the use of 6 LiH due to its high ﬂammability and
toxicity, and therefore an inert non-ﬂammable lithium salt
C12 H20 O4 ð6 LÞ2 [29] was used instead. For stability, the compound
was encapsulated in a spherical 0.5 mm thick aluminum shell
with inner and outer radii of 5 and 10 cm, respectively. The
absorber inside the TAC is shown in Fig. 1.
2.3. Samples
The samples used in a ﬁrst series of TAC measurements were
disks 1 cm in diameter. Stable samples were sandwiched between
two Kapton foils and mounted in air between thin Kapton
windows in the beam line. Radioactive samples had to be certiﬁed
according to the ISO-2919 norm and were therefore sandwiched
between two aluminum layers ðo75 mgÞ and welded into
titanium cans ð410 mgÞ, as sketched in Fig. 2.
The data reported in this work refer to the TAC response
to g-rays from radioactive sources (137 Cs, 60 Co, 88 Y and 24 Na) and
to ðn; gÞ reaction studies with stable (197 Au, graphite, and empty)
samples; and with a radioactive ð237 NpÞ sample. The measurements with the stable samples were performed to determine the
ambient background (dummy-sample), the detection efﬁciency
ð197 AuÞ, and the neutron sensitivity (graphite) of the TAC.
2.4. Data acquisition system
One of the main features of the experimental set-up at n_TOF
is the fully digitized data acquisition system, which is described in
detail in Ref. [31]. In particular, the BaF2 signals are recorded by

Fig. 2. Sketch of the sample assembly including titanium can and Kapton frame.

40 channels of high performance digitizers (Acqiris-DC270 [32])
with 8 bits resolution, 8 MB memory, and 500 MHz sampling rate.
This system can record 16 ms long data buffers containing the
digitized electronic response of each BaF2 module for neutron
energies between 0.3 eV and 20 GeV. A reduction in the sampling
rate to 100 MSamples/s allows one to reach the 1=v energy region
down to 0.028 eV.
After zero suppression and data formatting, the raw data are
sent to CERN’s massive CASTOR storage facility [33] via several
Gigabit links. The raw data are stored in a temporary disk pool for
on-line analysis and on magnetic tapes for repeated processing,
thus providing the possibility for repeated investigations of
systematic effects related to pile-up, g=a discrimination, etc.
The digitized buffers are analyzed using a dedicated pulse
shape analysis (PSA) routine for BaF2 signals [34] that characterizes each signal by an analytic ﬁt of the two components in the
scintillation light (tfast ¼ 0:7 ns and tslow ¼ 630 ns). Fig. 3 shows
an example of a digitized buffer containing ﬁve signals that are
identiﬁed and reconstructed by the PSA routine.
The PSA routine extracts the relevant signal parameters for
later data analysis, the Time-of-Flight (TOF), signal integral, and
module identiﬁcation number. This information is stored in data
summary tapes, which are subsequently translated by coincidence
analysis software into a list of detected events with a given
neutron energy ðEn Þ calculated from the TOF, total deposited
energy ðEsum Þ derived from the signal integral, and crystal
multiplicity ðmcr Þ given by the number of modules involved in
the detection of a capture of an event.
The existence of radium impurities in the crystals is responsible for a sizable a and b decay background that has been
characterized experimentally (see Section 4.1). Signals produced
by a-particles can be identiﬁed by the PSA routine because the
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relative contributions of the fast and slow component of the light
output depend strongly on the ionizing particle.

