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The scintillation process in xenon
Akira Hitachi
Waseda University, Japan
We discuss about Ar and Xe. To understanding the scintillation process,

Information available for Xe is not sufficient.
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Low pressure gas
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FIG. 2. Some energy levels in the argon atom and in the nitro-

gen molecule,

vuv — visible does not work for condensed phase
C.H.Chen, JCP 65, 1976

W. R. Bennet, Jr.,, Appl. Opt. 4 Issue S1, pp.34-57 (1965)
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Medium to high pressure gas

=1 97834

77186
68064

ENERGY (eV)

_ .
R, R.-433A

Xe,* — Xe + Xe + vuv
2nd continuum

NUCLEAR SEPARATION (A)

Xe is transparent for the emission
Y. Tanaka and A.S. Jursa, Appl. Opt. 50, 1118 (1960)  \© résonance trapping.

electron excitation

Good potential curves for excited Ar and Xe may be find Ar* — A_‘rz** IR reqion
R.S. Mulliken, PhysRev. 1960’s S. Arai, JCP 1970’s



Condensed phase
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TABLE 31.1

Properties of LAr and LXe as Detector Media

E|.|
Radiation length*
Moliere radius®

eV
eV
eV

cmiV/is
10— em/V/s
cm?/s

nm

ns

ns

ns

cm
cm?/s

gfem’

CIT1

cim

LAr

14.3
23.6
19.5
0.21
475

0.9

66

&4

243 x 1073
1.40

1.52

14
10

LXe

9.28
15.6
14
0.06, 0.13
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4.3
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The refractive index and attenuation length
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- Fig. 2. Schematic drawing of the experimental set-up: 1—
| chamber; 2—PMT: 3.4.5—floating x-source (**' Am) assembly;
6—permanent magnet; 7—diaphragms; 8.9—level-meter; 10—
Fig. 1. Schematic drawing illustrating the principle of the alcohol cooled with liquid nitrogen: 11—thermosensors.

experimental method.

Later, S. Nakamura et al. made
V.N. Solovov et al. NIMA 516 462 (2004) sophisticated measurement.



Rayleigh scattering length for liquefied rare gases

Liquid Scintillation Dielectric Scattering length Scattering length
wavelength constant calculated measured
(nm) (cm) (cm)

He at 4.2 K 78 1.077% 600

He at 0.1 K 78 1.089% 2 x 10*

Neon 80 1.52 60

Argon 128 1.90° 90 664

Krypton 147 2.27° 60 829, 100°

Xenon 174 2.85° 30 299, 407, 502

Rayleigh scattering length for mixtures of liquefied rare gases

Liquid Scintillation Dielectric Scattering length Scattering length
wavelength constant calculated measured
(nm) (cm) (cm)

3% Xe in Ar 174 1.29 280 170,118%P

3% Xe in Kr 174 1.97 170 136"

G. M. Seidel et al. | Nuclear Instruments and Methods in Physics Research A 489 (2002) 189194

measurement
the inverse of the Rayleigh scattering length | =1, e
4 AN 2 2 2
_ 2, (98) (K%
4 6met kIpter (8,0) r+pc,; (aT)p




The refractive index of liquid and solid xenon

1.8
the dispersion relation _ o Shnock & Smith
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The absorption spectra in condensed xenon differ from those in gas, particularly in the vuv
region. They show lines for Wanner-type "free" excitons instead of the atomic lines. We
replaced A, and A, by two major exciton lines of liquid xenon.

n®—1 2 NI( 0.267 83 0.294 81 5.0333 )

—— =1.2055 X 107%= -+ -+
n-+2 3N, \43.741 —-\"2  57.480-\"° 112.74 — \72



TABLE III. Refractive index of condensed xenon at its scintillation wavelength as well as in the uv and the
visible regions.

Wavelength (nm)

Experimental
State T (K) or calculated Xe" 188 200 3612 4358  546.1 6439  Ref.
Liquid 170 Expt. 1.69 7
Calc. 1.68 p.w.”
163.2 Expt. 1.66 1.60 1.56 5
161.35 (TP) Expt. 1.5655 6
Expt. 1.4111 1.4001 1.3918 1.3876 9
Calc. 1.70 1.62 1.566 1.4094 1.3958 1.3857 1.3810 p.w."
Calc. 1.4137 14019 1.3934 13896 9°
Calc. 1.59 32
Solid 161.2 Expt. 1.79 1.69 1.65 5
161.35 (TP) Expt. 1.4747 14608 1.4507 1.4461 9
161.35 (TP) Calc. 1.90 1.73  1.662 14765 14603 14484 1.4427 pw.*
150 Expt. 1.4805 1.4667 1.4566 1.4520 9
Calc. 1.93 1.4847 1.4682 14560 14502 p.w.°
130 Expt. 1.4901 14763 1.4662 14616 9
Calc. 1.93 14946 14778 1.4654 14596 p.w.'

