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Abstract: Xenon-doped liquid argon has been proposed as a good alternative to pure liquid argon in
scintillation detectors. In this study, we report on the measurement of the time profile of scintillation
light emitted from xenon-doped liquid argon with molar concentrations up to 1600 ppm. A compact
setup has been developed for this study, with silicon photomultiplier (SiPM) as the photosensor and
210Po and 90Sr as scintillation sources. An effective model based on the de-excitation processes
has been developed to describe the data. The results show that xenon-doped liquid argon is a good
fast scintillator and can be used in lieu of tetraphenyl butadiene (TPB) in a way that preserves its
capability for particle identification via pulse shape discrimination (PSD).
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1 Introduction and motivation

Noble liquids, especially liquid argon and liquid xenon, are widely used as scintillators in high
energy physics experiments, such as direct dark matter searches [1–4], observations of neutrinoless
double beta decay [5] and measurements of neutrino oscillations [6].

The wavelengths of scintillation light emitted from liquid xenon and liquid argon are 178 nm
and 128 nm, respectively. Atoms excited by charged particles usually relax and form excimers
before emitting scintillation light. Two components with different decay constants can be found in
the scintillation light: a fast component from singlet state excimers and a slow component from
triplet state excimers. The decay constants of these two components are 4 3 ns and 22 ns for liquid
xenon, 7 ns and 1 6 µs for liquid argon, respectively [7]. The shorter emission time associated
with liquid xenon makes it a more suitable candidate for high-speed applications and fast-timing
applications, for example, the fast electromagnetic calorimeter [8].

The 178 nm wavelength light can be directly detected by ordinary photosensors, but the 128 nm
light lies beyond their range. For this reason, wavelength shifter (WLS) is widely used in liquid argon
detectors to shift the wavelength of the scintillation light from 128 nm to the visible region. The
most common-used WLS is tetraphenyl butadiene (TPB), which shifts the wavelength to 420 nm [9].
Even though the WLS can solve the light detection problem of many liquid argon detectors, the
deposition of the WLS material complicates the construction of the detector. In addition, the
fluorescence process of TPB has a decay time around 1 ns, which delays the prompt photons by
a similar time scale. Although it is fast enough for most light-detection experiments, the TPB
fluorescence process can limit performance in detectors with sub-nanosecond timing resolution
requirements.
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On the other hand, liquid argon exhibits advantages over liquid xenon. The boiling point of
argon (87 K) is lower than that of xenon (165 K), which makes liquid argon a good medium for silicon
photomultipliers (SiPMs), whose dark count rate has an exponential dependence on temperature.
In addition, argon is significantly less expensive than xenon and its low boiling point simplifies the
purification process. Liquid argon also has outstanding particle identification capability with the
scintillation light pulse shape discrimination (PSD) technique. Nuclear recoil events and electron
recoil events can be distinguished with high efficiency and high acceptance [10]. Due to the similar
decay time of the singlet and triplet states, PSD in liquid xenon is less powerful [11].

In order to combine the advantages of both substances, the idea of xenon-doped liquid argon
has been considered. This mixture emits scintillation light at a wavelength of 178 nm and operates
at temperatures close to the argon boiling point. Its triplet state decay time is shorter than the
one of pure liquid argon. With these benefits, xenon-doped liquid argon has the potential to be
used in many applications, such as massive detectors used to search for nucleon decay, supernova
neutrino bursts, and the direct detection of low mass dark matter. Moreover, since the de-excitation
process in the mixture can be accomplished with direct energy transfer from argon excimers to
xenon and direct emission of xenon light, it will be faster than the fluorescence processes of WLS.
Yet to be experimentally demonstrated, xenon-doped liquid argon also has the potential to achieve
sub-nanosecond timing resolution. It might be suitable for building a full body three-dimensional
time-of-flight positron-electron tomography (3D TOF-PET) scanner, associated with a large surface
coverage of SiPMs.

In this work, a compact system set up to study the scintillation light from xenon-doped liquid
argon using SiPMs as the photosensors is described. Measurements are carried out to understand
the evolution of the scintillation light time profile with different doping concentrations.

2 Scintillation process of xenon-doped liquid argon

In pure liquid argon, incoming particles can produce argon atomic excitations that quickly relax to
3P1 and 3P2 states. The 3P1 and 3P2 atoms then form homonuclear diatomic molecular excimers: 1

and 3 , respectively, through a three-body process, which happens on a time scale of picoseconds
in liquid phase [12]. Photon emissions from the decays of the 1 and the 3 states to the repulsive
ground state 1 are identified as the fast and the slow component of liquid argon scintillation light,
respectively. The lifetime of the 3 state is longer than that of the 1 state, because the direct
decay from 3 to 1 is forbidden [13]. It is also possible to produce argon ions through ionization
resulting from incoming particles. The ionized argon atom (Ar ) collides with another argon atom
to form Ar2 in a short time, then recombines with electrons and relaxes to the 3P1 and 3P2 states.
The rest of the processes are the same as those described above. Detailed recombination, relaxation,
and energy transfer processes are shown in figure 1. In figure 1 and the rest of this article, the
excited molecular state 1 and 3 are abbreviated as 1 and 3 , respectively.