2.5. Measuring technique
By the TOF technique neutron cross-sections can be measured
as a function of neutron energy. The technique is based on a
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pulsed neutron source, where the energy of the neutron inducing
a detected reaction is determined by


72:2996  LðmÞ 2
En ðeVÞ ¼
ð1Þ
tdet ðmsÞ  t0 ðmsÞ
where L is the distance between source and sample, and t0 and tdet
are the production and detection times, respectively. Note that
this expression neglects relativistic effects and is, therefore, valid
only below about 1 MeV.
Neutron capture reactions produce a cascade of several g-rays
with a total energy of Ecasc ¼ Sn þ ðA=ðA þ 1ÞÞEn , where A is the
mass number of the isotope under study, Sn the neutron
separation energy of the product nucleus, and En the energy of
the incident neutron. The TAC is designed to absorb this cascade
completely with efﬁciency as independent as possible from the
decay scheme of the compound nucleus.
The observable quantity in ðn; g) measurements is the capture
yield Yn;g ðEn Þ, which is the fraction of neutrons intersecting the
sample undergoing a capture reaction. Experimentally, it is
deﬁned as
CðEn Þ  BðEn Þ
;
en;g NFn ðEn Þ

Yn;g ðEn Þ ¼

BaF2 recorded signals

6076

Fig. 3. Digitized buffer containing ﬁve BaF2 signals that are identiﬁed and
reconstructed by the PSA routine.

427

ð2Þ

where CðEn Þ and BðEn Þ are the total and background count rates,
en;g the detection efﬁciency for capture cascades, fn ðEn Þ the
intensity of incident neutrons recorded by the SiMon system, and
N the proportionality constant between the neutron intensity
incident on the SiMon ð{ ¼ 3 cmÞ and on the sample ð{ ¼ 1 cmÞ.
For the purpose of this work, N ¼ 0:191ð6Þ was calculated from
the characterization of the neutron beam proﬁle [43] and the
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distance between the SiMon and the sample, although it can be
determined experimentally in each individual measurement.

1400
1200

α peak used for the daily
gain monitoring

3. Detector performance

The energy response of each individual BaF2 module was
characterized by standard g-ray sources, i.e. 137 Cs, 60 Co, 88 Y, and
24
Na as illustrated by the examples in Fig. 4. The energy resolution
per crystal measured with the 137 Cs source is plotted in the
left panel of Fig. 5. The distribution exhibits a spread of about
2% around a mean energy resolution of 15% due to variations in
the quality of the crystals and of the photomultipliers.
The energy resolution of the complete detector assembly is
shown in the right panel of Fig. 5. The mean values measured with
the available calibration sources are indicated by squares and the
solid line is a ﬁt of the data with the expected energy dependence.
The energy resolution of the complete TAC is slightly worse due
to the scatter in the resolution and the uncertainty in the energy
calibration of the individual crystals.
The energy calibration of the TAC is based on weekly
calibration measurements with g-ray sources up to the energy
of a 238 Pu=13 C source of 6.1 MeV. The daily variation in the
gain of each module is monitored by the position of the a lines of
radium and its progeny [27]. The a spectrum for a single module is
shown in Fig. 6, where the peak used for gain monitoring is
highlighted.

Counts

1000
3.1. Energy calibration and resolution

800
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4

Fig. 6. The a spectrum of a single module. The peak used for monitoring time
variations in gain is highlighted.

dominated by the resolution function associated with the neutron
production and moderation processes [1,37].

4. Measurements
In the following, we present the ﬁrst measurements performed
with the TAC with emphasis in the different type of background
observed. The test measurements were made with

3.2. Time resolution
With the fast component in the scintillation light of tfast ¼
0:7 ns a time resolution of better than 1 ns can be achieved for
each individual module [27]. Coincidence measurements, however, require a wider time window to be deﬁned for collecting the
signals from all g-rays of a given capture cascade. This is due to
the time that elapses until all g-rays are absorbed, and mainly due
to the 2 ppm uncertainty in the synchronization of all ﬂash-ADC
channels [32].
The width of the coincidence window has been set to 20 ns,
which was found to be required for reconstructing the complete
cascades emitted by the calibration sources. The length of the
coincidence window does not affect the TOF resolution, which is

 a 197 Au sample of 185 mg, which has been used as a reference
in previous works [39,13,40];
237
Np sample of 43 mg, which was the ﬁrst radioactive
sample measured with the TAC [35];
a natural carbon sample of 70 mg, which served as a pure
scatterer.

