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Ḡ

)θ

exp

(

−(θ + 1)

(

G

Ḡ
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Reconstruction of incident angle in Compton scattering
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Table 1.5: Physical properties of noble liquids (adapted from Ref. (98)).

LAr LKr LXe
Atomic Number Z 18 36 54
Atomic Weight A 39.95 83.8 131.3
Density (g/cc) 1.39 2.45 3.06
Melting Point T

m

(K) 83.8 115.8 161.4
Boiling Point T

b

(K) 87.3 119.8 165.1
Critical Temperature T

c

(K) 150.7 209.5 289.7
Critical Pressure P

c

(atm) 48.3 54.3 57.64
Critical Density (g/cc) 0.54 0.91 1.10
Volume Ratio (⇢

l

/⇢
g

) 784 641 519
Fano Factor 0.107 0.057 0.041
Drift Velocity (mm/µsec) @ 1(5) kV/cm 1.8(3.0) 2.4(4.0) 2.2(2.7)
Mobility (cm V�1s�1) 525 1800 2000
Radiation Length (cm) 14.3 4.76 2.77
(dE/dx) (MeV/cm) 2.11 3.45 3.89
Liquid Heat Capacity (cal/g-mole/K) 10.05 10.7 10.65
W-value (eV) (ionization) 23.3 18.6 15.6
W-value (eV) (scintillation) 19.5 15.5 14.7
Wavelength of Scintillation Light (nm) 130 150 175
Decay const.

fast (ns) 6.5 2 2
slow (ns) 1100 85 30

Refractive index @ 170 nm – 1.41 1.60
Dielectric constant 1.51 1.66 1.95
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σ2=2Dt=2DL/v
CD2=D/v
Example:
t=104μsec
D=50cm2/sec
CD=145μm/SQRT(cm)
σ=1mm
note : 170μm/SQRT(cm)

T.Doke, NIM 196 (1982), 87

diffusion :
widening pulse shape

spatial resolution
σx = √σx(0)2+CD

2/Neffz

Neff=no. of electrons
if Neff=1000 and z=24cm,  
CD

2/Neffz= (20μm)2

with pad-analog readout

0.5kV/cm 2kV/cm
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the electron charge e and the mass m, it is possible to
construct the quantity with dimension of a velocity

W ¼
eE

m
h!ð"Þ$1i; ð1Þ

where the bracket hi mean averaging over the electron
energy distribution function. For low electric fields, the
mean electron energy is defined through the gas temperature
T and drift velocity W keeps proportional to the applied
electric field strength E. In this case, the electron mobility
" ¼ W=E is independent from the electric field and is a
function of gas temperature T . In a high electric field the
electrons are heated. The higher the electric field is, the more
their mean energy exceeds the gas temperature. Linear
dependence between drift velocity and electric field WðEÞ is
disrupted in this condition that the mobility " depends on
the electric field strength not on the temperature.

In the case of low density gas, when the electron–atom
collision frequency !ð"Þ is proportional to the density N, the
electron mobility " is inversely proportional to the density
and the product N" (mobility normalized towards density)
of thermal electrons depends only on the temperature. With
increase in electric field, the electrons get heated and the rate
of this process depends on the gas density: the lower the
density is, the faster the electrons get heated. For hot
electrons N" depends on both the electric field strength E
and the gas density N. For dilute gas this dependence is
governed by a similarity law: N"ðE;NÞ depends on electric
field strength and on gas density as E=N. So we can
represent the electron mobility N"ðE;NÞ at various gas
densities and electric fields by universal curve N"ðE=NÞ
(Fig. 1). One can see the non-monotonic shape of the
N"ðE=NÞ dependence quite characteristic for heavy noble
gases: N" value keeps constant at low E=N and decreases
approximately as ðE=NÞ$0:87 at high E=N with a maximum
about E=N % 0:06Td (1Td ¼ 10$17 V& cm2). This non-
monotonic dependence N"ðE=NÞ is defined through non-
monotonic energy dependence of the electron momentum
transfer cross section qmð"Þ. Mobility of electrons is
inversely proportional to the cross section and maximum
value of N"ðE=NÞ is reached at E=N value when mean
electron energy which depends on electric field corresponds
to energy of state with minimal cross section (the R–T

minimum). Decrease of electron mobility N"ðE=NÞ in
stronger electric fields conforms to the growth of cross
section qmð"Þ for the electron energies above the R–T
minimum.

