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NEUTRINO DETECTION (INTERACTIONS WITH DETECTORS)
➤ Low energy (< 100 MeV)

➤ Coherent scattering 
➤ Neutrino capture on radioactive nuclei
➤ Inverse beta decay

➤ High Energy (>100 MeV)
➤ Elastic and quasielastic scattering
➤ Resonance production 
➤ Deep inelastic scattering 
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NEUTRINO DETECTOR TECHNOLOGY
➤ Specifically designed neutrino 

detector for detecting neutrino

➤ Measure neutrino properties via the 
familiar 
gamma/electron/neutron/alpha, etc 

➤ Detectors in neutrino physics are not 
always about neutinos

➤ e.g. neutrinoless double beta decay

➤ Noble liquid detector technology, 
described more broadly.
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STRUCTURE OF THIS SERIES

1. Introduction: physics properties of noble liquids (NL); energy loss in 

medium; ionization and scintillation of NL

2. Liquid xenon detectors

3. Liquid argon detectors

4. Other NL detectors; NL detectors recap (by applications)

Reference: PDG, Aprile, Bolotnikov, Bolozdynya, and Doke: Noble Gas Detectors 
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DETECTION OF WHAT?
✓ Flux ✓ Energy ✓ Tracks ✓ Timing structure
Event by event detection only
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HOW A PULSE IS GENERATED?
Energy loss in a detector medium:
➤ Charged particle

➤ Electrons
➤ Alpha particles
➤ ions

➤ Neutral particles:
➤ Photons: gamma-ray, x-ray
➤ Neutrons
➤ Neutrinos
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➤Scintillation

➤Ionization

➤Heat

à electronic signal
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NOBLE LIQUIDS

N2 boiling point: 79K; NaI density 3890 kg/m3
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2He 10Ne 18Ar 36Kr 54Xe

Isotopes 3, 4 20, 21, 22 36, 38, 40 78, 80, 82, 83, 
84, 86

124, 126, 128, 129,130, 
131, 132, 134, 136

Mol. Mass (g/mol) 4.0026 20.183 39.948 83.80 131.3

Abundance ✓✓ ✓✓ ✓✓✓ ✓ ✓

Boiling point @ 1ATM (K) 4.2 (4He) 27.102 87.26 119.74 169

Liquid density (kg/m3) 130 (4.2) 1204 1399 2413 3100

Gas density (kg/m3) 0.1785 0.8881 1.7606 3.696 5.8971
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ENERGY LOSS IN MEDIUM: ELECTRON IN NOBLE LIQUIDS
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ENERGY LOSS IN MEDIUM: ELECTRON IN NOBLE LIQUIDS
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ENERGY LOSS IN MEDIUM: GAMMA CROSS SECTION IN XENON
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ENERGY LOSS IN MEDIUM: GAMMA CROSS SECTION IN XENON
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SIGNAL GENERATION IN XENON
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IONIZATION VS. SCINTILLATION
➤ Clean anti-coorelation 

➤ Change vs. energy

➤ Change vs. E field

➤ Average energy scale for ionization or 
scintillation?

➤ Suppression of ionization/scintillation?

(NEST simulation)

18

Ionization 
(beta)
Scintillation
(beta)



HAN, Ke (SJTU)

IONIZATION SIGNAL: DRIFT

19

44 3 Elementary Processes Affecting Generation of Signals

Fig. 3.7 Electron drift velocity as a function of the electric field
strength in liquid argon (T = 87 K), krypton (T = 120 K) and xenon
(T = 165 K): pure (solid lines) and solutions with nitrogen (symbols).
Redrawn from [103].

Heating of electrons by the electric field in the liquid starts for smaller val-
ues of the E/N parameter compared with those in the gas. The mobility in
the gas remains constant up to E/N = 2×10−19 V cm2, while the mobility in
the liquid begins to decrease already at E/N = 10−21 V cm2. This is a result of
small cross section of electron scattering in the liquids compared to the cross
section in gas. The drift velocity of electrons in the liquid is limited for high
electric fields and approaches the drift velocity in the gas with the increasing
field. The characteristic energy in the liquid is larger than the electron mean
energy but the difference is smaller in the liquid. Adding molecular impurity
increases electron drift velocity at high electric fields (Fig. 3.7).

Figures 3.8, 3.9, and 3.10 show the electrons drift velocity as a function of
electric field strength measured in condensed phases of heavy noble gases at
different temperatures.