a


4.1. Background
Each of the backgrounds in ðn; gÞ measurements with the TAC
produces a characteristic response in terms of energy and
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 cascades from ðn; gÞ reactions in the sample canning and in
beam line windows, and

 capture of neutrons scattered in the sample; taking the capture
place in the neutron absorber, the 10 B-loaded capsules, or in
the Ba and F isotopes of the crystals.
These backgrounds have been characterized in dedicated runs.
While the uncorrelated part was measured in sample-out runs, the
backgrounds due to capture and scattering reactions in the sample
assembly were determined in runs with a dummy-sample and
with the carbon scatterer.
A last type of background that is dominant in measurement
with Total Energy detectors at n_TOF, the in-beam g-rays of
2.2 MeV caused by neutrons absorbed in the water moderator
surrounding the spallation target, is just a negligible low energy
background in the case of the TAC due to its high Total Absorption
efﬁciency for capture cascades.
197

Au

The magnitude of background contributions is illustrated in
the case of a real experiment with the 185 mg 197 Au sample. The
comparison in Figs. 7 and 8 refers the measured deposited energy
distributions in two energy intervals and the TOF spectrum
between 1 eV and 30 keV. Such an upper limit corresponds to the
energy above which the g-ﬂash of relativistic particles coming
with the beam has a signiﬁcant saturation effect on the
electronics. The experimental distributions are normalized to
the neutron beam intensity determined by the SiMon system in
units of nominal proton pulses.
Fig. 7 shows the distributions of the deposited energy in the
TAC ðEsum Þ for energy intervals from 1 to 10 eV (left) and from 1 to
10 keV (right). The contribution from capture reactions in 197 Au is

102
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Fig. 8. Count rate distribution obtained with the 197 Au sample and backgrounds
measured in dedicated runs with and without a dummy sample. Events were
selected for deposited energies between 2.5 and 7 MeV, where the capture to
background ratio is more favorable.
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197Au
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10

Counts/Pulse

4.2. The reference case of

limited to 7:0 MeV, just above the neutron separation energy at
Sn ð198 AuÞ ¼ 6:54 MeV; given that the summing of events due to
pile-up is negligible. The main difference in the two En intervals is
the magnitude of the background with respect to the capture
reactions in 197 Au due to the relative energy dependency of the
capture and scattering cross-sections of the indicated isotopes.
At low deposited energy, the beam-off measurement shows

three components related to the b decay of radium and its
progeny in the BaF2 crystals [27]. The 226 Ra decay chain yields a
contribution of up to 3.2 MeV, while the 228 Ra contribution ranges
208
from 2.2 (212 Bi decay) to 5.0 MeV ( Tl decay). The peak at
40
K. The background from
1.46 MeV corresponds to ambient
scattered neutrons along the beam line is characterized by the
sample out measurement, which shows a peak at 0.478 MeV from
the decay of 7 Li produced by ðn; aÞ reactions in the 10 B loaded
capsules, a small structure at 2.2 MeV from 1 Hðn; gÞ reactions in
the neutron absorber, and a high energy contribution from 4.7 to
9.1 MeV due to neutron captures in Ba and F. Events with
deposited energies above 9.5 MeV indicate pile-up due to events
overlapping within the 20 ns coincidence window.
Fig. 8 shows the TOF spectrum obtained in the three dedicated
runs discussed before. The events were selected corresponding to

Counts/Pulse

multiplicity, which can be classiﬁed according to their correlation
with the neutron beam.
Backgrounds that are not correlated with the neutron beam are
mainly due to the g-ray activity of the radioactive samples with
energies up to a few hundred keV, and to the radium impurities in
the BaF2 crystals with a and g-ray energies up to a few MeV [27].
These backgrounds are characterized experimentally by dedicated
beam-off measurements.
Backgrounds correlated with the neutron beam depend on
neutron energy and also on the neutron capture and scattering
cross-sections of the materials involved. These are mainly