When a xenon dopant is present, Ar and Ar2 can ionize xenon atoms through the Penning
ionization process before forming excimers [14]. The Ar2 energy level is a good match to the 3P1

state of Xe , which results in an effective energy transfer to xenon atomic excitation. Xe then
goes through a relaxation process that is similar to that for Ar , with an additional pathway with
the formation of the heteromolecular excimer ArXe . ArXe radiatively decays, emitting a photon
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Figure 1. Block diagram of the energy transfer in xenon-doped liquid argon. The solid arrows indicate the
fastest pathway of energy release in scintillation light. The dashed arrows indicate the processes that have
not yet been demonstrated.

of wavelength 150 nm, which has been observed in a specific gas phase setup reported in [15].
However, due to the relatively low binding energy of ArXe compared to the binding energy of
Xe2, this photon emission channel is expected to be negligible at high xenon concentrations in
liquid [16, 17]. In addition, ArXe might be responsible for vibrational relaxation from high energy
states [18]. The formation of a hump structure in the scintillation light time profile of the mixture
was attributed to the existence of ArXe by S. Kubota et al. [19]. On the other hand, an excited
argon atom and a ground state xenon atom will not form the excimer Ar Xe due to a repulsive
potential curve that crosses the binding curves [15]. Thus, Ar is not able to transfer energy to Xe
directly through the formation of Ar Xe.

The model of the energy dissipation process is represented by equation (2.1), where 0 is the
number of argon atoms in excited states and A is the number of A. A B denotes the reaction
constant for the process A B, whose rate is proportional to the xenon concentration Xe. A B

denotes the rate that is independent of xenon concentration. A denotes the lifetime of A. Ar( Xe)
denotes the probability of forming singlet state argon (xenon) excimers. is the rate of photon
emission. This model helps us to quantitatively understand the evolution of the scintillation light
time profile with different xenon concentrations. It also helps us to find the minimum xenon
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concentration that is able to completely shift the slow component of liquid argon scintillation to the
prompt.

0
Ar Ar2 0 Ar Xe Xe 0

Ar 3
2 1 Ar Ar Ar2 0

(
1

Ar 3
2

Ar 3
2 Xe Xe

)
Ar 3

2

Ar 1
2

Ar Ar Ar2 0

(
1

Ar 1
2

Ar21 Xe Xe

)
Ar 1

2

Xe
Ar 3

2 Xe Xe Ar 3
2 Ar 1

2 Xe Xe Ar 1
2

Ar Xe Xe 0(
Xe Xe 1

2 Xe Xe 3
2

)
Xe Xe Xe ArXe Xe

ArXe
Xe ArXe Xe ArXe Xe2 Xe ArXe

Xe 3
2 1 Xe ArXe Xe2 Xe ArXe Xe Xe 3

2
Xe Xe

Xe 3
2

Xe 3
2

Xe 1
2

Xe ArXe Xe2 Xe ArXe Xe Xe 1
2

Xe Xe
Xe 1

2

Xe 1
2

128 nm
Ar 1

2

Ar 1
2

Ar 3
2

Ar 3
2

178 nm
Xe 1

2

Xe 1
2

Xe 3
2

Xe 3
2

(2.1)

When TPB is present, photons emitted from argon and xenon are absorbed by the TPB and then
re-emitted. Therefore, an additional equation (2.2) which describes the TPB fluorescence process
has to be considered. In this equation, TPB represents the number of TPB molecules that are
in excited states after absorbing VUV photons. 128 nm ( 178 nm) represents the wavelength shift
efficiency (WLSE) of TPB at 128 nm (178 nm).

TPB
128 nm 128 nm 178 nm 178 nm

TPB

TPB

420 nm
TPB

TPB

(2.2)

This process is equivalent to convolving the scintillation light time profile with the exponential
response contributed by the TPB, which delays the rising edge of the scintillation light pulse shape
by around TPB. Therefore, to compete with TPB in fast timing applications, xenon concentration
should be high enough that the sum of the reaction time constants (the reciprocals of the reaction
rates) along the pathway is in the sub-nanosecond range.

3 Experimental apparatus

Figure 2(a) shows the test setup for this study. Two SiPMs are mounted on a printed circuit board
as two different readout channels. Each readout channel is driven by a cold pre-amplifier, which is
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attached on the backside of the SiPM. A TPB-coated acrylic plate is located about 5 mm below the
front surface of the SiPMs, while the TPB-coated side is facing downward. About 2 5 cm below the
front surface of the SiPM, there is a needle source mounted at the center of a reflective high density
polyethylene plate. During the test, two needle sources, 210Po and 90Sr, are deployed separately
in different runs. The central SiPM is used for the pulse shape analysis, due to its high photon
collection efficiency. The SiPM at the corner, where the photon rate is lower, is used as a reference.

(a) Test setup (b) System P&ID

Figure 2. Left: 3D view of the test setup. From the top to the bottom is the cold front-end electronics, two
SiPM channels, an acrylic plate coated with TPB on the bottom surface and the needle source fixed at the
center of a high density polyethylene plate; Right: piping and instrumentation diagram (P&ID) of the test
system, which consists of a cryocooler, a cooling tower, a stainless steel dewar, a gas circulation pump, and
a gas getter. The incoming argon gas is injected to the system directly from the gas bottle; and the incoming
xenon gas is first injected into a buffer volume, and then slowly drawn into the system.