Figure 3.11 presents data on zero-field mobility of electrons in liquid argon,
liquid and solid xenon as a function of temperature in the range between triple
and critical points. In the liquids, the mobility has a maximum; in the solid
xenon the mobility is a monotonic function of temperature increasing with re-
ducing temperature. The highest mobility (8500 cm2 V−1 s−1) was measured
in liquid xenon at 220 K. Complicated behaviors of the temperature depen-
dence of the transport properties in the liquids may indicate certain evolution
of the liquid structure.
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ELECTRON “LIFETIME”
➤ Drifting electrons may 

recombine with xenon
➤ Electronegative negative 

impurity (e.g. water) greatly 
increases the probability of 
recomination, thus electron loss
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IONIZATION SIGNAL: COLLECTION
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Electron Readout:
➤ Wires: induction and collection
➤ Micro-structure: amplification before collection
➤ Charge readout tiles: pixelization 
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SCINTILLATION SIGNAL
➤ Light emssion in VUV 

region

22A. Neumeier 

In Noble Gases
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SCINTILLATION SIGNAL
➤ Light emssion in VUV 

region

➤ High light yield

➤ Xe: 80% of NaI

➤ Ar: 60% of NaI
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3.4 Properties of Noble Gas Scintillators 89

Fig. 3.41 Three LET dependences of scintillation yield curves, the
upper curve is that of NaI(Tl) crystal, the lower curve is liquid argon
and the middle curve is liquid xenon. The abscissa on the right side
shows the value of Wph.

that the flat part of the LET response corresponds to a 100% scintillation level
as shown in liquid argon. From this assumption, we can estimate Wph(β) for
relativistic electrons.

Figure 3.41 depicts the LET dependences of scintillation yield in liquid ar-
gon, xenon and NaI(Tl) [32, 202, 204, 205]. The vertical axis on the right side
is given by Wph. From this figure, we know that the ratio of the scintillation
yield of liquid xenon to that of NaI(Tl) for MeV electrons is about 80%. The
Wph(β), Wph(α), and Wph(max) are listed in Table 3.13.

Michniak et al. [208] investigated the scintillation yield of liquid and solid
neon and liquid helium. It was found that the light yield of condensed neon
is sensitive to temperature and the aggregate state. The transition from the
solid to liquid state reduces the light yield about two times. The light yield of
the solid neon was measured to be comparable with that of the liquid helium.
Note, that according to D. McKinsey (private communication, 2006), there are
data with liquid neon that show a much higher light yield, comparable to
liquid argon.

Tab. 3.13 Experimental data on average energy needed for production of a scintillation photon
in noble gases and NaI(Tl) for comparison.

Relativistic electrons α-particles Relativistic heavy particles Ref.

LAr 25.1±2.5 27.5±2.8 19.5±2.0 [206]
LKr 15 [42]
LXe 23.7±2.4 19.6±2.0 14.7±1.5 [206]
NaI(Tl) 16.7±0.6 [207]

Aprile et al_2006_Noble Gas Detectors
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FAST PULSE TIMING
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CHAPTER 3. LIQUID XENON SCINTILLATION DETECTOR 33

Fig. 3.3 shows a typical LXe scintillation signal from ∞-ray of 320 keV. In this figure
a typical NaI(Tl) signal is also shown for comparison. It is clearly seen that the rise and
decay time of LXe signal are much shorter than NaI(Tl) signal. LXe signal has the rise
time of less than 10 nsec and the pulse settles down to ground level typically in 200 nsec.
The short rise time and decay time of the signal are quite important features of the
LXe scintillator for precise timing measurements and minimizing pile-up under high rate
background, respectively.

Fig. 3.4 shows signals of the LXe scintillator from various kinds of particles. It can be
seen that the decay time strongly depends on the particle type. This indicates that it is
possible to discriminate particle type using pulse shape.
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Figure 3.3: Typical LXe scintillation signal from 320 keV ∞. A NaI(Tl) scintillation signal
is also shown. The unit of PMT output is arbitrary. The pulses are normalized in the
pulse height for comparison.

3.2 Strategy of Development of LXe Detector

We constructed two prototypes for demonstrating the performance of the planned LXe
∞-ray detector in the MEG experiment. For comparison the specifications of the two
prototypes and the planned final detector are summarized in Table 3.4.

Table 3.4: Three versions of LXe scintillation detectors.

