
Measurement of scintillation and 
ionization yield with high-pressure 
gaseous mixtures of Xe and TMA

Yasuhiro Nakajima (Lawrence Berkeley National Lab)

June. 12, 2015

RD51 Mini-Week



Outline

• Introduction

• The TEA-Pot: a test ionization chamber at LBNL

• Improved measurement of scintillation light yield

• Summary
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Xe TPCs for rare event searches
• Xe TPCs are widely used for neutrinoless double beta decay searches 

and WIMP dark mater searches

• Double beta decay: EXO (liquid), NEXT (gas)

• Dark matter : LUX, LZ, XENON

• Two applications of our interest using high-pressure gaseous Xe TPC:

• Search for neutrinoless double beta decay: the NEXT experiment.

• Search for dark matter with directional sensitivity using Columnar 
recombination. 
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Performance 
improvements with TMA

• Large inelastic cross section for efficient 
electron cooling

• Many vibration and rotation modes

• Enhance ionization (which contribute to 
columnar recombination)

• Scintillates at λ~300 nm, much more PMT-
friendly than Xe (170nm)
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Penning effect：Xe* + TMA —> Xe + TMA+ + e  
Charge exchange: Xe+ + TMA —> Xe + TMA+

INPA, LBL, May 21 2015 | Berkeley, CA, USA

TMA cools down electrons

Many rotational and vibrational modes
Electrons are cooled down

CR should be enhanced (better change of e-s recombining)

Diffusion may be suppressed (better tracking)

Electron drift velocity increases

TMA may 
enhance CR and 

improve tracking!

Better tracking for neutrinoless double beta decay searches
Enhance columnar recombination for directional dark matter searches

Even better energy resolution (?)

TMA + e cross section



TEA-Pot
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A test ionization chamber to measure Penning 
efficiency and light yield of Xe+TMA mixture 
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TEA-Pot
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Residual Gas 
Analyzer

Turbo pump

C
old getter

Recirculation 
pump

Precision 
leak valve

PMT

PMT

Long pass 
filter 

(λ>250nm)

Parallel 
electrodes  
gap = 5mm

241Am source 
(60 keV γ)

Scroll pump

Pure Xe 
Bottle

1% TMA + 
99% Xe mixed 

gas bottle

10-5 torr

• Measures scintillation and ionization yield from pressurized gas 
(up to 8 bar) at various electric fields.

• In-situ measurement of the gas composition with the RGA

0-8 bar



Setup at LBNL
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Chamber
Getter

RGA



Measurement with pure Xe

• Very high quality data, consistent 
between different pressures

• Difference of energy deposition 
in the active region is corrected 
using Geant4 simulation
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Addition of  TMA
• TMA was introduced 

from a manufacturer 
pre-mixed 1% TMA + 
99% Xe bottle.

• Found the getter 
(SAES, MC50-702F) 
quickly takes TMA  
from the gas in ~ an 
hour, then stabilize

• Continuously 
monitored TMA 
fraction using RGA
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Xe+Xe++

TMA
Fragments 

of TMA

Typical RGA output



TMA concentration 
measurements

• Tested the system by measured 
TMA partial pressure for 
various pre-mixed Xe+TMA 
gas, without using filter.

• Monitored relative amount of  
TMA and Xe.

• TMA fraction measured at 
~10% relative precision.
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Result with TMA

• Enhanced recombination and slight hint of Penning effect (will come back 
later)

• Charge multiplication happens at lower field due to lower ionization energy 
of  TMA and the Penning effect

• Big reduction of scintillation light. (a few % of pure Xe) 11
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Penning effect
• Observed higher charge yield 

at higher TMA concentration: 
Penning effect.

• (#Scintillation):(#Ionization) 
= 1/Wsc : 1/Wi ~ 1 : 2.5 
[arXiv: 1409.2853]

• ~5% increase of the charge 
signal at 1% TMA ➜ 10-15% 
of Penning efficiency.
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Recent updates
• Improved measurement of primary scintillation light.

• Improved signal-to-background ratio with increased PMT 
gain (~x4) and better monitoring baseline drift

• More focused on low total pressure region.

• Investigating the nature of the light production mechanism.

• (Work in progress) Quantification of the Penning transfer 
efficiency with more data.
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Improved measurement of 
primary scintillation light
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Modeling primary scintillation light
• TMA is opaque to Xe light(λ=170nm), but 

transparent to its own light (λ=300nm)
• Only fluorescence light from TMA de-

excitation could reach the PMTs
• Energy transfer from Xe

• Xe* + TMA → Xe + TMA*
• TMA produce no visible light when excited 

at λ < 220 mm at low pressure
• Enhanced light with additional gasses 

(including TMA itself)

• Direct excitation of  TMA
• Incoming particle should excite TMA as well
• Similar suppression/enhancements to 

excitation by UV lights?
15

rules magnetic bending. 1 Extracting additional topologi-
cal information in the ββ0ν quest therefore implies that
any blurring introduced by the diffusion of the initial ion-
ization or the instrumental response should be minimized
accordingly. Since this is not viable in pure Xenon, with an
electron diffusion at the scale of 1 cm for 1 m drift [11], the
possibility of a new generation of Xe-TPCs with a 10-fold
increased track sharpness is being explored. Achieving this
goal, while preserving both the near-intrinsic calorimetric
performance and the primary scintillation at the m-scale,
presents a formidable challenge.