This setup is placed in a double-wall stainless steel dewar, which is connected to the cryogenic
system. Figure 2(b) shows the plumbing and instrumentation of the system. The incoming argon
gas from the gas bottle is pushed into a hot getter for purification before entering the cooling tower
for condensation by the cryocooler. Liquefied argon flows through a double-wall-isolated transfer
line into the stainless steel dewar, where the test cell is situated. The vaporized argon gas is pushed
back into the getter by the gas recirculation pump. To minimize the risk of xenon-ice formation
during the doping process, the xenon gas is initially injected into a buffer volume upto 100 kPag in
a single shot, and then slowly drawn into the system and mixed with the re-circulating argon gas.

At the beginning of the test, pure argon is condensed and fills the dewar to the desired level
(3 liters of liquid in total), such that the test apparatus is fully immersed in the liquid. Once full, the
system is switched into a circulation mode to purity the argon using a SAES Micro-Torr gas getter,
a step that takes more than 72 hours with a circulation speed of 8 stdL min. After the purification
process, calibration data are collected to characterize the performance of the SiPMs. Once the
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SiPM characterization is done, xenon is injected in batches into the system through a small buffer
chamber. Each batch increases the total xenon concentration in the system by 20 ppm, which is
quantified by the volume and the pressure of the buffer chamber. Xenon in the buffer chamber is
slowly released into the system over 2 minutes, followed by a 5 minutes system circulation before
the next injection. After the desired amount of xenon is injected, data is taken every 12 hours to
monitor changes in the pulse shape from the scintillation light. Once the pulse shape remains stable
for three successive runs, the injected xenon is considered to be uniformly distributed. This process
usually takes 36 to 48 hours, and the last set of data is accepted for the final analysis.

The SiPMs used in this work are the low after-pulsing rate FBK NUV sensitive SiPMs, which
are specially designed for liquid argon detectors [20]. The SiPM is optimized to reach peak photon
detection efficiency (PDE) to near ultraviolet light, and it is also sensitive to the xenon scintillation
light. The pre-amplifier used in this work is described in [21].

Gas in the system has been liquefied three times with different configurations: 210Po with
TPB, 210Po without TPB and 90Sr without TPB. Testing with different particles is done to obtain
information on particle identification with PSD in the mixture [10]. Pulse shapes with different
fast-to-slow-component ratios serve to further constrain the parameters of the model used to fit the
data. Since the SiPMs have low quantum efficiency for the 128 nm light, when no TPB is coated in
the system, the SiPMs basically only detect the fraction of light emitted by xenon, whereas with the
TPB coating, argon and xenon emissions are detected with similar efficiency. Thus, a comparison
between configurations with and without TPB will provide spectral information. Data in each
configuration is acquired with two different SiPM biases, 3 5 V and 5 5 V over-voltage. The SiPMs
are operated in the regime of low to medium over-voltages, to reduce the correlated noise. Each
configuration has xenon doping concentrations up to 1600 ppm by mole fraction.

4 Analysis and results

4.1 Pulse identification

The acquired waveform is processed by a precise pulse finding algorithm that includes four steps:
pole-zero filtering, preliminary peak finding, baseline finding, and fine pulse start identification.

A digital pole-zero filter is applied to remove the slow decay tail of the SiPM response. A
processed waveform is shown as a red line in figure 3. A peak-finding algorithm from the ROOT
TSpectrum class is then applied to identify the arrival time of individual photons. Any unresolved
photons that arrive close in time are identified as a single hit with large amplitude. Once the peaks
are found, the baseline is calculated from the average of the raw waveform in photon-peak-excluded
windows. The processed baseline is shown as a blue line in figure 3. Finally, for each registered
peak that is not on the tail of a previous peak, the zero-crossing time of a linear fit to the first four
samples on the rising edge of the raw waveform is defined as the pulse start time.

Based on this pulse identification procedure, the data from all the three system configurations
are analyzed. The results are shown in the rest of this section.

4.2 System stability

Since the duration of the full set of tests was long and the system went through thermal cycles several
times to change the test configuration, the system stability was closely monitored throughout the
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Fi g u r e 3. A r a n d o ml y s el e ct e d e v e nt as a n e x a m pl e of t h e p uls e fi n di n g al g orit h m. T o p a n d b ott o m p a n els ar e

f or t h e c e nt er a n d c or n er c h a n n els, r es p e cti v el y. T h e bl a c k w a v ef or m is t h e ori gi n al wit h b as eli n e s u btr a cti o n.

T h e bl u e li n e is t h e r e c o nstr u ct e d b as eli n e. T h e r e d w a v ef or m is t h e f ast c o m p o n e nt aft er a p pl yi n g t h e p ol e-

z er o filt er t o t h e bl a c k. I n v ert e d bl a c k tri a n gl es i n di c at e t h e i d e nti fi e d p h ot o- el e ctr o n p e a ks.

s eri es of t ests. I n t er ms of t h e cr y o g e ni c s yst e m, t h e t e m p er at ur e of li q ui d, w hi c h w as m e as ur e d

b y P T- 1 0 0 t e m p er at ur e s e ns ors, w as c o ntr oll e d wit hi n t h e r a n g e 8 5 .9 (3 ) K . T h e pr ess ur e w as

c o ntr oll e d wit hi n t h e r a n g e 1 3 .7 (1 ) psi .