“Xenon scintillation: A=178 nm (for liquid) and A=172 nm (for solid) from Ref. 3.

"The average value for each exciton energy was used (see Table I).

“Values calculated using the tight-binding exciton model with the parameters listed in Table VII of Ref. 9.
“‘Exciton energies at 161.2 K from Ref. 5.

“Exciton energies at 155 K from Ref. 25.

‘Exciton energies at 130 K from Ref. 25.



Scintillation efficiency for LAr and LXe - LET

1.2

0.8 F

0.6

Scintillation light yield, a.u

0.2 R = = = = = -

i S EE = 2|z

i —1 =2l g1 =1 ekecronsinlLXe - = g ¥e mecoils inLXe

ﬂ I 1 Lol 1 Lol 1 [N EEET | 1 L 1 Lol 1 [N N

1.E-01 1.E+00 1.E+01 1.E+02 1.E+03 1.E+04 1.E+05
dE/dx, MeV/(g/cm’)

Figure 3: Relative scintillation vield of LXe and LAr as a function of linear energy transfer. Sol-
id lines and data points are after [70]; blue arrows indicate dE/dx values for electrons in Xe
computed with ESTAR [71], red ones are for Xe recoils with SRIM [59]. Vitaly&Araujo
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Total luminescence (zero electric field)
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Number of scintillation photons P (x 105)
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-
Excitation luminescence (0.4 Td)
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M. Mimura, NIMA 613, 106 (2010)

High pressure

W,: energy required to produce a photon

Excitation luminescence represent
decay times for X * and 3% *.

!

Not true metastable

Ng, /N, = 0.4 for heavy atoms



Photon and electron multiplication

Photon and electron multiplication is possible for Ar and Xe.

Photon multiplication emission is from excimer
R,* — R + R + hv (vuv) M. Suzuki & S. Kubota, NIM 1970’s 80’s

At the electron multiplication region,
R,** — R,* + hv (IR)
may be possible in gas.



liquid Xe
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FIG. 5. Variation of I ~'/?, where I is the luminescence
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citation for liquid xenon. See Ref. 19.
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Tine (nsec) The decay for electrons in LXe is

FIG. 4. Decay curves obtained for the luminescence due to recombination light.

from liquid xenon excited by electrons (@), a particles (A),

and fission fragments ().

The emission lifetimes for R,* do not depend on LET.
R,* are not responsible for quenching

Quenching occurs much faster A. Hitachi et al, PRB 27, 5279 (1983)



Decay Times in LXe

TABLE II. Decay times for the fast 75 and the slow Ty components of luminescence from

liquid xenon. The intensity ratios Ig /I of the fast component to the slow component are also
shown. FF stands for fission fragments. All decay times are 1n nsec.

Particle Ts Tr Ig /It Reference
Electron 3442 Kubota et al.®
(2.2+0.3) (27+1) (0.05) (E=4 kV/cm)*
32+2 Keto et al.®
45°¢ This work
a 3 22 1.54 Kubota et al.®
4.31+0.6 22+1.5 0.45+0.07 This work
FF 4.3+0.5 21+2 1.6 +£0.2 This work

*Reference 13.

*Reference 16.

“Apparent decay time for times 30— 150 nsec after the peak of luminescence; this component
does not necessarily represent the decay for *ZF.

“This value is obtained from the amplitude ratio quoted in Ref. 20.

“Reference 20.



Scintillation yields for e and y in LXe

Decay time of slow component for
electrons and y-rays

recombination

Approximated as an exponential decay

light yield
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projectile Ts [ns] T+ [ns] ;—j Ref.
32S 6.47 £0.09 | 1224.0 £17.9 | 2.19+£0.07 | (1)
?
pT 3.20 = 0.02)] 1355.8 =5.8 | 0.28 = 0.01 (1)
e <6.2 1300 £ 60 | 0.51+0.05 | (2)

o0 t
. Jo Asexp{—}dt

[ Iy At-exp{—T—tt}dt

(1) Hofmann et al. Eur. Phys. C (2013) 73:2618

(2) Heindl et al. EPL, 91 (2010) 62002

A. Neumeier
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Field dependence on Scitillation & Charge in LXe - Electrons
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a-particles and fission fragments in LAr
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Heavy ion track

The maximum impact parameter b,
is given by Bohr’s impulse principle
2b
— max | >
y ol (B<<1)
v: the incident ion velocity

E, : the lowest excitation energy.

