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ABSTRACT — The fundamental properties of liquid argon, krypton and
xenon required from a point of view of radiation detector media, such as
W-values, Fano factors, electron drift velocities, etc., have been measured
during the past decade. These results are summarized and the author’s consi-
derations for its physical understanding are presented. Also, the possibilities
of application of these liquids to nuclear radiation detectors are discussed.

1 — INTRODUCTION

Since Alvarez suggested the possibility of the use of liquefied
rare gases, such as liquid argon or liquid xenon, as detector media of
counters to be used in experiments of elementary particle phy-
sics [1], some trials for developing liquid argon or liquid xenon
detectors were undertaken [2-9]. In the middle of the 1970’s, liquid
argon was sucessfully used as detector medium of calorimeters for
high energy gamma-rays or electrons [10-15]. After a few years,
a proposal of a «liquid argon time projection chamber» (LATPC),
which is a new type three dimensional position sensitive detector
with large sensitive volume and is used for neutrino detection, has
been made by high energy physicists [16] and at present, the funda-
mental experiments for LATPC are in progress [17, 18].

Since the end of the 1960’s, we began the studies on the
fundamental properties of liquid rare gases [19-26] required for
applications as radiation detector media, independently of Alva-
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rez's suggestion, and recently have developed some new type
liquid xenon detectors [27-30].

On the basis of the results obtained so far [19-30], in this
article the fundamental properties of liquid rare gases as detector
media are summarized and considerations are made regarding
the physical understanding of their properties and the possibi-
lities of application of these liquids to nuclear radiation detectors.

2 — IONIZATION

In the design of a liquid rare gas detector which is operated
in the ionization mode it is necessary to know the mean number
of ion pairs produced in the liquid by the ionizing radiation and
its fluctuation around the mean value. The former can easily be
estimated by knowing the W-value in the liquid, defined as the
average energy required to produce an ion pair and the latter by
knowing its Fano factor, which expresses the degree of fluctua-
tion of the ionization.

Here, we will discuss the W-values and the Fano-factors
of liquid argon, liquid krypton and liquid xenon recently measu-
red or estimated by us and briefly describe the reasons why
W-values in liquid rare gases are near the values in the gaseous
state, rather than those in semiconductors, although Fano-factors
are close to the values in semicondutors rather than those in
the gaseous state.

2.1 — W-values in liquid argon, krypton and xenon

For measurement of the W-value in liquid rare gases, the
steady current method by irradiation with X-rays or alpha-rays
has often been used by several investigators until recen-
tly [19, 20, 31-34]. However, this method is not suitable for
precise measurement of W-values, because in X-ray irradiation,
it is difficult to accurately determine the absorbed energy in the
liquid medium and in alpha-particle irradiation, it is also difficult
to completely collect the charge produced by alpha-particles. To
overcome these difficulties of the measurement technique, we
tried to use the electron pulse method and energetic conversion
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electrons as ionizing radiation, for measurement of W-values
in liquid rare gases [21, 22]. This method has the two following
advantages: 1) the energy of individual pulses is known without
any uncertainty, 2) the saturation of ionization pulses can easily
be achieved because the specific ionization of energetic electrons
is considerably low compared with that of alpha-particles. The
W-values in liquid argon and liquid xenon obtained by this method
are shown in Table 1, as well as those previously obtained by
the steady current method [20]. From this table, it is clear that
the accuracy of the determination of W-values by this method
is remarkably improved, but the W-values obtained by both
methods are in good agreement within the experimental errors.

TABLE 1 —The W values in the gas and liquid phases of argon, krypton
and xenon. The number in parenthesis shows the ratio, Wsas/I or W“q/Eu.