I n t er ms of t h e p h ot o el e ctr o ni cs, t h e c e nt er Si P M is c ali br at e d aft er e a c h t h er m al c y cl e a n d

e a c h d o pi n g pr o c e d ur e. T h e Si P M si n gl e p h ot o- el e ctr o n ( S P E) g ai n is st a bl e wit h t h e t w o o v er-

v olt a g es d uri n g t h e e ntir e t est. M e as ur e m e nt s h o ws t h at t h e fl u ct u ati o n i n S P E g ai n is 0 .5 % at 3 .5 V

o v er- v olt a g e a n d 0 .6 % at 5 .5 V o v er- v olt a g e i n R M S. T h e a v er a g e S P E p uls e s h a p e fr o m e a c h r u n

is als o hi g hl y st a bl e. N o n oti c e a bl e d ef or m ati o n of t h e S P E p uls e s h a p e is f o u n d t hr o u g h o ut t h e

e ntir e t est. A n e x a m pl e S P E p uls e is s h o w n i n fi g ur e 4 .

Si n c e t h e c orr el at e d n ois e c o ul d alt er t h e p uls e s h a p e w h e n its r at e is s u ffi ci e ntl y hi g h, t h e

c orr el at e d n ois e r at e is als o esti m at e d f or e a c h r u n. Ti m e c orr el ati o ns b et w e e n S P E p uls es ar e

s e ar c h e d f or i n t h e s ci ntill ati o n-si g n al- e x cl u d e d wi n d o ws. T h es e S P E p uls es i n cl u d e d ar k c o u nts,

f ai nt s ci ntill ati o n li g ht fr o m e n vir o n m e nt al b a c k gr o u n d, a n d l e a k a g e of t h e sl o w c o m p o n e nt of

t h e s o ur c e e v e nts. Fi g ur e 5 s h o ws t h e distri b uti o n of t h e ti m e di ff er e n c e b et w e e n t h e pri m ar y

p h ot o- el e ctr o n a n d s u c c essi v e p h ot o ns, wit h t h e pri m ar y p h ot o- el e ctr o n t a k e n t o b e at 𝑇 = 0 . E a c h

distri b uti o n i n cl u d es a c o nst a nt p e d est al fr o m r a n d o m c oi n ci d e n c es. T h e n o n- fl at str u ct ur es r e v e al

t h e e xist e n c e of c orr el at e d n ois e. Distri b uti o ns fr o m all t h e r u ns s h o w g o o d c o nsist e n c y a n d t h e

c orr el at e d n ois e r at e is ar o u n d o n e t h o us a n dt h of t h e pri m ar y. T his pr o v es t h at w e c a n s af el y n e gl e ct

t h e c orr el at e d n ois e i n t h e p uls e s h a p e a n al ysis.
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Fi g u r e 4. E x a m pl e of t h e S P E p uls e at 3 .5 V o v er- v olt a g e.

4. 3 P uls e s h a p e

I n or d er t o u n d erst a n d t h e c h a n g es i n t h e ti m e pr o fil e of s ci ntill ati o n li g ht as a f u n cti o n of x e n o n

c o n c e ntr ati o n, t h e p uls e s h a p es of e v e nts ar e c ar ef ull y st u di e d.

Si n c e t h e a c q uir e d w a v ef or m is a c o n v ol uti o n of t h e s ci ntill ati o n li g ht ti m e pr o fil e a n d t h e

Si P M r es p o ns e ( a n d i n s o m e c o n fi g ur ati o ns, t h e T P B ti m e r es p o ns e), a d e c o n v ol uti o n pr o c ess h as

b e e n a p pli e d t o t h e w a v ef or m t o dis e nt a n gl e t h e s ci ntill ati o n li g ht ti m e pr o fil e fr o m t h e d et e ct or

r es p o ns e. As t h e first st e p, t h e a v er a g e w a v ef or m of e a c h r u n is c al c ul at e d. S u bs e q u e nt t o t h at, t h e

a v er a g e p uls e s h a p e of t h e si n gl e p h ot o el e ctr o n si g n al is a c q uir e d t o r e pr es e nt t h e si n gl e p h ot o n

r es p o ns e ( S E R) of t h e Si P M. T h e d e c o n v ol uti o n al g orit h m fr o m R O O T ’s T S p e c t r u m is a p pli e d t o

r e m o v e t h e e ff e ct of t h e S E R i n t h e a c q uir e d w a v ef or m. Aft er t his pr o c ess, t h e w a v ef or m is r e a d y

t o b e fitt e d t o t h e m o d el d es cri b e d i n e q u ati o n (2. 1 ) a n d e q u ati o n (2. 2 ).

B asi c p uls e q u alit y c uts ar e a p pli e d t o r e m o v e s at ur at e d p uls es a n d d ar k c o u nts. T h e p uls e

s h a p e c ut is a p pli e d t o s el e ct 𝑇 or 𝛽 e v e nts a c c or di n g t o t h e t y p e of s o ur c e, wit h t h e p ar a m et er

c all e d f 9 0, w hi c h is d e fi n e d as t h e li g ht fr a cti o n i n t h e first 9 0 ns of t h e p uls e. F 9 0 is e x p e ct e d t o

c h a n g e al o n g wit h t h e x e n o n c o n c e ntr ati o n. Fi g ur e 6( a) s h o ws a n e x a m pl e of t h e f 9 0 distri b uti o n

v ers us e n er g y of e v e nts i n a r u n wit h a 1 0 0 p p m x e n o n c o n c e ntr ati o n, T P B, a n d t h e 2 1 0 P o s o ur c e.

