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Abstract: The Large Volume Detector (LVD) in the INFN Gran Sasso National Laboratory (LNGS), Italy,
is a ν observatory which has been monitoring the Galaxy since June 1992 to study neutrino bursts from core
collapse supernovae. We evaluate how its sensitivity to such events would change if all its liquid scintillator
was doped with a small amount of Gadolinium. It results a 90% detection efficiency at the distance of the
Large Magellanic Cloud (50 kpc).
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1 Introduction

The Large Volume Detector (LVD) [1] is a 1 kton liq-
uid scintillator neutrino telescope located in the INFN
Gran Sasso National Laboratory, Italy. The main goal
of LVD is the detection and study of neutrino bursts
from core collapse supernovae.

LVD consists of an array of 840 scintillator counters,
1.5 m3 each, filled with 1.2 tons of liquid scintillator.
The main interaction expected in the liquid scintilla-
tor, at the typical energies of neutrino from core col-
lapse supernova (some tens of MeV), is the inverse beta
decay (IBD):

ν̄e + p→ e+ + n (1)

which gives two detectable pulses: the prompt one
due to the e+ (visible energy Evis � Eν̄e

− Q +me =
Eν̄e

− 0.789 MeV ), which acts as the trigger for the
experiment, followed by the delayed one from the neu-
tron capture on proton, Eγ = 2.23 MeV, with a mean
capture time, in one LVD counter, of τ = 185 ± 5μs.
Like other experiments which look for neutrino bursts
from core collapse supernovae, LVD has to be able
to extract the neutrino burst signal from the back-
ground even without the aid of an external trigger.
This capability is determined by the signal to noise
ratio S/N . It is possible to try to increase S/N by se-
lecting only those triggers which are followed, within

a defined time window, by a delayed pulse in the same
counter where the trigger itself took place, a condi-
tion which allows to extract the IBD. As the detection
efficiency of the γ from neutron capture in LVD is
relatively low, applying this technique to the present
LVD counters would not lead to significant improve-
ments in the sensitivity to supernova neutrino bursts,
as discussed in [2]. A possible improvement could be
achieved if the liquid scintillator was doped with a lit-
tle amount of Gadolinium. Two isotopes of this ele-
ment (155Gd and 157Gd) have a huge cross section for
neutron capture (104 times that of the proton) and
generate a γ photons cascade that can reach energies
up to 8 MeV. We want here to discuss how the sensi-
tivity of LVD would change as a detector for ν̄e from
core collapse supernovae if all its counters were doped
with Gd.

2 Neutron capture detection efficiency

A Monte Carlo simulation allowed us to evaluate the
efficiency in detecting neutrons from interaction 1 in-
side one LVD counter both for normal liquid scintilla-
tor and for doped one. We found that, in the case of
liquid scintillator without Gd doping:
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Eth [MeV] ηn (Eth) [%] R(Eth) [s
−1] δt(μs) P (Eth) S/N∗

No Gd doping [2]
0.5 58 200 0.2 - 650 0.13 1.0

With Gd doping
0.5 80 200 0.2 - 85 0.0168 3.8
1.0 77 91 ” 8·10−3 5.3
1.5 72 42 ” 4·10−3 7.1
2.0 67 19 ” 2·10−3 9.3
2.5 61 9 ” 8·10−4 13.4
3.0 55 4 ” 3 ·10−4 19.7

Table 1: Neutron capture detection efficiency, ηn, background rate in one LVD counter, R, time window δt to
search for the delayed pulse, probability P of a background delayed pulse after a trigger in the time window δt
and signal to noise relative to the case of no Gd doping, S/N∗, as a function of the energy threshold Eth imposed
on the delayed pulse. For the average undoped LVD counter in the first row, for Gd doped liquid scintillator in
the following six rows.

1. 17% of neutrons leave the counter without being
captured;

2. 20.5% are captured, but the 2.23 MeV gamma
quantum leaves the counter without interactions.

Taking also into account all the current features of
LVD in terms of trigger condition and considering
the finite time window to search for delayed pulses,
δt = 0.2μs − 3.5 · τ (where 0.2 μs is the time needed
to collect photons released in the scintillator [3] and
τ = 185± 5μs is the mean capture time in LVD coun-
ters without Gd), it results that the total efficiency
for neutron capture detection without Gd doping is
ηn = 58%.

When considering in the simulation the liquid scintil-
lator doped with a small (∼ 0.14% in weight) amount
of Gd, we get that:

1. 10% of neutrons leave the counter without being
captured;

2. 5% are captured, but the gamma cascade leaves
the counter without interactions.

The mean neutron capture time is τGd = 24.5± 0.5μs,
7.5 times shorter than the mean neutron capture time
of the same counter filled with the undoped liquid
scintillator. The considered time window to look
for delayed pulses in the case of Gd doping is then
δt|Gd = 0.2μs− 3.5 · τGd. Taking into account this fi-
nite time window, together with the trigger conditions
and PMT’s quantic efficiency, the total efficiency for
neutron capture detection with liquid scintillator Gd
doping results to be ηn|Gd = 80%.