The cylindrical field
caused by positive
charges on track

axis —> No escaping electrons

penumbra

Quenching occurs in the core.
The energy T, available for scintillation is

T, =qT =q_T, +Tp

For a-particle, TJ/T =0.72
the experimental g = 0.71 in LAr,

T,/T=0.71=0.72q, +0.28
q.=0.6

For relativistic ions, T./T =0.5

For recoil ions,
TJT=1
b = 89 - atom distance

Stopping power theory tells
equipartition of glancing and distant
collisions



Quenching calculation for rare gas liquids |

Free EX.
1 kn, 1
STE —_ O+
. 101281 i DVv2
0 :
A, L A~0
VUL (ns)'~(us)® i
g‘.s.

G(r,t)

A. Hitachi, A. Mozumder, and T. Doke, PRB 1992

Exciton-exciton collisions.
R*+R* > R+R" +e (KE)

e loses KE before recombination
Rate equations

on /ot=DV°n -k —n /- An, (1)
{anlc’ﬁt:nllr—Azn2 )
“prescribed diffusion” in
n, (r,t) = N(t)G(r,1)

G(r,t) = (7)) "ep(-r’/a/)
a’ =a; +4Dt
N(t): no. of excited species per unit length
No = LET-TJ/T-p-(1+N,,/N;)/W

normalized

D=1cm?s mg =0.5m,
Rate parameters:
t~1012s

k=ov

o: the cross section = 6,,¢/4 ~ 170/4 A2
v: the collision velocity 1.2x107 cm/s



NyG(r,0) (102°/cm3)

Quenching calculation for rare gas liquids Il
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Mixture Energy levels

Due to formation of valence band. The

i

gap energy E is less than ionization 7/
energy | . The ionization threshold I of a 16— srvoce I —
molecule is reduced in solution.
— r /S
I.=IP+P.+7V, 14_%3 £, |
Polarization energy P, of the positive ions is —I(1/2) Xe
given by the Born equation; 12— 1 1(3/2) « —
e’ . = \\\:_y zeeeie CoHy
P_|_:— (1—e 1) 2 Arg s
2r. 8 10— < C3H, —
E._.I ; :!i:..{.zz.ﬁ.t'.d
Vo, = -0.17eV (Ar), —0.65eV (Xe) =
The energy of the quasifree electron at 81— I Eﬂj}g A
the bottom of conduction band. e
. N AVavaVaWed it .
RE — R+ R+ hv 6 j— vuv 7
R*+X >R+ X" +e Ny
er Ar
Ry+M—->R+R+M" +e 0 /7

r—»

FIGURE 31.1 Schematic diagram for condensed Ar. The inset is the emission spectrum of Arlg. lonization
potentials in the gas phase (upper) and in LAr (lower) for various molecules are also shown.

S. Suzuki, A. Hitachi, Charged Particles and Photon Interactions with Matter, CRC Press, Chapt. 31, (2011).



k =0V

'I'.,x k 7, t a, T

System @ et/ & B ®w

Ar*_Xe (gP 10712 4x10°® 100 23 20
(300) (35)

Ar*—Xe (8)° 10712 8x107? 30 27 10
(80) (40)

Ar*—Xe (¢ 10712 7%x107° 10 17 90
(25) (26)

Xe*-CgHg (s  107H 6x10°8 100 14 30—-40

(200) (21)
[200]®

%0phir etal. (Ref. 2); k7,, =10 ppm™.

®Nanba et al. (Ref. 28) (see the text),

“Kubota et al. (Ref, 3).