T h e a c c e pt e d r e gi o n i n t h e f 9 0- e n er g y p ar a m et er s p a c e is d e fi n e d as a b o x ar o u n d t h e s h o ul d er

of t h e s p e ctr u m r u n b y r u n, s h o w n as t h e r e d b o x i n fi g ur e 6( a) . T h e tr e n ds of f 9 0 v ers us x e n o n

c o n c e ntr ati o n of 𝛼 a n d 𝛽 e v e nts ar e s h o w n i n fi g ur e 6( b) . T h e 2 1 0 P o 𝛼 wit h T P B li n e i n di c at es

t h at fr o m p ur e li q ui d ar g o n t o 1 0 0 p p m x e n o n c o n c e ntr ati o n, f 9 0 e x hi bits a d e cr e asi n g tr e n d. T his

tr e n d c h a n g es t o a n i n cr e as e as m or e x e n o n is a d d e d. T h e d e cr e as e i n t h e r a n g e of l o w x e n o n

c o n c e ntr ati o n is d u e t o t h e f a ct t h at t h e e x cit ati o n e n er g y h as b e e n si g ni fi c a ntl y s hift e d t o x e n o n

at o ms, b ut t h e f or m ati o n of X e ∗
2 is sl o w. T his is c o nsist e nt wit h t h e p h e n o m e n o n t h at a h u m p
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S r ,  2 0 0  p p m  X e9 0 S r ,  4 0 0  p p m  X e9 0 S r ,  8 0 0  p p m  X e9 0 

S r ,  1 6 0 0  p p m  X e9 0 

( a)
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.

P o  +  T P B ,  0  p p m  X e2 1 0 P o  +  T P B ,  1 0 0  p p m  X e2 1 0 P o  +  T P B ,  2 0 0  p p m  X e2 1 0 

P o  +  T P B ,  4 0 0  p p m  X e2 1 0 P o  +  T P B ,  1 6 0 0  p p m  X e2 1 0 P o ,  1 0 0  p p m  X e2 1 0 

P o ,  2 0 0  p p m  X e2 1 0 P o ,  4 0 0  p p m  X e2 1 0 P o ,  8 0 0  p p m  X e2 1 0 

P o ,  1 6 0 0  p p m  X e2 1 0 S r ,  1 0 0  p p m  X e9 0 S r ,  2 0 0  p p m  X e9 0 

S r ,  4 0 0  p p m  X e9 0 S r ,  8 0 0  p p m  X e9 0 S r ,  1 6 0 0  p p m  X e9 0 

( b)

Fi g u r e 5. Distri b uti o n of t h e ti m e di ff er e n c e b et w e e n s u c c essi v e S P Es o utsi d e t h e si g n al r e gi o n of t h e

w a v ef or m. T h e p e a k at 𝑇 = 0 is t h e pri m ar y p h ot o- el e ctr o n. T h e br o a d distri b uti o n f oll o wi n g t h e p e a k ar e

t h e c orr el at e d n ois e a n d r a n d o m c oi n ci d e n c e. T o p : Si P M o p er at e d u n d er 3 .5 V o v er- v olt a g e. B ott o m : Si P M

o p er at e d u n d er 5 .5 V o v er- v olt a g e.
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21 0 31 0
X e  c o n c e n t r a t i o n  [ p p m ]

0

0 . 1
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0 . 6

0 . 7

0 . 8

0 . 9

1

 
f
9
0

 w /  T P BαP o  2 1 0 

 w / o  T P BαP o  2 1 0 
 w / o  T P BβS r  9 0 

( b)

Fi g u r e 6. F 9 0 of t h e p uls es. L eft : f 9 0 pl ot of 2 1 0 P o 𝑇 d at a wit h 1 0 0 p p m x e n o n a n d T P B. T h e r e d b o x

i n di c at es t h e a c c e pt a n c e r e gi o n of e v e nts f or t h e a v er a g e w a v ef or m. T h e l o w er b a n d c o nsists of b a c k gr o u n d

fr o m t h e e n vir o n m e nt. Ri g ht : t h e tr e n d of f 9 0 al o n g wit h di ff er e nt x e n o n c o n c e ntr ati o ns. T h e 2 c ur v es wit h

𝛽 s o ur c e ar e c o nsist e nt a n d hi g h er t h a n t h e c ur v e of 𝛼 s o ur c e. T h e p oi nt o n t h e y- a xis s h o ws t h e f 9 0 i n p ur e

li q ui d ar g o n.

h as b e e n o bs er v e d i n t h e d e c o n v ol v e d w a v ef or m at 1 0 0 p p m x e n o n c o n c e ntr ati o n. T h e ot h er t w o

c o n fi g ur ati o ns ( 2 1 0 P o 𝛽 wit h o ut T P B a n d 9 0 Sr 𝛼 wit h o ut T P B) o nl y s h o w t h e tr e n d fr o m 1 0 0 p p m

x e n o n c o n c e ntr ati o n t o 1 6 0 0 p p m , d u e t o t h e l a c k of P D E t o ar g o n s ci ntill ati o n.

C o m bi n e d fits t o w a v ef or ms fr o m all d at a s ets ar e c arri e d o ut wit h t w o ass u m pti o ns. T h e first

is t h at t h e e v e nts t a k e n u n d er t h e s a m e x e n o n c o n c e ntr ati o n wit h a n d wit h o ut T P B h a v e t h e s a m e

r e a cti o n r at es. T his ass u m pti o n is v ali d o wi n g t o t h e r eli a bilit y a n d st a bilit y of t h e cr y o g e ni c s yst e m.