I Experimental Wjiq (eV)
Calculated
Liquid I (eV) i (\:;"fsl (::) Eg (eV) Steady Electron Wiig (V)
| Bas it pulse method W lig /E . )
method Wiig /E g)
Ar 15.76 26.4 14.3 23.7-+0.7 23.6+0.3 244
(1.68) (1.65) (1.70)
Kr 14.00 24.1 11.7 20.5+1.5 20.2
(1.72) (1.72)
Xe 12.13 219 9.28 164+1.4 15.6+0.3 15.7
(1.81) I (1.68) (1.69)

It is a well known fact that the ratios of W-values to ioni-
zation potentials in rare gases are nearly 1.7 and this was semi-
-quantitatively explained by Platzman on the basis of the result
calculated for helium gas [35]. The existence of the electron
band structure in solid rare gases, such as solid argon or solid
xenon, has been already confirmed, but in the liquid state is
confirmed only for liquid xenon. Let us assume that the same
electron band structure as that in solid rare gases also exists in
the liquid state. In this case, it is considered that the band gap
energy E, in the liquid state corresponds to the ionization poten-
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tial I in the gaseous state. From such a view-point, in liquid rare
gases, the ratio W/E, of the W-value to the band gap energy
will be used in place of the ratio W/I in the gaseous state. As
seen from Table 1, however, the values of W/E, in liquid rare
gases are almost equal to the values of W/I in the gas state and
differ from those in semiconductors such as silicon or germa-
nium (~ 3). This fact can be explained from the phenomenological
theory given by Shockley [36] and developed by Klein [37].
Namely, Shockley proposed the following relation for the
balance of the energy dissipated in semiconductors in order to
phenomenologically understand the ionization mechanism [35],

W =E, +E, +E +rE,, 1)

where Ef and Ef_ are the mean energies of a subionization
hole and electron respectively which are finally transferred to
the lattice, E;, is the energy absorbed in production of an
electron-hole pair, and rE, is the energy transferred to the lattice
while a free electron or a free hole, with energies higher than
E,, crosses the mean distance for electron-ion pair production.
Assuming that the widths of the conduction band and the valence
band are wider than the band gap and E, is equal to E,, Shockley
derived the following formula for the W-value in a semicon-
ductor (*):

W =2E,+E, + rE,
=2 X 06E, +E, +rE,
=22E, + rE, 1)

After that, Klein obtained the following improved formula assu-
ming that E, =3 E,/2,

W = (14/5)E, + r E, 1)

A good agreement between both values of dW/dE, from the
above formulas and the experimental results is obtained. By

(*) 0.6 E_ is obtained assuming that electrons or holes, with energies
lower than E,, distribute proportionally to their level density which is propor-
tional to the square root of the kinetic energy.
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fitting the formula (I’’) to the experimental results, rE, was
estimated to be between 0.5 and 1.0 eV.

Now, let us apply such considerations to liquid rare gases,
assuming that they have the same electron band structures as
in solid state. In solid rare gases such as solid argon and xenon,
there exists conduction band but no valence band. Therefore,
Ef should be neglected. Since E, is larger than ten times rE,
we can also neglect the last terms in the formulas (1), (1’) and
(1’7). Thus, we can obtain the following relation between the
W-value and Eg in liquid rare gases,

W =16E, (from Shockley’s formula)
W =19E, (from Klein’s formula).

These ratios (1.9 or 1.6) roughly agree with the experimental values
of 1.65 for liquid argon [21] and 1.68 for liquid xenon [22]. More
accurate estimation of W-values in liquid rare gases on the
basis of the solid model will be made in the next section.

By admixing a small amount of a gas whose ionization
potential is lower than the first excited state of the main gas,
enhanced ionization is often observed in rare gases. Such a
phenomenon is called Jesse effect. From the analogy with the
Jesse effect in rare gases, it is expected that the same effect
will occur in liquid rare gases. For example, the apparent ioni-
zation potential of a xenon atom doped in solid argon is
10.5 eV [38], which is lower than the energy of excitons in solid
argon (= 12.0 eV) [38]. This clearly shows that enhanced ioni-
zation is expected in xXenon doped liquid argon. Actually, we
observed such an enhanced ionization in the experiment of xenon
doped liquid argon [24]. Figure 1 shows the variation of the
ionization yield as a function of the doped xenon concentration.
The enhanced ionization is also expected when some molecular
gases are doped into liquid rare gases, but the mixing of molecular
gases often leads to reduction of the pulse height of electron
induced signals [23], because of the loss of electrons due to
electron attachment to the molecular gases. Therefore, the obser-
vable enhancement of ionization may be limited to the case of
mixing between rare gases.
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Fig. 1—Relative ionization yield as a function of the Xe concentration,

for the ionization measured at 17 kV/cm(o) and for the saturation value

estimated from the 1/I versus 1/E plot(e), where I is the ionization yield
and E is the electric field.