429
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Fig. 7. Deposited energy distributions obtained with the 185 mg 197 Au sample and the related backgrounds in the neutron energy intervals from 1 to 10 eV (left) and from 1
to 10 keV (right).
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deposited energies between 2.5 and 7 MeV, where the capture
to background ratio is more favorable. The resonant structures of
the 197 Auðn; gÞ cross-section are observed well above the overall
background and could be resolved up to several keV.
Due to the narrowing of the TOF bins, the background from
radioactive impurities in the BaF2 and the ambient background in
the experimental area decreases with increasing energy and
becomes negligible above a few tens of eV. The sample out run
reveals a smooth background close to the 197 Au spectrum in the
valleys between resonances and above a few tens of keV.
4.3. The

237

4.4. Neutron scattering background
Background from neutron scattering in the sample is of special
concern because it follows the same resonant pattern as the
capture reactions. In the past, this type of background was found
to be responsible for signiﬁcant systematic uncertainties in cases
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In measurements on radioactive samples, additional backgrounds are caused by the activity of the sample and by capture
and scattering reactions in the titanium and aluminum components in the sample assembly.
This is illustrated in Fig. 9, which shows the Esum distribution
measured with the 237 Np sample of 43 mg and the various
background contributions measured in dedicated runs. At
energies below 0.5 MeV the spectrum is dominated by the g-ray
activity of the sample and at high energies by capture and
scattering in the titanium canning.
In the neutron energy interval between 1 and 10 eV, this
background is determined by capture reactions in 48;49;50 Ti. At
higher neutron energies the Ti related background clearly exceeds
the signal from and capture reactions in 237 Np, partly because of
the comparably massive titanium can and partly because of the
large resonant cross-sections in the keV region. This becomes
obvious in Fig. 10 for neutron energies above a few keV.
Nevertheless, the resonant structure of the 237 Np cross-section
is observed with good signal/noise ratio up to about 1 keV.
It can be concluded that neutron capture cross-sections can be
successfully measured with the TAC at least up to 30 keV.
However, this range is reduced to a few keV if the sample had to
be encapsulated in titanium. This limitation can be overcome by
using an alternative assembly for radioactive samples [38].
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Fig. 10. Count rate distributions measured with the 237 Np sample and in dedicated
backgrounds runs for deposited energies between 2.5 and 6 MeV.

where the scattering channel was much stronger than that for
capture [47,40,13].
There are at least three ways of determining the scattering
background:
1. Analytically, by taking the theoretical probability for scattering
in the sample, the kinematics of neutron scattering, the
distance traveled by the neutron between the sample and the
detector, and the neutron sensitivity as a function of neutron
energy into account. This analytical approach is implemented
in the REFIT code for resonance analysis [48].
2. A similar calculation was proposed by Allen et al. [49] using Monte
Carlo techniques instead of the analytical approach to describe the
neutron scattering reactions and the related background.
3. The Total Absorption technique makes it possible to determine
the background due to scattered neutrons experimentally as a
function of neutron energy by comparison of the deposited
energy distribution with that of a pure carbon scatterer [50],
where sn 4104 sg .
In our analysis we use the third method in order to rely only on
experimental data and not on Monte Carlo neutron transport
codes or multiple scattering models.
The TAC response to a graphite sample of 70 mg for neutron
energies between 10 and 100 keV is shown in Fig. 11, where the
structures are related to neutron capture reactions in the different
isotopes present in the set-up. This pure neutron scattering
spectrum is used to obtain a background-free capture spectrum as
demonstrated in Fig. 12. The deposited energy distribution of the
197
Au sample—for the condition mcr 42 and after subtraction
of the background components not related to sample scattered
neutrons—can be decomposed into the scattering background and
the true 198 Au ðn; gÞ events. The background component is
obtained by normalizing the pure neutron scattering spectrum
in the high energy region ðEsum 48:5 MeVÞ above the neutron
separation energy of gold.
This procedure is applied to the Esum spectra for narrow En bins,
resulting in a background-free capture spectrum as a function of
neutron energy.

n, γ

4.5. Conditions on crystal multiplicity and deposited energy

10-2
0

2

4
6
Esum (MeV)

8

10

Fig. 9. Deposited energy distributions measured with the 237 Np sample and in
dedicated background runs in the neutron energy interval between 1 and 10 eV.