9Ophir et al, (Ref, 2),

*The hard sphere collision cross section oyg (see the text).

uz uz 2/5
Gg-qg =13.88 (Tﬁ%)zf-)

Lo —
Ll ' 1

dipole-dipole mechanism. The transier probability
P,_; due to dipole-dipole mechanism in the absence of
diffusion is given by Dexter, *

e, f F,(E) F,(E)
£

4nR*nt 1,

Pyy=

where @, is integrated absorption eross section of ac-
ceptor, R is the donor-acceptor separation, 7, is the

ky.q =41Dp

41°E (__u)

8
8

dE=CR™ , {3)

’n
[

T

20 -3

Xe Concentration (I0°tm”)
0.5 I 1.5
I |
Solid Ar-Xe (IOK)
10 -
Nanba et.0l, {1974}
<
HO 5+ - -
-
A
- Ary-Xe
| X 1 |
% 0.2 04 5.6
Xenon Conceniration (%)
Ar* +Xe — Ar + Xe* P.l.
Ar,* + Xe — ArXe*+Ar E.T.

ArxXe* + Xe — Ar + Xe,**



TABLE I. lonization potential /P in the gas phase and the esti-
mated values of /; in liquid Ar and Xe for organic molecules used
in the experiment. The values are in eV. The ion radii 7, are in A.

1 I

Molecules IP i in liquid Ar  in liquid Xe
Ethylene 10.51  2.61 9.4 8.5
Allene 9.53 2.82 8.5 7.6
Trimethylamine 7.82 3.28 6.9 6.1
Triethylamine 7.50 3.81 6.7 5.9

62
[.=IP+P +V, P.=— (1—e 1

27,



Photoionization

Xe,* — Xe + Xe + hv (vuv)
hv+M — M*+e
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i . - ‘AN - -
- - '=0.88/2 .......'ﬁ'.';'.-‘:‘\’.—'i\‘—éj‘ .
&8 7=07872 = "W TMA(7ppm)
Zu-c - —r T
~ Y
& Ak A'-‘ ‘A
T 7=0.28/2 RPN
= 10 | 7=% & TEA(1ppm) 7]
“ - A .
o] - J
Q B A
a n 4
€3]
= - 4
&)
L‘j L .
o Pure Lig. Xe
1= .
o B
1 1 L T N R A B I I L1111l
0.1 1 10 20

ELECTRIC FIELD E (kV/cm)

Q(E):Qa(E)+ ﬂ’[qu'_Qa(E)]Yiso(E)—l_ n’quinso(E)

?7’ :g(bvuv(p

A. Hitachi et al. Phys. Rev. B 55, 5742 (1977)

PHOTOIONIZATION QUANTUM YIELD

L0

0.8

0.6

0.4

0.2

Effective for heavy ions

BIPRFI

™A
TEA

Allene

I

in Lig. Ar (open symbols)
in Lig. Xe {closed symbols}

TMA
Ethylene
TEA
i | | I ! !
0 0.5 1.0 1.5 2.0 2.5 3.0

EXCESS ENERGY (eV)

3.5



Field effects on quenching
Recovery of quenching by electric field in LAr
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It has been reported for recoil Xe
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J.A. LaVerne et al. PRB 54, 15724 (1996)
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collected in this case was 10.0X10° electrons which gives a
value for the FWHM of 0.075% assuming simple Poisson
statistics with a Fano factor of 1. A close examination of the




LAr; Xe doping
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liquid Ar
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FIG. 2. Typical decay curves obtained for the lumines-
cence from liquid argon excited by electrons (@), a parti-
cles (&), and fission fragments (M) shown for the short
time range. A slightly slow rise for electron excitation
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FIG. 3. Typical decay curves obtained for the lumines-

may be due to the recombination.

cence from liquid argon excited by electrons (@), a parti-
cles (A), and fission fragments (M) shown for the long
time range. The fast exponential decay component is not
shown in the figure.



The refractive index of liquid and solid xenon

The refractive index n of an i1sotropic dielectric medium
. . . . .23
1s 1n general complex and satisfies the dispersion relation

2 _ 2 .
n“-1 4zNe E fi @)

n’+2 3m 7 mf—mz—irjm,

where ] — w* is large compared with the term I';, the real
part of the refractive index, n, can be approximated with

2 2 .
n“—1 4mwNe fi
~ 2= (5)

n*+2 3m T, wi-w

The absorption spectra in condensed xenon show lines for Wanner-type "free"
excitons. We replaced A, and A, by two major exciton lines of liquid xenon.

-1 L,2N;( 0.267 83
—— =1.2055 X 107*= =
n-+2 3N, \43.741 =\
0.294 81 5.0333
+ — + = |- (8)
57.480 — \ 112.74 =\

A. Hitachi et al. THE JOURNAL OF CHEMICAL PHYSICS 123, 234508 (2005)
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