AXEL

-A Xenon Electro Luminescence detector -
High Density Xenon gas TPC

for double beta decay search and direction
sensitive dark matter search



e References are from “Noble Gas Detectors”
unless otherwise noted.



Double Beta decay candidates

abound(%) [t(2vBp) yr|Q(keV) Q>/1E16 QSXT(ZVBB)/1E36

48Ca 0.187| 3.9E+19| 4271 142.12 55.4| enrichment difficult
76Ge 7.8 1.7E+21f 2039 3.52 59.9

82Se 9.2| 9.6E+19] 2995 24.10 23.1

96Zr 2.8 2.0E+19| 3350 42.19 8.4

100Mo 9.6| 7.1E+18] 3034 25.71 1.8

110Pd 11.8 2013 3.31

116Cd 7.5 2.8E+19] 2802 17.27 4.8

124Sn 5.64 2228 5.49

130Te 34,5 7.6E+20 2529 10.35 78.6

136Xe 8.9 2.2E+21] 2479 9.36 208.8

150Nd 5.6 9.2E+18| 3367 43.27 4.0| enrichment difficult

* 1(2vBp)oc QM T(0VPP)cQ?




136Xe

» Xenon production rate
e 5000-7000m3/yr ~50ton in 1998.

> 2x10° kton exists in air

» Enrichment is relatively easy.

Density at Liquid Density Melting Boiling
0°C,1atm (g/L) | (g/cm3) point(K) point(K)

0.1786 0.145 4.22
Ne 0.9002 1.2 24.56 27.07
Ar 1.784 1.398 88.80 87.30
Kr  3.749 2.413 115.79 119.93

Xe 5.894 3.053 161.4 165.03



Energy resolution

e Statistical limit

— W-value 21.5 eV, Fano factor<0.17
— 0.29%(FWHM)@2.48MeV (0.55%(FWHM)@662keV)

e At higher density, energy resolution becomes worse. —
reject liquid option.

A. Bolomikov, B. Ramsey | Nucl. Instr. and Meth. in Phys. Res. A 396 (1997} 360-370
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Fig. 5. Density dependencies of the intrinsic energy resolution (% FWHM) measured for 662 keV gamma-rays.



High density (15~30 x STP)

High pressure
— Need pressure vessel including feed through
— Need photo detector operatable at high pressure



¥ < MBaseline design( B &)

» 1 ton enriched 13%Xe gas (not liquid)

» At 15~30 times higher density than STP y/_fﬂ‘(
— p=0.088~0.18g/cm3
— e.g. $2mx1.7m(H) cylinder at 0.18 g/cm?3

» Use proportional scintillation mode (Electroluminescence) for energy
measurement

— Energy resolution goal < 0.5%(FWHM)
— Ultraviolet photon(~170n) detection by MPPC

» Tracking as TPC
— Range(2.5MeV e) ~ 210 cm at STP
— T, by primary scintillation signal
— Sample 15~20 points using pads. 5~7.5mm spacing—5.5x10%~1.2x10° ch
— P’urpose is to identify two blobs at track ends. — distinguish from a’s and
Y’s.
— Electric field for drift : ~1.5kV/cm@30bar —>drift velocity ~1m/ms
» Energy measurement by ELCC(see next pages)
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Cockcroft-Walton chain



Milestones

* MPPC6AF ¥ )L, 10 EBEHIBIZFH/EL
1.3MeVA <R DRI E TR
—CD=ODRAREER. BY-{ZA,
5|E/'—1x1d~|3¢0) *E(j:

— Xt/ 10%E okgtR i 5

J
— 30K T 27kgte i3S CHH R EC R E#h
J

- 30 E1IF IR THRR !



Scintillation
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Fig. 3.38 Dependence of light output of scintillations excited by alpha
particles on the density of high-pressure xenon: open squares repre-
sent data of Bolotnikov and Ramsey [33], closed circles represent data
of Kobayashi et al. [198)]. Redrawn from [198].
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Fig. 3.27 Noble gas continua of helium, argon, krypton, and xenon
normalized to the same intensity of the maximum. Redrawn from [176].