The first clear result is that Gd doping one LVD
counter raises the neutron detection efficiency by a
factor 1.4 (from 58% to 80%) with respect to the un-
doped one. Moreover, the mean neutron capture time
shorten of a factor 7.5. This implies a reduction of
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Figure 1: Detected energy distribution, as resulting
from the simulation, for neutron capture after an in-
verse beta decay interaction occurring inside the LVD
counter filled with ”normal” (red) or Gd doped LS
(black).

the same factor of the time window in which we look
for the pulse in coincidence, and finally brings to a re-
duction of background counting rate

√
Rbk of a factor

(7.5)1/2. The total gain we get when looking for in-
verse beta decay signals is of a factor 3.8 in the S/N
ratio.

The shape of the spectrum detected for γ emission af-
ter neutron captures on Gd (figure 1, black line) sug-
gests the possibility to add a further cut which only
accepts delayed pulses with energy greater than a cer-
tain energy threshold Eth. In order to evaluate the
advantages of this selection criterion we considered the
neutron capture detection efficiency, ηn|Gd, as a func-
tion of the imposed Eth as obtained by the simulation.
It is reported in table 1 as ηn(Eth). Combining these
values with the background counting rate over Eth in
one average LVD counter (third column in the same
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Figure 2: Neutrino burst detection probability versus distance for Ecut=7 (light green) or 10 MeV (dark blue)
and standard LVD counters (dotted) or Gd doped counters (continuous), with a target mass of M = 1 kton and
imitation frequency 1/(100 years).

table, R(Eth)) we can calculate the probability that a
trigger is followed in the time window δt by at least
one delayed pulse due to background, so to mimic a
ν̄e interaction, P (Eth) = 1 − e−R(Eth)·δt. We obtain
in this way the signal to noise values relative to the
signal to noise we get for the case of no Gd doping,
(S/N)∗ last column of table 1.

3 Trigger rate increasing

We evaluated how the background counting rate at en-
ergies greater than 7 MeV in LVD changes due to Gd
doping. Neutrons from natural radioactivity in the
rock may be captured on Gd and generate high en-
ergy pulses in the detector. We referred to the neutron
flux measured in the underground Gran Sasso Labo-
ratory [4]. We simulated the response of one module
of LVD, that is a group of eight tanks, to such a neu-
tron flux. The liquid scintillator in the simulation was
doped with Gd at 0.14% level, and all neutron interac-
tions, quenching of the liquid scintillator as reported
in [5] and energy resolution of LVD counters [6] were
taken into account.

In this way we found f7|Gd = 1.1 s−1 and f10|Gd =
0.075 s−1, for the induced counting rate above 7 and
10 MeV respectively. Considering the present count-
ing rates above the same thresholds over the whole
experiment, which are equal to f7 = 0.2 s−1 and
f10 = 0.03 s−1 [2], we obtained that the total back-
ground rate, considering the effect of neutron cap-
tures on Gd, should raise to f7|tot ≤ 1.3 s−1 and
f10|tot ≤ 0.105 s−1.

4 ν̄e burst sensitivity

It is possible to calculate the sensitivity to neutrino
burst that LVD would achieve if all its liquid scin-
tillator was doped with Gd at a level of 0.14%. We
refer for this calculation to the method for neutrino
bursts selection described in [2], which relies on the
fact, widely discussed in that paper, that the back-
ground behaviour in LVD is well described by Poisson
statistic. When LVD is operating as a stand-alone
detector, the choice is to select as neutrino burst can-
didates only those clusters which could be produced
by background fluctuations less than 0.01 y−1. We
took into account that two searches are performed si-
multaneously, one for the triggers with energy above
Ecut = 7 MeV, and another one for triggers with en-
ergy above Ecut = 10 MeV. We fixed the total number
of detectable IBD interactions for a supernova at a
distance of D = 10 kpc to N0

ν ∼ 230, referring to a
conservative model of neutrino emission from a super-
nova [7].

We performed the calculation of the sensitivity for
both possible trigger selection, Ecut =7 MeV and
Ecut =10 MeV, requesting that a trigger is followed,
in the same counter where the trigger itself happened,
by a signal in the time window δt = 0.2 − 85μs. We
also considered the different possible Eth on the de-
layed pulse, as listed in table 1. We found that the
best case for Ecut = 10 MeV is that with Eth = 2.5
MeV, when the detection probability drops below 50%
when the supernova is more than 72 kpc away. In case
Ecut = 7 MeV we found that the best result (de-
tection efficiency of 50% for supernova at 58 kpc) is
obtained when Eth = 2.0 MeV. The full detection effi-
ciency curves corresponding to these two selections are
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drawn in figure 2, in green for Ecut = 7MeV, Eth = 2.0
MeV and in blue for Ecut = 10 MeV, Eth = 2.5 MeV.
The dotted curves in the same figure are taken from [2]
and represent the current detector sensitivity with 1
kton non doped liquid scintillator (green for Ecut = 7
MeV and blue for Ecut = 10 MeV).

5 Conclusions

From the results obtained above, it is apparent that
LVD is able to monitor the Galaxy with full efficiency
both for Gd doped and non doped liquid scintillator.
The improvement obtained with Gd doping emerges
when considering the possibility to identify a ν̄e burst
from the Large Magellanic Cloud, about 50 kpc away
from us. While for non doped liquid scintillator the
efficiency is ∼ 50%, and just for Ecut = 10 MeV, dop-
ing with Gd would make it raise to better than 90%,
if Ecut = 10 MeV and Eth = 2.5 MeV (better than
70% if Ecut = 7 MeV and Eth = 2.0 MeV). This sen-
sitivity is comparable to that which we would obtain
by doubling the mass of LVD.

6 Notes

This work is going to be published on JCAP.
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