T h e s e c o n d ass u m pti o n is t h at t h e r at es of x e n o n-i n v ol v e d r e a cti o ns ar e pr o p orti o n al t o t h e x e n o n

c o n c e ntr ati o n. It is v ali d si n c e t h e o v er all x e n o n c o n c e ntr ati o n is l o w, s o r e a cti o ns t h at i n v ol v e

t w o fr e e x e n o n at o ms c a n b e n e gl e ct e d. T h e fitti n g r a n g e is c h os e n t o b e fr o m t h e p uls e st art t o

0 .2 5 µ s, si n c e aft er ar o u n d 0 .3 µ s t h e li g ht d e c a ys t o a t h o us a n dt h of t h e p e a k i nt e nsit y a n d c orr el at e d

n ois e c a us e d b y pr o m pt li g ht b e c o m es d o mi n a nt, as s h o w n i n fi g ur e 5 . T his fitti n g wi n d o w als o

e m p h asi z es t h e f ast c o m p o n e nt, w hi c h is t h e m ost i nt er esti n g p art of t his st u d y. D u e t o t h e ti mi n g

r es ol uti o n of t h e s yst e m, p uls es ar e n ot p erf e ctl y ali g n e d f or t h e a v er a g e, s o a 2 ns R M S s m e ari n g is

i ntr o d u c e d t o i m pr o v e t h e fitti n g. S o m e p ar a m et ers ar e fi x e d t o v al u es f o u n d i n t h e lit er at ur e (list e d

i n t a bl e 1 ). S o m e d et ail e d dis c ussi o n of t h e p ar a m et ers i n t h e list c a n b e f o u n d i n a p p e n di x A .

T h e fitti n g r es ults ar e s h o w n i n fi g ur e 7 , a n d t h e v al u e of t h e p ar a m et ers ar e list e d i n t a bl e 2 .

T h e fitti n g r es ult f or t h e fr a cti o n of Ar X e ∗ → X e ∗ 1
2 Σ wit h r es p e ct t o t h e t ot al Ar X e ∗ → X e ∗

2 r at e

is s h o w n i n fi g ur e 8 . I n fi g ur e 7 , r es ults of di ff er e nt c o n fi g ur ati o ns ar e pl ott e d s e p ar at el y. Fr o m

t o p t o b ott o m, t h e pl ots ar e f or 2 1 0 P o 𝛼 wit h T P B, 2 1 0 P o 𝛼 wit h o ut T P B a n d 9 0 Sr 𝛽 wit h o ut T P B.

I n e a c h s u b fi g ur e, fr o m bl u e t o r e d, t h e x e n o n c o n c e ntr ati o ns ar e 1 0 0 p p m , 2 0 0 p p m , 4 0 0 p p m ,

8 0 0 p p m a n d 1 6 0 0 p p m , a n d t h e a m plit u d e is s hift e d d o w n w ar ds b y a f a ct or of 1 0 s e q u e nti all y. T h e

hist o gr a ms ar e t h e d at a wit h err or b ars esti m at e d fr o m t h e fl u ct u ati o ns i n i n di vi d u al w a v ef or ms, a n d

s oli d s m o ot h c ur v es d e n ot e t h e fitti n g m o d el. C o m p ari n g t o t h e p uls e s h a p e of 9 0 Sr 𝛽 a n d 2 1 0 P o 𝛼 ,

als o s h o w n i n fi g ur e 8 , t h e P S D p o w er d o es n ot di mi nis h at hi g h x e n o n c o n c e ntr ati o n, w hil e t h e

r el ati v el y s h ort lif eti m e of t h e sl o w c o m p o n e nt m a k es t h e mi xt ur e m or e s uit a bl e i n hi g h e v e nt r at e

– 1 0 –
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Table 1. Fixed parameters. The reference value of Xe Xe2
is calculated with liquid argon density assuming

the same reaction rate in gas phase [27].

Parameter Fixed value Comment
Ar Ar2 1 66 105 µs 1 Rate of Ar trapping by Ar [22].

Ar Xe 7 10 9 cm3 s
Rate coefficient of Xe to be excited or

ionized by Ar [23, 24].

Ar23 Xe 1 10 11 cm3 s
Rate coefficient of Xe to be excited

by Ar2
3 [19, 25, 26].

Xe Xe2
1 4 4 10 9 cm3 s Scaled by density from gas phase value [27].

Xe Xe2
3 4 5 10 10 cm3 s Scaled by density from gas phase value [27].

Ar 7 ns Decay time of Ar2
1 to 128 nm photon [7].

Ar 1 6 µs Decay time of Ar2
3 to 128 nm photon [7].

Xe 4 3 ns Decay time of Xe2
1 to 178 nm photon [7].

Ar 0.3 Singlet ratio of Ar2 from scattering [25].
Ar 0.6 Singlet ratio of Ar2 from scattering [25].

1 ns TPB light lifetime.

WLSE 0.48
TPB wavelength shift efficiency

at 128 nm and 178 nm [28].

PDE128 nm PDE420 nm 0.029
Estimated based on maximum
pulse amplitude in pure LAr.

applications. The slow component attributes to the decay time of Xe 3
2 , which is slower than the

one in pure liquid xenon. A similar phenomenon has also been reported in [31]. The extension of
the decay time could be also effected by some other factors such as temperature [32, 33], refractive
index of the medium [34, 35] and the molecular density [36, 37]. Further investigation is required
to explain this observation.