One of the main advantages of the Total Absorption technique
is the possibility for background rejection by applying speciﬁc
conditions with respect to crystal multiplicity ðmcr Þ and deposited
energy ðEsum Þ.
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Fig. 11. Deposited energy distribution measured with a graphite sample for
neutron energies between 10 and 100 keV.
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Fig. 13. Deposited energy distribution from the 197 Auðn; gÞ measurement for
different crystal multiplicities in the neutron energy interval from 1 to 10 eV.

almost 100%, regardless of the de-excitation pattern of the
compound system under study. However, the efﬁciency of
the TAC is reduced by the neutron absorber as well as by the
conditions set for mcr and Esum . At high counting rates it is further
affected by pile-up events as outlined in Ref. [36].
The detection efﬁciency can be determined experimentally for
any condition on mcr and Esum by means of the saturated
resonance method [39], where the theoretical and the observed
capture yields are compared for a particular resonance that meets
the following requirements:
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8
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10
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Fig. 12. Measured deposited energy distribution of 197 Au, separated into pure
capture and scattering contributions for neutron energies between 1 and 100 keV
and for the condition mcr 42.

The background reduction achieved by the mcr condition is
given in Fig. 13 for the 197 Auðn; gÞ measurement. The three spectra
shown correspond to the conditions mcr 40, mcr 41 and mcr 42.
The low-energy background caused by the intrinsic g-ray activity
of the BaF2 crystals and the 478 keV g-ray following 10 Bðn; gÞ
reactions is strongly reduced with mcr 41 and nearly eliminated
with mcr 42. The background at the high-energy end of the
spectrum, which is not much affected by either one of these
conditions, can be eliminated by selecting an upper deposited
energy threshold at 7 MeV.
The mcr and Esum conditions for the optimal capture to background ratio depend on the particularities of each measurement, e.g.
on the radioactivity of the sample, the capture-to-scattering ratio,
and the energy and average multiplicity of the capture cascades. For
197
Au, the best balance between background reduction and loss of
efﬁciency was found for mcr 42 and 2:5oEsum ðMeVÞo7.

5. Detection efﬁciency
In principle, the large solid angle coverage and the 15 cm thick
BaF2 crystals result in a detection efﬁciency for capture events of

1. The peak cross-section and the sample thickness must be large
enough for the resonance to be saturated at the top:
ð1  enstot Þ-1.
2. The capture to scattering cross-section ratio must be large
sat
enough so that the saturation point ðYn;
g sg =sg þ sn Þ can be
determined accurately.
For this purpose we used the well-known resonance of 197 Au at
4.9 eV [39].
The theoretical capture yield of 197 Au in the vicinity of the
4.9 eV resonance was calculated with the SAMMY code [41],
assuming the resonance parameters of the JEFF-3.1 cross-section
library [42], i.e. Gg ¼ 122:5 meV and Gn ¼ 15:2 meV. The SAMMY
calculation includes all known experimental effects such as selfshielding, multiple-scattering, Doppler and resolution broadening.
The observed capture yield
obs
Yn;
g ðEn Þ ¼

CðEn Þ  BðEn Þ
N  Fn ðEn Þ

ð3Þ

is derived from measured quantities, which have already been
deﬁned in Eq. (2).
The 197 Au capture yields with the saturated region between
4.7 and 5.1 eV are shown in Fig. 14 for different conditions. The
lines are the theoretical yields scaled to match the experimental
yields. The detection efﬁciency of the TAC for capture reactions on
197
Au is given by the respective scaling factor.
The detection efﬁciencies obtained in this way are listed in
Table 1. Obviously, efﬁciency is reduced as the conditions become
more restrictive. The quoted uncertainties are only determined by
the accuracy of the SAMMY ﬁt ðo1%Þ, the saturation level of the
resonance calculated with the evaluated cross-section from the
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Fig. 14. Observed (symbols) and theoretical (lines) capture yields around the
4.9 eV resonance in 197 Au for different analysis conditions (Esum in MeV). The
detection efﬁciency of the TAC is obtained by scaling the theoretical yields to
match the measured data.