Prototype Final design
Type 10-liter 100-liter 1000-liter

Fiducial volume 2.34 liter 68.6 liter ª800 liter
Shape rectangular rectangular C-shape
PMT 32 228 ª800
Cooling method LN2 refrigerator+LN2 refrigerator+LN2

∞-ray energy for testing up to 1.8 MeV up to 128 MeV up to 128 MeV
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PULSE TIMING COMPARISON
➤ Very different timing for different noble liquids

25

3

TABLE I. Parameters of the model (equation 7) extracted
from the fit procedure. The electron recoil average waveform
is constructed with events with a deposited energy between 85
and 100 keV, while the nuclear recoil average waveform with
events with a deposited energy between 220 and 290 keV.

gamma neutron

⌧3 (nsec) 2100 ± 20 2100 ± 20

⌧s (nsec) 5 ± 5 5 ± 5

↵s 0.14 ± 0.02 0.64 ± 0.02

↵3 0.86 ± 0.02 0.36 ± 0.02

k+ (nsec�1) (1.3±0.1)⇥10�4 0.

q (nsec�1) (2.3±0.2) ⇥10�4 (2.3±0.2)⇥10�3

been analyzed were collected during the test described in

[8], [19]. Within the R&D program of the WArP exper-

iment [3] a 4 liters single phase LAr chamber, observed

by seven 2” photomultipliers (ETL D749U), was exposed

to neutron (AmBe) and � sources. The internal sur-

faces of the LAr chamber were coated with TetraPhenyl-

Butadiene (TPB) [20] to down-convert the 127 nm LAr

scintillation photons to 430 nm making them detectable

by the photomultipliers. After a selection of the events

based on the shape of the signals, electron and nuclear

recoil average waveforms were calculated for di↵erent in-

tervals of deposited energy. The LY of the detector was

measured to be 1,52 phel/keV (photo-electrons/keV) for

the considered run. An average electron recoil waveform,

calculated with signals containing between 130 and 150

phel, and an average nuclear recoil waveform, calculated

with signals containing between 150 and 180 phel, have

been simultaneously fitted. Considering the LY of the

detector these correspond to an energy interval of 85 to

100 keV and of 220 to 290 keV respectively. The fit func-

tion contains the amplitudes of the singlet and triplet

components (↵s and ↵3), the decay time of the singlet

component (⌧s), the unquenched decay time of the triplet

component (⌧3) and the rate constants k+ and q. An

additional time component, with a decay time around

50 nsec, is included to take into account the late light re-

emission of TPB [17] with a constant abundance with

respect to the singlet component. The light signal is

convoluted with a Gaussian function to accomodate the

statistical fluctuations and the response of the read-out

electronics.

The parameters which are assumed to be common to the

electron and nuclear recoil waveforms are the decay time

of the singlet component (⌧s), the unquenched decay time

of the triplet component (⌧3) and the fraction of TPB late

light, while the other parameters are assumed to be par-

ticle dependent. The result of the fit is shown in figure

1. The main parameters of the fit are reported in table

I.
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FIG. 1. Average waveforms for gammas and neutrons. Green
and magenta lines represent the result of the fitting procedure
for gammas and neutrons respectively.

IV. DEPENDENCE OF THE SLOW DECAY
TIME FROM THE ELECTRIC FIELD AT LOW

LET

The shape of the LAr scintillation waveform depends

on the module of the applied electric field, E , through
the parameters k and q (see equation 7). The charge

recombination factor, R(E), is assumed to have the form:

R(E) = B +
A

1 + KE/E
(9)

where B takes into account the fraction of the charge

which does not recombine even at null electric field, due

to escaping electrons, kE is the Birks recombination con-

stant and A is a normalization constant [21].

Equation 9 can be used to make explicit the depen-

dence of the density of Ar
+
2 ions, N

+
0 , and of the initial

density of triplet states, N0 on the electric field:

N+
0 = Ni R(E) (10)

N0 = Ni ↵3 [1�R(E) + Nex/Ni] (11)

The parameters k
+
and q can be written as:

k+(E) = k+0

h
1 +

A

B(1 + kE/E)

i
(12)

q(E) = q0
h
1� A

(A+ Nex/Ni)(1 + kE/E)

i
(13)

where k
+
0 and q0 are the values of k

+
and q at zero

electric field and at a given value of LET. For low LET

particles, for which the phenomenon of escaping electrons

is present (k+ 6= 0) and when q ⌧q ⌧ 1, the scintillation

2012.06527

LAr
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READOUT LIGHT
➤ VUV light from xenon can still be 

readout directly with PMT/SiPM
➤ Light from argon needs to be shifted to 

visible range. 

26Instruments 2021, 5(1), 4
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SUMMARY

➤NLs are detector medium with great scintillation and 

ionization properties

➤Relative easy auxillary requirements (cost, cryogenics)
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