The reduced 2 of the combined fit is 2 1. The poor 2 might be the result of data processing,
for instance, the deconvolution is not able to reproduce the true light time profile. The model
described in equation (2.1) also does not reflect the complete processes taken place in this mixture.
In the case of 90Sr source, we considered Cherenkov light is a possible contribution to the prompt
component. But based on a toy Monte Carlo with Geant4, the average number of Cherenkov photon
per 2 5 MeV in liquid argon is about 6 102, which is negligible comparing to the amount of
light from scintillation, which is about 1 1 105 in total and 1 5 104 in the first 4 ns.

Nevertheless, this model effectively describes the trend of pulse-shape shifting with respect
to the concentration of xenon, and the fit performs well with most of parameters taken from the
literature. Based on the fit results, for the fastest path marked as thick arrows in figure 1, when there
is 0 5 % of Xe in the mixture, the total time constant before photon emission is about 10 ps, which
is much faster than the case with TPB. Figure 9 shows the extrapolated pulse shape with SiPM of
matched PDE to xenon scintillation light. The PDE to 178 nm wavelength light is assumed to be
30 %, which is foreseeable with the current development of this technology. In comparison, the PDE
to 420 nm wavelength light is assumed to be 50 %. In order to validate the robustness of the fit, the fit

– 11 –



2
0
2
1
 
J
I
N
S
T
 
1
6
 
P
0
2
0
1
5

0 . 1− 0 0 . 1 0 . 2 0 . 3 0 . 4 0 . 5 0 . 6
s ]µT  [

2−1 0

1−1 0

1

1 0

21 0

31 0

41 0

51 0

 
A
m
p
l
i
t
u
d
e

o v w / o  T P B  3 . 5 VαP o  2 1 0 

1 0 0  p p m  X e

2 0 0  p p m  X e

4 0 0  p p m  X e

8 0 0  p p m  X e

1 6 0 0  p p m  X e

( a)

0 . 1− 0 0 . 1 0 . 2 0 . 3 0 . 4 0 . 5 0 . 6
s ]µT  [

2−1 0

1−1 0

1

1 0

21 0

31 0

41 0

51 0

 
A
m
p
l
i
t
u
d
e

o v w / o  T P B  5 . 5 VαP o  2 1 0 

1 0 0  p p m  X e

2 0 0  p p m  X e

4 0 0  p p m  X e

8 0 0  p p m  X e

1 6 0 0  p p m  X e

( b)

0 . 1− 0 0 . 1 0 . 2 0 . 3 0 . 4 0 . 5 0 . 6
s ]µT  [

2−1 0

1−1 0

1

1 0

21 0

31 0

41 0

51 0

 
A
m
p
l
i
t
u
d
e

o v w /  T P B  3 . 5 VαP o  2 1 0 

1 0 0  p p m  X e

2 0 0  p p m  X e

4 0 0  p p m  X e

8 0 0  p p m  X e

1 6 0 0  p p m  X e

( c)

0 . 1− 0 0 . 1 0 . 2 0 . 3 0 . 4 0 . 5 0 . 6
s ]µT  [

2−1 0

1−1 0

1

1 0

21 0

31 0

41 0

51 0

 
A
m
p
l
i
t
u
d
e

o v w /  T P B  5 . 5 VαP o  2 1 0 

1 0 0  p p m  X e

2 0 0  p p m  X e

4 0 0  p p m  X e

1 6 0 0  p p m  X e

( d)

0 . 1− 0 0 . 1 0 . 2 0 . 3 0 . 4 0 . 5 0 . 6
s ]µT  [

2−1 0

1−1 0

1

1 0

21 0

31 0

41 0

51 0

 
A
m
p
l
i
t
u
d
e

o v
 w / o  T P B  3 . 5 VβS r  9 0 

1 0 0  p p m  X e

2 0 0  p p m  X e

4 0 0  p p m  X e

8 0 0  p p m  X e

1 6 0 0  p p m  X e

( e)

0 . 1− 0 0 . 1 0 . 2 0 . 3 0 . 4 0 . 5 0 . 6
s ]µT  [

2−1 0

1−1 0

1

1 0

21 0

31 0

41 0

51 0

 
A
m
p
l
i
t
u
d
e

o v
 w / o  T P B  5 . 5 VβS r  9 0 

1 0 0  p p m  X e

2 0 0  p p m  X e

4 0 0  p p m  X e

8 0 0  p p m  X e

1 6 0 0  p p m  X e

(f)

Fi g u r e 7. M o d el fit t o t h e d e c o n v ol ut e d w a v ef or ms a c q uir e d u n d er di ff er e nt t est c o n fi g ur ati o ns. T h e

hist o gr a ms ar e d e c o n v ol ut e d a v er a g e r a w w a v ef or ms, a n d t h e s oli d li n e i n di c at es t h e fit m o d el. T h er e is a

f a ct or of 1 0 o ffs et b et w e e n c o ns e c uti v e c ur v es i n y- a xis f or b ett er vis u ali z ati o n.

T a bl e 2. Fit r es ults f or fr e e p ar a m et ers.