2.2 — Estimate of W-values on the basis of the solid model

In this section, we describe more accurate estimations of
W-values in liquid rare gases on the basis of the solid model.
Namely, it is possible to accurately estimate the W-value in liquid
rare gases, if its band structure and its oscillator strength are given.
At present, we know the band structures in solid state obtained
by theoretical calculation [39] and the oscillator strengths in
solid state derived from the photo absorption spectra of these
solid [40]. Assuming that these data are also applicable to liquid
state, we try to estimate each term in the following energy
balance equation previously applied to gases by Platzman [35]

W./E; = (E/E) + (E/Ep) (No/N) +(e/E;), (2)

14 Portgal. Phys. — Vol. 12, fasc. 1-2, pp. 9-48, 1981



T. Doke — Liquid argon, krypton and xenon as radiation detector media

where W, is the W-value in liquid rare gas, N, is the number
of excited atoms at an average expenditure E_, N; is the number
of ions produced at an average energy expenditure E; and & is
the average kinetic energy of subionization electrons. Here, E;
is estimated as a mean value of the gap energy in the electron
momentum space. The ratios E,/E, and N,/N; are also esti-
mated with the optical approximation using the oscillator strength
spectra of solid rare gases. In these estimations, it is assumed
that all the excitations which lie in the continum above E,
dissociate to electron-hole pairs immediately. The estimation of
the energy ¢ is made under the assumptions that the subionization
electrons have energy less than E; and distribute proportionally
to the state density dn/dE for the energy levels. The results
obtained in this way are shown in the last column of Table 1.
The optical approximation used in this calculation is not wvalid
for collisions due to low energy secondary electrons, which are
a main part of collisions in the slowing down process of the
primary particle. As seen from the table, nevertheless, the
agreement between the estimated values and the experimental
ones is very good.

From extrapolation of the enhanced ionization in xenon
doped liquid argon to high concentration of xenon, the value
of Ng/N; can be also estimated under the assumption that the
excitons with energy higher than the ionization potential of the
doped xenon atom contribute to the enhanced ionization. Then
the estimated value of N, /N, was 0.19 + 0.02 [24], which is
in good agreement with that (0.21) used in the estimation of the
W-value. This fact shows that the assumptions made in the
estimation of W-values are reasonable. In the next section, the-
refore, we will try to estimate the Fano-factors in liquid rare
gases by the use of the results obtained for the W-values.

2.3 — Fano-factors in liquid rare gases

The fundamental formula for the fluctuation of the num-
ber of ions produced by an ionizing particle when all its energy
is absorbed in a stopping material was given by Fano [41]. For
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convenience of calculation, the Fano’s formula is transformed
as follows [42, 43]:

F=F,+F+F
= (No/Np) [1+ (NoW/NDT (Wa/W2) + [(6—W,)2/We]
+ (Na/No) [(eor—We, )2/ W?] ®)

where W, =E,, W,=E +e¢ and & or ¢, are the energy
absorbed per ionization collision or per excitation collision in a large
number of collisions in the slowing down process of an ionizing par-
ticle in matter, respectively. In this formula, the first term F, is due
to redistributions of the numbers of excited and ionized atoms, the
second term F, and the third term F, are due to the energy loss fluc-
tuations in ionization and excitation, respectively. In the calculation
of Fano-factors, the values of N_/N;, and ¢ at the end of the
ionization process should be used, because the fluctuation of the
number of ion pairs produced by the ionizing particle is then
determined and is not affected by the process of the excitation
collisions after that. The values of N./N;, E;, E, and ¢ at the
end of the ionization process for liquid argon, krypton and
xenon, obtained by the method described in the previous section,
are given in Table 2. Table 3 shows the Fano-factors in liquid
rare gases calculated from formula (3) by using these values
and they are clearly small compared to those in the gaseous
state. This is mainly attributed to the small values of N_/N;
in liquid state. From the view-point of detector application, in
particular, it should be noted that the Fano-factors in liquid
krypton and liquid xenon are comparable to those in semicon-
ductors such as silicon and germanium.