The electron diffusion coefficients DT and DL characterize
expansion of electron swarm across and along the applied
electric field. Their magnitudes are different as far as
frequency of collisions between electrons and atoms depends
on electron energy.16,17) The transverse diffusion coefficient
of thermalized electrons is connected with the electron
mobility through the Einstein ratio eDT=" ¼ T where T is
gas temperature in energy units. Hence both the electron
diffusion coefficient DT and the electron mobility " are
inversely proportional to frequency of electron–atom colli-
sions representing density of the gas. That ratio eD=" —
electron characteristic energy (in energy units) — is a
function of the electric field in the case of hot electrons.
Transverse and longitudinal characteristic energies "T and "L
are defined for the diffusion coefficients DT and DL. In dilute
gas, the similarity law in terms of E=N ratio is realized for
the characteristic energies of hot electrons as for N"ðE=NÞ
dependence mentioned above. The experimental data on the
transverse characteristic energy "TðE=NÞ and on the long-
itudinal diffusion coefficient NDLðE=NÞ are presented in
Figs. 2 and 3. For a weak electric field (low E=N values) the
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Fig. 1. Density-normalized electron mobility N"ðE=NÞ as a function of
E=N. Present calculation in comparison with measurements by refs. 1,5
and 6.
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Fig. 2. Electron transverse characteristic energy "TðE=NÞ and mean
electron energy h"iðE=NÞ as a function of E=N. Present calculation in
comparison with measurements by ref. 8 and calculations.6,9)

10-3 10-2 10-1 100

1021

1022

1x1023

 Hashimoto et al 7

 Suzuki et al 9

 calculation using qmt of 8 
 present calculation

N
D
L, 

(c
m

 s
ec

) -1

E/N, Td 

Fig. 3. Density-normalized longitudinal diffusion coefficient NDLðE=NÞ
as a function of E=N. Present calculation in comparison with
measurements by ref. 7 and calculation.8)
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μN=1.5 x 1022 (V cm sec)-1 at Td=1 <ε>=7eV at Td=1

N=2.5 x 1019 cm-3 for Xe gas, 1atm

μ=602 V-1 cm2 sec-1 at Td=1
ε=eD/μ  in eV

D = μ/e <ε>= 602 x 7 = 4,215 cm2sec-1 at Td=1
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Figure : Electron cross section in Xe :  qm=momentum transfer, 
qi=ionization, qem=excitation to meta stable levels, qe=other 
excitations than qem
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Measur ement of at t enuat i on l engt h of dr i f t i ng el ect r ons
i n l i qui d xenon

Masayuki I chi ge a, El ena Apr i l e b, Tadayoshi Doke a, Kat suhi t o Hasui ke a, Ken I t oh a,
Jun Ki kuchi a and Ki mi aki Masuda

Sci ence and Engi neer i ng Resear ch Labor at or y, Waseda Uni ver si t y, 17 Ki kui - cho, Shi nj uku- ku, Tokyo 162, Japan
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` Sai t ama Col l ege of Heal t h, 519 Kanuokubo, Ur awa- shi , Sai t ama 338, Japan

Recei ved 4 Januar y 1993 and i n r evi sed f or m 10 Mar ch 1993

To r eal i ze a l ong at t enuat i on l engt h of dr i f t i ng el ect r ons i n l i qui d xenon, a pur i f i cat i on syst em whi ch consi st s of Oxi sor b,
mol ecul ar si eves and a Zr - V- Fe al l oy get t er has been const r uct ed Adual t ype gr i dded i oni zat i on chamber i s used f or t he
measur ement of t he at t enuat i on l engt h . An at t enuat i on l engt h l onger t han 2 mi s achi eved i n t he pur i f i ed l i qui d xenon.