3. Trimethylamine and its ‘magic’ mixtures with

Xenon

It has been noted that Xenon, when mixed with
Trimethylamine (N(CH3)3) may, besides reducing the elec-
tron diffusion, form a mixture capable of simultaneously
displaying Penning effect and scintillation [18], a concept
dubbed, hereafter, ‘Penning-Fluorescent’. The idea that
Xenon VUV-light may be efficiently re-absorbed in fluo-
rescent and ionization degrees of freedom of the additive
has appealing implications, allowing an improvement of
the energy resolution through the reduction of the Fano
factor and the increase of the ionization response 1/WI ,
as well as wavelength-shifting the primary and secondary
scintillation. The possibility of using TMA for fine-tuning
recombination in the search for directional dark-matter
signals [19] as well as for charge neutralization of Ba++ to
Ba+ (central to some Ba-tagging schemes, [16,20]) adds
further value to this molecule, however these sophisticated
scenarios (although qualitatively verified) remain specula-
tive at the moment and are not discussed here.
Trimethylamine is the smallest tertiary amine, and it is

known to display a strong (and relatively fast) fluorescence
from its lowest Rydberg 3s state (τ3s = 44 ns), with quan-
tum yields up to 100% depending on the excitation wave-
length λexc. As for the case of ammonia, a large Stokes shift
arises due to the transition between a pyramidal and planar
geometry during the photon absorption-emission process.
Hence, self-transparency can be anticipated for 1% admix-
tures with noble gases up to 10’s of meters at 10 bar (Fig.
1). Contrary to ammonia the photo-absorption coefficient
of TMA does not present marked vibrational bands, a con-
sequence of the smearing introduced by the methyl rotor
groups. This fact, on the other hand, provides additional
electron cooling and so electron diffusion coefficients as low
as D∗

T,L = 250-350 µm/
√
cm ×

√
bar have been reported

in [21]. Such a diffusion would imply for a 10 bar detector
a spread of the initial ionization at the scale of 1 mm-σ
over a 1 m path, as confirmed by this work, representing
the smallest electron diffusion of any existing TPC that is
known to the authors.

1 It is later shown that the spatial extent of an MeV-electron blob
at 10 bar is 2 mm (1-σ). The suitability of mm-tracking will be
demonstrated elsewhere, with the support of detailed simulations.

The TMA fluorescence spectrum is centered at around
300 nm and conveniently ends at the work function of
copper (Fig. 1-down) thus reducing feedback from the
photo-effect at metal surfaces, while TMA itself is strongly
opaque to Xenon light (its mean free path being 0.4 mm
for a 1% TMA admixture at 10 bar). 2 With additional
VUV-quenching provided during the Xe-excimer forma-
tion stage (e.g., through the scintillating, Penning and
photo-dissociative pathways made available by TMA)
stable charge amplification up to several 1000’s can be
achieved for pressures not exceeding 5 bar [21–23]. The
gain enhancement relative to that in pure Xenon has been
often interpreted as a consequence of the close proximity of
the TMA ionization potential to the energy of the excited
states of Xe species, i.e., to the Penning effect.
Here we describe, throughout section 4, the technical

behaviour of a Xe-TMA TPC based on a specific charge-
amplifying structure (Micromegas), while we extend and
complete the electron swarm properties of Xe-TMA mix-
tures at 10 bar in section 5, illustrating their impact in the
reconstruction of extended tracks in section 6, and finally
interpreting the calorimetric response and describing the
Penning-Fluorescent behaviour on the light of the ongoing
works, in section 7.

Fig. 1. Up: World data compilation of TMA light properties at
low pressure (1-100 mbar) for the photo-absorption coefficient, after
Grosjean[24], Tannembaum[25] and Halpern[26]. Fluorescent quan-
tum efficiency (QE) included as provided by Obi[27] (crosses) and
Cureton[28] (circles), photo-ionization probability from Grosjean[24]
(dot-dashed). Down: TMA and Xe scintillation spectra for differ-
ent excitation mechanisms. The spectrum for 250 nm excitation [29]
(QE=100%) is shown with thick line together with that for 193 nm
excitation as obtained by Cardoza in [30] (thin). Xenon scintillation
as measured by Koehler[31] for MeV-electrons at high pressure is
indicated by dashed lines. Inset with molecule in 3D from NIST.

2 Importantly, Xenon emission sits below the vertical ionization
potential of TMA (Fig. 1), suppressing the track blurring that would
be originated by photo-effect in the gas.