6. Impurity emission. Any impurity molecules present may quench the
emission of hard UV light, and their own emission may be stimulated
by transfer of excitation energy. This is of practical importance in the
xenon, which is used as a wavelength-shifter the emission from helium
ot argon, which excitation energies are higher than the minimum xenon
Exmtahnn level. At relative concentration of 10~>, nitrogen is aclequate

.EI.IIE.. At relaﬂve cnm:enl;ratmn Df 1073, Xe can be used as a wavelengﬂ'l
shifter, for example in *He scintillator at 3.5 MPa pressure [171]. Some-
times, impurities have nonradiative transitions or emit in regions where
the sensitivity of photodetectors is limited. This effect may dramatically

reduce the observed light vield of noble gas scintillators,

What is the influence on
scintillation from N, or H,

addition?
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Electric Field and electron drift

x @ 30bar
x 20bar
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E/p (Vicm/bar)

-
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(]

50 100 150 200 250
E/p (Vicm/bar)

@ E=1.5kV/cm, p=30 bar
Drift velocity 0.96m/ms

. Possibly add H,, N, or He to increase the drift velocity.
— It will also reduce diffusion.
— It will also reduce light yield

diffusion after 1m drift
* transverse : 6mm
* longitudinal :2.7mm

MAGBOLTZ calculation
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simulation example 1
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Electroluminescence
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Fig. 6.2 Ampliiication process in gas detectors with gas gain (a) and
electroluminescence (b) or proportional scintillation.

Good and stable linearity are expected because
* Alinear amplification process.
c.f. Electron multiplication process is exponential process.

* The number of produced photons is proportional to the voltage
drop rather than to the field strength.

— Insensitive to the capacitance change by microphonic vibration
To keep original resolution determined by career generation,
— eY>1/F (¢>5% for 400 photons/e)

c.f. usually <1%



In a uniform electric field, the number of photons generated by one drift-
ing electron Ny, is proportional to the drift path x fcm] and for xenon gas
at room temperature may be defined via the reduced electric field strength
E/p [kVem ™ bar™!] and the gas pressure p [bar] using the empirical equa-
tion [144] as

ANy /dx =70(E/p—1.0)p  (UV photons/e cm drift) (3.24)

The intensity of electroluminescence (EL) up to 1700 photons/¢m in xenon at
0.5 MPa pressure has been demonstrated [144]. Taking into account that the
energy of a single photon of 172 nm wavelength is about 8.4 eV, one can cal-
culate the efficiency of conversion of the energy of the electric field into the

photon emission: § = (1700x8.4)/ (3400 % 5) = 84%. The rest of the energy ac- £ (7d)
) 3 S e 2 15 i8

w/ 5 mm gap

To get 200 (400) photons,
18 (21) kV@30atm.
7.9 (11) kV@10atm.
3.4 (6.2) kv@1latm.

£330+

{photona efectron! cm=* Torr!)

YIN {10-17 etaciion™! o atom™!)
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w/ 4 mm gap

To get 200 (400) photons,
4.9 (7.7) kV@5atm. ool
3.3(6.1) kv@1atm. et 2 et

Eip [Mom™ Torm™Y)

Fig. 3.17 Reduced light output of electroluminescence of xenon gas at
293 K temperature and normal pressure as a function of the reduced
electric field strength {compitation of experimental and computer simu-
fation data by Conde {143]).



Readout by Electroluminescence light
collection cell (ELCC)

anode

Line of
electrical
force

ﬁ Mirror surface in the
«— . %

N i opposite face. LA

~ _PTFEw/ holes(~¢5mm) BN

Inner surface may be coated w/ WLS.

%{% R UV photons by electroluminescence are
. - (converted to visible light, )reflected and
ll T r detected by MPPC.

Il | I I MPPC input window may be coated w/

WLS.



Electric Field in ELCC

EL threshold
field strength
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ELCC light collection efficiency
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Fig. 3.27 Noble gas continua of helium, argon, krypton, and xenon
normalized to the same intensity of the maximum. Redrawn from [175].

“Noble Gas Detectors” &Y
[176] R.E.Huffman, J.C.Larrabee and Y.Tanaka, Appl.
Opt. 4, 1581-1588 (1965)
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primary scintillation to determine t,
S8

— Ws =76eV (from NEXT CDR) — 32,300 photons
Tracking plane TT®light yield

— 2mdx1.7mH®D A4 Tl Ztracking plane D& D ERTE — plane®
acceptance 17.5%x2

— ELCCRAOZR
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Wavelength shifter

Tab. 4.1 High-pressure noble gas scintillation detectors.