1. I nt r oduct i on

I n 1991, a 3 t on l i qui d ar gon t i me pr oj ect i on cham-
ber ( TPC) was successf ul l y oper at ed by t he I CARUS
col l abor at i on and beaut i f ul t hr ee- di mensi onal t r ack
pat t er ns wer e obser ved [ 1] . These r esul t s ar e ver y en-
cour agi ng f or r esear cher s who ar e wor ki ng on t he
devel opment of a l i qui d xenon TPCf or measur ement
of doubl e bet a decay of 136Xe [ 2] , obser vat i on of cos-
mi c gamma r ay sour ces wi t h pr eci se di r ect i onal r esol u-
t i on [ 3] , and so on. To r eal i ze such l i qui d xenon TPCs,
i ) dr i f t i ng el ect r ons i n l i qui d xenon ar e r equi r ed t o
have a l ong at t enuat i on l engt h and i i ) t he anode i s
r equi r ed t o be a t wo- di mensi onal posi t i on sensi t i ve
det ect or . The f or mer condi t i on means t hat t he l i qui d
xenon t o be used shoul d have a hi gh pur i t y .

I n t he pr oposed appl i cat i ons t o t he doubl e bet a
decay exper i ment or t he obser vat i on of cosmi c l i ne
gamma r ays, t he el ect r on dr i f t di st ance i s on t he or der
of 30 em, whi ch r equi r es an at t enuat i on l engt h of t he
dr i f t i ng el ect r ons l onger t han one met er .

The Col umbi a gr oup measur ed an aver age at t enua-
t i on l engt h l onger t han 44 cmat an el ect r i c f i el d of 0. 5
kV/ cmf or l i qui d xenon pur i f i ed by a combi nat i on of
Oxi sor b, mol ecul ar si eves and a Zr - V- Fe al l oy get t er
[ 4] . They obt ai ned t he at t enuat i on l engt h by t he wave-
f or manal ysi s of i oni zat i on pul ses pr oduced by cosmi c
r ays i n l i qui d xenon, but t he met hod was not so pr eci se
due t o t he l i mi t ed st at i st i cs .

Recent l y, we have const r uct ed a pur i f i cat i on syst em
f or xenon gas, whi ch i s t he same as t hat used by t he
Col umbi a gr oup, and a dual t ype gr i dded i oni zat i on
chamber whi ch i s sui t abl e f or measur ement of an at -

2. Appar at us

0168- 9002/ 93/ $06. 00 ©1993 - El sevi er Sci ence Publ i sher s B. V. Al l r i ght s r eser ved

t enuat i on l engt h of el ect r ons l onger t han 1 m. I n t hi s
paper , we pr esent t he appar at us used i n t he exper i -
ment and t he r esul t s .

2. 1 . A dual t ype gr i dded i oni zat i on chamber

Fi g. 1 shows a cr oss- sect i onal vi ew of t he dual t ype
gr i dded i oni zat i on chamber used f or measur i ng t he
at t enuat i on l engt h of dr i f t i ng el ect r ons i n l i qui d xenon.
The chamber has a common cat hode and t wo gr i d- col -
l ect or r egi ons at di f f er ent di st ances f r om t he cat hode
[ 5] . Radi oact i ve 207Bi sour ces of 3. 7 kBq ar e el ect r o-
chemi cal l y deposi t ed on t he cent er of bot h sur f aces of
t he common cat hode pl at e ( K) made of st ai nl ess st eel .
The di st ance bet ween t he cat hode and t he gr i d ( Gl ) i n
t he upper chamber i s 47 mmand t hat bet ween t he
cat hode and t he gr i d ( G2) i n t he l ower chamber i s 17
mm. The gaps bet ween t he col l ect or s ( Cl or C2) and
t he gr i ds ( G1 or G2) ar e 3 mm. Fi el d shapi ng r i ngs ar e
pl aced bet ween t he cat hode and t he gr i ds at i nt er val s
of 10 mm. Each r i ng i s i nsul at ed by Macor spacer s.
Thevol t ages t o t he f i el d shapi ng r i ngs ar e gi ven t hr ough
an i nt er nal r esi st ance di vi der chai n, consi st i ng of r esi s-
t or s of 1 Gf l and 1 . 6 Gf 2, not cover ed wi t h any coat i ng
t o avoi d cont ami nat i on. The ef f ect i ve i nner di amet er i s
15 mm. The ef f ect i ve vol ume of t he upper chamber i s
8. 3 cm3 and t hat of t he l ower chamber , 3. 0 em3. The
t ot al vol ume of l i qui d xenon put i nt o t he chamber
vessel i s 0. 6 1 . Each gr i d consi st s of st ai nl ess st eel wi r es
of 20 wmi n di amet er st r ung on a st ai nl ess st eel f r ame