P ar a m et er B ests Fit R ef er e n c e

𝑇 Ar ∗
2
1 Σ ,X e ∗ [c m 3 / s] 3 .9 + 6 .6

− 1 .6
× 1 0 − 1 0 3 .3 × 1 0 − 1 1 [2 9 ]

𝛽X e ∗ ,Ar X e ∗ [µ s − 1 ] 1 .2 + 8 .8
− 0 .5

× 1 0 6 -

𝛼 Ar X e ∗ ,X e ∗
2

[c m 3 / s] 5 .9 + 1 .7
− 1 .3 × 1 0 − 1 2 6 × 1 0 − 1 2 [3 0 ]

𝛽 X e ∗
2
3 Σ

9 0 Sr 𝛼 [ns ] 1 0 0 ± 6
2 2 [ 7 ]

𝛼 X e ∗
2
3 Σ

2 1 0 P o 𝛼 [ns ] 8 4 ± 2

P D E 1 7 8 n m / P D E 4 2 0 n m 3 .5 V 0 .0 8 8 ± 0 .0 0 3

P D E 1 7 8 n m / P D E 4 2 0 n m 5 .5 V 0 .0 7 6 ± 0 .0 0 3
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f i xθB e s t  f i t  a t  + 1 0 0 %  - 5 0 %  

*, A r X e*X e
 lσ1±B e s t  f i t  a t  

S r ,      w / o  X e ,   w /  T P B9 0 

Fi g u r e 9. Si m ul at e d p uls e fr o m p ur e li q ui d ar g o n ( bl a c k) wit h T P B a n d li q ui d ar g o n wit h 0 .5 % x e n o n (r e d).

T h e P D E of Si P M t o 1 7 8 n m a n d 4 2 0 n m w a v el e n gt h li g ht ar e ass u m e d t o b e 3 0 % a n d 5 0 % , r es p e cti v el y.

T h e d ar k r e d s h a d e i n di c at es t h e b est fits wit h t h e first 5 p ar a m et ers i n t a bl e 1 v ari e d b et w e e n + 1 0 0 % a n d

-5 0 % i n di vi d u all y. T h e li g ht r e d s h a d e i n di c at es t h e b est fits at ± 1 𝛽 of 𝛼X e ∗ ,Ar X e ∗ .
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Table 3. The variance of the predicated pulse amplitude at 10 ps.

Parameter Pulse amplitude at 1 Pulse amplitude at 1
Ar21 Xe 7 % 4 %
Xe ArXe 80 % 44 %
ArXe Xe2

12 % 16 %

is repeated with parameters fixed at different values. The dark red shade represents the envelope of
the best fit curves with parameters fix Ar Ar2 Ar Xe Ar23 Xe Xe Xe2

1 Xe Xe2
3 fixed

to 100 % and 50 % of their values in table 1 individually. The light red shade represents the best
fit with Xe ArXe at 1 . The upper bound corresponds to the 1 fluctuation and the lower bound
corresponds to the 1 fluctuation. The fitting results agree with our expectations. In figure 1, it
is clear that the path of energy diverges at the node Xe 3P1. The thick arrow pointing to the xenon
excimers are the fastest route, while the arrow pointing to the heteromolecular excimer ArXe is
competing with it by the rate constant Xe ArXe . With larger Xe ArXe , more energy is captured
and temporarily stored in ArXe , resulting in slower pulses. The uncertainties on Ar21 Xe and

ArXe Xe2
corresponds to relatively small variances on the extrapolated curve, as shown in table 3.

5 Conclusion and outlook

We have performed a detailed pulse shape study of the scintillation light produced by xenon-doped
liquid argon with different concentrations. The time profile of each energy transfer step during the
scintillation process has been calculated by fitting the pulses. The trend of the pulse shape shifting
when adding xenon is observed, and it agrees to the previous studies [7, 29, 30].

This work is mainly limited by the PDE of the SiPM, especially the PDE of the VUV light
when TPB is not present in the system. Therefore, the timing resolution measurement with TPB is
always better than the one without TPB. From the fit, it is apparent that using xenon as the WLS,
0 5 % by mole fraction, can produce faster wavelength shifting than TPB. While the evolution of
SiPM technology is providing us promising PDE to VUV light, xenon-doped liquid argon can be
eventually used for applications which require sub-nanosecond timing resolution. For applications
such as 3D TOF-PET, the timing is always determined by the first few photons emitted during the
decay process. How to effectively capture these photons and study the limit of the timing resolution
will be our next task.
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A Consideration of the free parameters

PDE178 nm PDE420 nm: the SiPM PDE to xenon scintillation light (178 nm as the wavelength) relative
to the PDE to 420 nm wavelength light.
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Xe2
3 : the Xe2

3 are set as two free parameters independently for 90Sr and 210Po events.
In figure 7, the scintillation light decay rates between 0 2 µs and 0 4 µs are very close to each other
when the xenon concentration is more than 100 ppm. This indicates that the slow component is
independent of the xenon concentration in these cases. According to the process shown in figure 1,
the only slow process that is independent of the xenon concentration is the decay of Xe2

3 . From
the fit, the decay time is around 100 ns, which is slower than the rate in pure liquid xenon, and close
to the value in gaseous xenon [36]. This result agrees with previous measurements [19].

Xe: the fraction of singlet state in xenon excimers in the process of ArXe Xe2. They
are set as independent free parameters for different sources and xenon concentrations, but keep the
same value when changing only the TPB status or the SiPM bias voltages.

Ar: the fraction of singlet state in argon excimers. As a xenon atom immediately interacts
with Ar during the relaxation process before the formation of Ar2, this value could be different
from pure liquid argon, but in order to avoid over-fitting, Ar is fixed to the pure liquid argon value.

The relative pulse amplitude of 210Po and 90Sr events is also set as a free parameter. Since
it is related to the event selection cut and not relevant to the pulse shape, the result is not reported.
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