Pressure {MPa), WLS Particle, - En. Res., Ref.
size(cm) Energy(MeV) % FWHM
He 13.8; 51.D.x8.6 7%Xe, DPS n, 1.0 36 [234]
Ne 1.7 20%Xe n, 3.5 6.7 [231]
3He 2.0 10%Xe n <3 14 [232]
3.5;1.7<05 0.5%Xe, p-TP Ty 18 [171]
24.8; 38 cm® DPS Nk 54 [233]
&, 5.15 16
200;41LD. x4 5%Xe, p-TP n, 2.5 4.8 [236]
13.8;5.D.%x8.6 2%.Xe, DIPS Ny, 31 [235]
Xe 2.8 259N, n, 0.5 29.5 [231]

Note: WLS - wavelength shifting; DPS - trans p,p’-diphenylstilbene; p-TP - paraterphenyl; ny, -
thermal neutrons.
* Acrylic tube coated with a thin layer of polysterene doped with organic
fluor TPB ( tetraphenyl butadiene) (p.114)
* N, output peak 340nm



8.5.2.1 Wavelength Shifters Dissolved in Noble Gases

One of the first wavelength shifters used with noble gas scintillators was a gas
admixture of nitrogen. For example, Griin and Schopper [228] used argon in
mixture with 2% of nitrogen in their development of a detector for trigger-
ing of cloud chambers. The addition of a small amount of nitrogen to noble
gases enhances the light emission in the blue range. At earlier studies it was
concluded that nitrogen acts as a simple fluorescent converter. However, the
nitrogen also acts as the quenching agent: its addition to the noble gas results
in decreasing the absolute scintillation efficiency. For example, Northrop and
Nobles [13] observed that there is a reduction in the practical light output of
a xenon gas scintillator, used with solid wavelength shifter, when nitrogen is

added._The efficiency is reduced by about 1/3 by addition of 10% of nitrogen

or hydrogen. The latter is often used in high-pressure xenon detectors to in-

crease the drift velocity of electrons. Another undesirable feature of nitrogen
is the introduction of a slower component of decay time. For example, the
addition of 10~* N5 introduces in argon scintillator a component with decay
time of 0.5 ps, which accounts for 75% of the total photon emission [170]; the
decay time reduces with an increase in the concentration of nitrogen, how-
ever, this reduces the total licht vield. From all these facts, one can conclude




§.5.2.2 Solid Wavelength Shifters

A number of solid wavelength shifters deposited onto optical elements
such as windows and mirrors have been considered including trans-stilbene,
tetraphenylbutadiene (TPB), sodium salicylate, p-quaterphenyl, diphenylstil-
bene, and p-terphenyl (see, for example, McKinsey et al. [429] and references
therein). The last one was found to be the best one to be used with xenon and
xenon-containing gas mixtures from the point of view of high quantum effi-
ciency (> 90% according to Belogurov et al. [144]), low hydroscopic, chemical
inertness, and exclusive radiation hardness. Emission and absorption spectra
of p-terphenyl are presented in Fig. 8.10.

sensi%ivity to detection of Cherenkov light [431]. Aluminized Mylar reflec-
tors coated with vacuum deposited p-TP have been used in construction of a
45-channel scintillation LXe/LKr electromagnetic calorimeter (see Chapter 4).
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Fig. 8.10 (a) Absorption and (b) emission spectra of p-terphenyl [407].

The p-terphenyl is reported to have a short decay time of 2-5 ns and widely
used as a scintillating dye in plastic scintillators. Kumar and Datta [430] com-



Wavelength shifter —p-terphenly
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Fig. 1. Absorption and emission spectra of p-terphenyl. 1 - p-terphenyl in solvent,
absorption, 2 - polycrystalline p-terphenyl, absorption, 3 - p-terphenyl in solvent,
emission, 4 — polycrystalline p-terphenyl, emission.

D.Yu.Akimov et. al, “Development of VUV wavelength shifter for the use
with a visible light photodetector in noble gas filled detectors”
http://dx.doi.org/10.1016/j.nima.2011.12.036



D.Yu. Akimoy, et al., Nucl. Instr. & Meth. A (2011),
doi:10.1016/ j.nima.2011.12.036

A p-terphenyl i1s known to be a quite volatile organic substance.
The use of it is seriously problematic in the liquid noble gas
detectors with charge collection, especially in the liquid xenon
ones, because it dramatically reduces the lifetime of free electrons
created by an ionising particle. To avoid contamination of the liquid
xenon by the p-terphenyl molecules are coated the WLS with a
~1 um poly-para-xylylene protection film. Poly-para-xylylene
(Parylene N) [16] is chosen due to its well known properties such
as the very low permeability to gases, and the possibility to form a
conformal optically transparent film practically free of pin-holes
even for the thicknesses down to several tens A. Since the poly-
para-xylylene is not transparent for the UV light, the p-terphenyl is
deposited to the 1- mm thick sapphire, which is situated the first on
the way of the UV light. The photodetector then to be situated