attenuation length > 2m !,  -11% at 24cm drift
2013年 3月 20日 水曜日
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the higher electron mobility at a given electric field. 
These features are clearly seen in our data. Although 

nearly Gaussian near the peak, both the 24tAm and 
21°po spectra in liquid xenon show a tail on the low 
energy side which, increases with increasing field 
strength. The effect is however less pronounced than in 
liquid argon. Fig. 4 shows the corresponding 241Am 
alpha particle spectra measured by us in liquid argon at 
four different fields. Despite the large electronic noise 
contribution in these data, the distributions are more 
asymmetric and the effect becomes clearly visible at a 
lower electric field than in liquid xenon. 

The field dependence of 241Am charge distributions 
in liquid hydrocarbons and tetramethylsilane [23] shows 
a similar trend. An analysis of these data in terms of 
Jaffe and Kramers models leads to the conclusions that 
neither model fully reproduces the observed change in 
spectral shape with applied field and suggests that other 
effects, such as the production of delta electrons and the 
internal field arising from the different positive and 
negative ion densities must be taken into account. 

To obtain the collected charge and the total energy 
resolution at each field, the measured charge spectra in 
liquid xenon were approximated with a Gaussian distri- 
bution. 

Fig. 5 shows the electric field dependence of the 
collected charge, normalized to the total number of 
electrons liberated in liquid xenon by 5.49 MeV and 
5.31 MeV alpha particles. The results obtained with the 
two sources are in good agreement. The collected charge 

from 5.49 MeV alpha particles in liquid argon is also 
shown for comparison. For the normalization we have 
used W = 15.6 eV and W = 23.6 eV as average energies 
to produce an electron-ion pair in liquid xenon and 
argon, respectively. The characteristic nonsaturation 
feature of the ionization yield of heavily ionizing par- 
ticles in dense media is observed. The fraction of total 
charge collected in liquid argon at a field of 10 kV/cm 
is close to 10% and agrees well with previous measure- 
ments [22,24]. At the same field much less charge is 
collected in liquid xenon. For fields lower than about 3 
kV/cm the situation is reversed. The slope of the curve 
is steeper in liquid xenon, indicating that more charge is 
liberated at a given low field. The different ionization 
densities along the alpha track in the two liquids ex- 
plains the different response observed. 

In general, the ionization track produced by an 
alpha particle in a medium can be visualized as a 
primary track (the "core" part) surrounded by sec- 
ondary tracks produced by delta-rays (the "penumbra" 
part [25]). The density of electron-ion pairs produced is 
highest in the core-part and near the end of delta-rays. 
Recombination in these high charge density regions is a 
much faster process than the separation of electron-ion 
pairs caused by the external electric field. The amount 
of charge observed at high electric fields corresponds 
mostly to electrons liberated from these regions. The 
effective diameter of the alpha ionization track is de- 
termined by the range of delta-rays, which is inversely 
proportional to the density of the liquid. The much 
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the higher electron mobility at a given electric field. 
These features are clearly seen in our data. Although 

nearly Gaussian near the peak, both the 24tAm and 
21°po spectra in liquid xenon show a tail on the low 
energy side which, increases with increasing field 
strength. The effect is however less pronounced than in 
liquid argon. Fig. 4 shows the corresponding 241Am 
alpha particle spectra measured by us in liquid argon at 
four different fields. Despite the large electronic noise 
contribution in these data, the distributions are more 
asymmetric and the effect becomes clearly visible at a 
lower electric field than in liquid xenon. 

The field dependence of 241Am charge distributions 
in liquid hydrocarbons and tetramethylsilane [23] shows 
a similar trend. An analysis of these data in terms of 
Jaffe and Kramers models leads to the conclusions that 
neither model fully reproduces the observed change in 
spectral shape with applied field and suggests that other 
effects, such as the production of delta electrons and the 
internal field arising from the different positive and 
negative ion densities must be taken into account. 

To obtain the collected charge and the total energy 
resolution at each field, the measured charge spectra in 
liquid xenon were approximated with a Gaussian distri- 
bution. 