Fig. 15. The neutron sensitivity of the TAC, en;n , is derived from the yield measured
with a carbon sample relative to a theoretical yield calculated from the scattering
cross-section of 12 C.

Table 1

where C and B are the total counting rate and the background of
the run with the carbon sample measurement. In both equations,
all but n, the number of atoms per barn, and N, the fraction of the
beam seen by the sample, are neutron energy dependent
variables.
The en;n found in this way are shown in Fig. 15. It varies as a
function of neutron energy from 0.2% in the lower eV region up to
about 1% above 100 eV. The sudden increase near 30 eV is related
to neutron capture resonances in the Ba and F isotopes of the
scintillator, which are also responsible for the structures around
40 and 100 eV.
Since the neutron sensitivity is approximately 100 times lower
than the efﬁciency for detecting capture cascades, the background due
to sample scattered neutrons becomes sizable ð41%Þ when sn Zsg .

Detection efﬁciency of the TAC for
conditions.

1:0oEsum ðMeVÞo7:0
2:5oEsum ðMeVÞo7:0

197

Auðn; gÞ reactions under different analysis

All mcr

mcr 41

mcr 42

0.91(5)
0.79(4)

0.85(5)
0.74(4)

0.64(3)
0.58(3)

JEFF-3.1 library (2% [44]), and the incident neutron intensity N Fn
(5% [1]).
An alternative technique for obtaining the detection efﬁciency is
by Monte Carlo simulations with theoretically generated g-ray
cascades. This provides better accuracy in the determination of eðn;gÞ
and can also be used in the absence of saturated resonances. Such
Monte Carlo simulations have already been presented [45], but will
be discussed in detail and applied to the n_TOF TAC in a forthcoming
publication [46], where it is shown that the results agree within
uncertainties with those of the saturated resonance method.

6. Neutron sensitivity
The neutron sensitivity of a detection system ðen;n Þ is deﬁned as
its efﬁciency for events induced by sample scattered neutrons.
It is usually minimized in neutron capture measurements by
avoiding materials with large capture cross-sections in the
detector assembly and by a neutron shield between sample and
detector. In the particular case of the TAC, a neutron moderator/
absorber with a high 1 H and 6 Li content has been inserted in the
central cavity and the crystal are mounted in 10 B loaded capsules.
The neutron sensitivity of the TAC has been obtained as a
function of neutron energy from the spectra taken with the carbon
sample by comparison with theoretically calculated neutron
scattering yields
th
¼ ð1  enstot Þ
Yn;n

sn
stot

ð4Þ

where the total ðstot Þ and scattering ðsn Þ neutron cross-sections
have been adopted from the JEFF-3.1 library [42]. The observed
yields are
obs
Yn;n
¼

CB
N  Fn

ð5Þ

7. Conclusions
The Total Absorption Calorimeter (TAC) of the n_TOF Collaboration has been described in some detail and the overall performance was studied with standard g-ray sources as well as in
dedicated TOF measurements with stable and radioactive samples.
The TAC exhibits a good capture to background ratio that can
be further improved by imposing conditions on the deposited
energy and multiplicity of the detected events. The neutron
sensitivity en;n of the TAC has been measured and found to be less
than 1% over the energy range between 1 eV and 10 keV. For the
reference case of 197 Au, the detection efﬁciency for capture
events, en;g , and its dependence on conditions concerning the
deposited energy and multiplicity, has been determined experimentally by the saturated resonance method. It was found that
en;g remains as high as 58% even if rather restrictive conditions are
imposed for background reduction (Table 1).
These results have conﬁrmed that the TAC is a powerful tool for
measuring neutron capture cross-sections of small and/or radioactive samples with high capture to background ratios and high
detection efﬁciency.
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