TPB (tetraphenyl butadiene) coating

* http://microboone-docdb.fnal.gov/cgi-
bin/ShowDocument?docid=1006

* “Environmental Effects on TPB Wavelength-Shifting Coatings”, C.S.
Chiu et.al, JINST 7 (2012) PO7007

— a TPB solution consisting of a 1:1:43 ratio by mass of PS to TPB to
toluene. Each acrylic plate required three coatings of the TPB solution.
This has been measured to have about 50% of the efficiency of the
evaporative coating.

— the harmful effect of certain wavelengths of light on the degradation
of 50% TPB-PS chemical TPB coatings and isolated the most damaging
wavelength range to the UV spectrum. On the other hand, we have
seen that humidity does not play a significant role in long run plate
degradation.

e Additional info. From the top document
— Above 33%, the TPB will crystallize out of solution.

— Adding ethanol to this mixture breaks up the surface tension, making
the coating look smooth and uniform

— Plates are wiped after coating to remove any loose TPB, after which
they do not degrade further and are very resilient
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row track
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simulation example 1
diffusion after 1m drift
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simulation example 1
segmentation (7.5mmin xory and 2mm in z)
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simulation example 2

row track
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simulation example 2
diffusion after 1m drift
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simulation example 2
segmentation (7.5mmin xory and 2mm in z)
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2.5MeV electron examplel
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Radioactive contaminants in detector materials

After the decay of 214Bi, the daughter isotope, 214Po, emits a number of de-excitation
gammas with energies above 2.3 MeV. The gamma line at 2447 keV, of intensity 1.57%,
is very close to the Q-value of 136Xe. The gamma lines above ()33 have low intensity and
their contribution is negligible.

The daughter of 20T, 208Ph, emits a de-excitation photon of 2614 keV with a 100%
intensity. The Compton edge of this gamma is at 2382 keV, well below ()5. However, the
scattered gamma can interact and produce other electron tracks close enough to the initial
Compton electron so they are reconstructed as a single object falling in the energy region
of interest (ROI). Photoelectric electrons are produced above the ROI but can loose energy
via bremsstrahlung and populate the window, in case the emitted photons escape out of

the detector. Pair-creation events are not able to produce single-track events in the ROI.

Radon

Radon constitutes a dangerous source of background due to the radioactive isotopes 2?Rn
(half-life of 3.8d) from the 2*®*U chain and #2'Rn (half-life of 555s) from the 232Th chain.
As a gas, it diffuses into the air and can enter the detector. ?Bi is a decay product of
222Rn, and 2°°T1 a decay product of 2?°Rn. In both cases, radon undergoes an alpha decay
into polonium, producing a positively charged ion which is drifted towards the cathode

by the electric field of the TPC. As a consequence, 214Bi and 2*®T] contaminations can be

assumed to be deposited on the cathode surface. Radon may be eliminated from the TPC
gas mixture by recirculation through appropriate filters. There are also ways to suppress
radon in the volume defined by the shielding. Radon control is a major task for a S50v

experiment, and will be of uppermost importance for NEXT-100.

J.J.Gomez-Cadenas et.al, “Present status and future perspectives of the
NEXT experiment”, arXiv:1307.3914
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Gas purification

MEG prototype

ameter) tungsten wires suspended inside the detector volume. Xenon is con-
tinuously evaporated, passed through an Oxisorb cartridge, a molecular sieve
and a hot metal getter and condensed back in the detector. During several
weeks of operation, the absorption length of scintillation light was increas-
ing and has reached >150 em in four weeks. Mass-spectrometric analysis has
shown the presence of water as a dominant impurity in xenon. Monte Carlo
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Direction sensitive dark matter search

* Extend the idea by D.R.Nygren, “Columnar
recombination: a tool for nuclear recoil
directional sensitivity in a xenon-based direct
detection WIMP search”

* Our planis to investigate the possibility of
operation under magnetic field. > Enhance the
recombination for the track parallel to the field

* To keep O(eV) electron curvature < O(10)um, hi
field (>1T) is necessary