Fig. 5 shows the electric field dependence of the 
collected charge, normalized to the total number of 
electrons liberated in liquid xenon by 5.49 MeV and 
5.31 MeV alpha particles. The results obtained with the 
two sources are in good agreement. The collected charge 

from 5.49 MeV alpha particles in liquid argon is also 
shown for comparison. For the normalization we have 
used W = 15.6 eV and W = 23.6 eV as average energies 
to produce an electron-ion pair in liquid xenon and 
argon, respectively. The characteristic nonsaturation 
feature of the ionization yield of heavily ionizing par- 
ticles in dense media is observed. The fraction of total 
charge collected in liquid argon at a field of 10 kV/cm 
is close to 10% and agrees well with previous measure- 
ments [22,24]. At the same field much less charge is 
collected in liquid xenon. For fields lower than about 3 
kV/cm the situation is reversed. The slope of the curve 
is steeper in liquid xenon, indicating that more charge is 
liberated at a given low field. The different ionization 
densities along the alpha track in the two liquids ex- 
plains the different response observed. 

In general, the ionization track produced by an 
alpha particle in a medium can be visualized as a 
primary track (the "core" part) surrounded by sec- 
ondary tracks produced by delta-rays (the "penumbra" 
part [25]). The density of electron-ion pairs produced is 
highest in the core-part and near the end of delta-rays. 
Recombination in these high charge density regions is a 
much faster process than the separation of electron-ion 
pairs caused by the external electric field. The amount 
of charge observed at high electric fields corresponds 
mostly to electrons liberated from these regions. The 
effective diameter of the alpha ionization track is de- 
termined by the range of delta-rays, which is inversely 
proportional to the density of the liquid. The much 
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higher density of liquid xenon with respect to argon 
implies shorter delta-rays and therefore stronger recom- 
bination. This results in the observed slower increase of 
the collected charge with increasing field strength. The 
same effect explains the different slope of the saturation 
curve measured in liquid xenon and argon with elec- 
trons and gamma-rays [18,26]. 

On the other hand, the low field electron mobility in 
liquid xenon is much larger than in liquid argon. The 
longer mean free path is such that electrons are more 
easily separated from the positive ions in liquid xenon 
at a given low field. This is consistent with the observed 
slope of the curves below 3 kV/cm.  

A graph of the field dependence of the energy reso- 
lution in liquid xenon and argon leads to similar conclu- 
sions. Fig. 6 shows the results from our experiments. 
Only the electronic noise contribution was subtracted 
from the width of the measured charge distributions. 
The 241Am and 21°Po energy resolution in liquid xenon 
agree fairly well. The slightly worse resolution obtained 
with the Z~°Po source can be explained by the presence 
of background from 2°7Bi activity in the chamber. The 
energy resolution of alpha particles in liquid xenon is 
much better than in argon and less field dependent  at 
low electric fields. This is due to the smaller recombina- 
tion rate and dependence on the alpha track emission 
angle in liquid xenon. This is true until recombination 
fluctuations associated with delta-rays start to be domi- 
nant, influencing the resolution at high electric fields. 

4. Conclusions 

The charge distributions of 241Am and 21°po alpha 
particles stopping in liquid xenon were measured as a 
function of applied electric field. The noise subtracted 
energy resolution of 2.5% F W H M  at 5.49 MeV, mea- 
sured at a field of 10.5 k V / c m ,  is dominated by statisti- 
cal fluctuations in the loss of electrons due to recombi- 
nation. The energy resolution is much better than in 
liquid argon and less field dependent  at low electric 
fields. The difference in ionization density distribution 
along the alpha track and in recombinat ion variation 
with track emission angle can explain the different 
ionization response of the two liquids. 
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Parallel plate chamber 
with 5mm gap

"Typically 83(80)% of this charge escapes 
immediate recombination at the operating 
field of 1(0.5)kV/cm."
A.Curioni, Dr.Thesis, Columbia univ. 2004
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Drift velocity in liquid and solid Xe
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Pre-amp (A250) NIM 16ch  
post amp CAEN/N568B 16ch
 ( shaping amplifier)

DAQ : CAMAC
FADC 500MHz  2ch/module
                       8bits/3.3V, 8k words/ch
FADC 20MHz  16ch/4modules
                       8bits/2V, 1k words/ch
ADC 2249W   12ch, 11bit integrated ADC
                       0.25pC/count, 800nsec gate

Trigger: pmt1xpmt2, test pulse, cosmic
HV power supplies
   - positive (brown) : PMTs
   - negative cathode, PMT3(cosmic)
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