3

arXiv: 1504.03678

Obi et al (1980), Cureton et al (1981)



A simple model
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Observed data

• The data suggests that the most of the light are from energy 
transfer from Xe* (Xe*+TMA ➔ Xe + TMA*) 

• Quantification systematic uncertainty underway. 17
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Observed data

• Assuming all the light are from energy transfer, the light yield 
scales with the TMA partial pressure (= cPtot)
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Summary
• Successfully measured basic quantities of scintillation and ionization 

yield for Xe+TMA gas mixture at various electric field.

• Made detailed investigation of primary scintillation light. 

• The data suggests majority of the light is from energy transfer 
from Xe* to TMA (Xe* + TMA ➔ Xe + TMA*)

• Improved quantification of penning transfer efficiency with more 
data in progress.

• Many thanks Diego Gonzalez Diaz for helpful discussions and 
suggestions.
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Backup slides
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Structure details
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TEA-Pot

Parallel plate ionization/scintillation chamber



Data from TEA-Pot

• Measure current from PMTs 
and  electrodes in the DC 
mode.

• 60 keV gamma-ray from 
241Am source is used

• Scan wide range of the 
electric field from the drift 
region to the avalanche region.
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TEA-Pot

Charge and light signals 
measured  in DC mode

Flat surfaces
no avalanche due to field concentration

60 keV Gamma-rays used so far
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Neutrinoless double 
beta decay search

• NEXT experiment:

• Search for neutrinoless double beta 
decay from 136Xe with high-pressure 
gaseous Xe TPC

• Extra handle by tracking two electrons

• Higher energy and tracking resolutions are 
keys to improve the sensitivity

• See Diego Gonzalez-Diaz’s talk(s)

23

INPA, LBL, May 21 2015 | Berkeley, CA, USA

γ-Background topological suppression

Xenon has a high attenuation σ
Self shielding (special effient in liquid phase - 3 g/cm3)

1.25 MeV electron tracks are short in liquid

Gaseous phase
0.05 g/cm3 @ 10 bar, room temperature

1.25 MeV e- tracks about 15 cm long (70 keV/cm)

> 200 keV en. deposition at the end of each track

spaghetti with two meat-balls signature

Extra handle in background suppression (not available in liquid)

511 keV, 22Na 662 keV, 137Cs muon

INPA, LBL, May 21 2015 | Berkeley, CA, USA

2νββ decay as background

Energy resolution is a key ingredient in 
0νββ decay searches!

Topologically, 2νββ and 0νββ look the same

[EXO, Phys. Rev. Lett. 107, 212501 (2011)]



Directional dark matter search 
with columnar recombination

• Directionality of short-nuclear recoil 
from WIMP scattering can be 
obtained by utilizing Columnar 
Recombination

• Keys to realize this idea:

• Efficient cooling of electrons

• Make as much as electron-ion pair

• See my talk given yesterday
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INPA, LBL, May 21 2015 | Berkeley, CA, USA

WIMP directionality

WIMP halo → WIMP wind
Solar system orbit (~230 km/s)

Annual rate modulation
Earth orbit (±30 km/s, few % effect)

Background may be also annually 

modulated

Sidereal direction modulation
Angle between WIMP wind & E

Directionality signature (unique to 
WIMPs)

O(10) rate variation between forward 
and backward directions (large effect)

[S. Ahlen et al, Int. J. Mod. Phys. 25 (2010) 1]

Directionality may be 
the most robust 

signature of the WIMP 
nature of DM.
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Closer look at primary 
scintillation light

• Small amount of primary scintillation 
light observed at 1-4% level of the 
pure Xe case.

• Filtered  PMT (λ>250nm) observed 
consistent light yield.

• Consistent  with the light just coming 
from the direct excitation of the TMA

• Pressure dependence consistent with 
the known self-quenching of the TMA

• No significant additional scintillation 
light (from TMA recombination, energy 
transfer from Xe etc) observed.

25

102 103 104 105 106
E
ρ

[

Vcm2g−1
]

0.00

0.01

0.02

0.03

0.04

0.05

I
n
or
m
[p
A
@
1
b
ar
]

PMT4 (Primary Scintillation)
8.0 bar (0.45%)

6.0 bar (0.53%)

4.2 bar (0.55%)

3.1 bar (0.63%)

2.1 bar (0.70%)

2.9 bar (0.45%)

1.6 bar (0.51%)

1% of pure-Xe

4% of pure-Xe

Unfiltered PMT 



Electroluminescence light

• Observed clear signal of the electroluminescence light from TMA

• Higher threshold at higher TMA concentration, due to electron cooling by TMA.
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TMA self-quenching
• Reported by Cureton et al (1981) 

• Extracted by the light emission time constant 

• In terms of the light yield, the effect should be proportional to:
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Fig. 8. Excitation wavelength dependence of fluorescence quantum yield of TPA, 25’C. 

These resuks are in good agreement with those 
previously published [lo]. Due to the low 
vapour pressure (about 3 Torr) of TPA at room 
temperature, it was not possible to perform a 

similar experiment in that molecule. Fluores- 
cence decay times for TMA, TEA, and TPA are 

recorded in tables 1, 2 and 3. 
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Results from filtered PMT
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