TABLE 2 — Quantities appearing in the energy balance equation for liquid
argon, krypton and xenon.

Liquid E; (eV) Ecx (V) ch ."‘Ni £ (eV)
Ar 154 12.7 0.21 6.3
Kr 13.0 10.3 0.10 6.13
Xe 10.5 84 0.06 4.65
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TABLE 3 —F,, F,, F, and F (Fano-factor) in liquid argon, krypton and xenon
for the solid model.

Liquid || F, ‘ F, F, F
Ar ‘ 0.076 I 0.027 0.004 0.107
Kr '- 0.032 | 0.024 0.001 0.057
Xe ‘ 0.019 0.021 0.0006 | 0.041

We can also estimate the Fano-factor in xenon doped liquid
argon by using the formula for gas mixtures, derived by
Alkhazov et al. [42]. The result is given by the following for-
mula,

F, = 0.107—0.067 o,

where ¢ is the probability of deexcitation followed by an addi-
tional ionization. Considering the practical use as detector medium,
therefore, we estimate the Fano-factor for xenon doped (1.6 9)
liquid argon, whose ionization relative to that in pure liquid argon
is 1.13 (o ~ 0.68),

F,, = 0.064.

2.4 — Energy resolution in liquid rare gas chambers

Let us estimate the energy resolutions when these liquid
rare gases are used as detector media in an ionization pulse
chamber. In order to get the energy resolution of the chamber,
first, the electronic noise level in the pulse amplification system
must be given. We assume N, ,, = 65e as the r.m.s. value of the
noise equivalent charge in the electronic system, which can easily
be achieved by using FETs (commercially available) kept at low
temperature. If the W-value and the Fano factor for the detector
media are known, the ultimate energy resolution AE;, which is
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expressed by full width at half maximum (fwhm), is calculated
from the following formula

AE; = (AEZ + AE} )i/

where AE, =236 W (eV) N, X 10-* keV, and AE; = 2,36 X
VE E? (MeV) FW (e (eV) keV and E is the energy of ionizing radiation.
The ultimate energy resolutlons in liquid argon, liquid krypton
and liquid xenon were calculated for EY =1 MeV, using the

above formula. The results are shown in Table 4 [25]. From this
table, it is clear that the ultimate energy resolutions for these
liquid chambers are from 3 keV to 5 keV. In the conventional
Ge(Li) detector with large volume, the actual energy resolution
(fwhm) for gamma-rays of 1 MeV is about 1.5 keV. Therefore,
the fwhm obtained in the liquid xenon ionization chamber is
expected to be near that of the Ge(Li) detector. This encourages
the development of a liquid xenon gamma-ray spectrometer.

TABLE 4 — Ultimate energy resolutions (fwhm) in liquid rare
gas ionization chambers.

Liquid ‘ éEn A Ei(kev) for E'Y = IMeV AET keV) for ET = IMeV
Ar ’ 3.57 3.77 5.19
Kr | 2.99 2.49 3.89
Xe ( 2.36 1.88 3.02

In order to check the theoretical estimation as mentioned
above, we tried to measure the energy resolution for 0.569 MeV
gamma-rays emitted from 2"Bi source using a small size liquid
xenon gridded ionization chamber [22]. Figure 2 shows the
relative energy resolution expressed by fwhm versus the electric
field strength as well as the electronic noise level, corresponding
to 17 keV, which is not so good. This curve is in fairly good
agreement with that recently obtained by using a large volume
liquid xenon chamber [29] and that of a Russian group using
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a small size chamber [44]. From this figure, it is clear that the
energy resolution (about 6 9, fwhm) is about twice the electronic
noise level even for the electrice field of 17 kV/cm, although the
fwhm wvalue still decreases with increase of the electric field.

| 2078 569 keV peak

20}F at 17.3 kV/cm

fwhm total 33 keV
nolse 17 keV

FWHM (%)
/

L 'l 1 1

0 5 10 15 20
E (kV/cm)

Fig. 2 — Variation of the energy resolution (fwhm) for gamma-rays of 569 keV
with the electric field. Dashed line shows the level of electronic noise.

Such a large value of fwhm can not be attributed to attachment
of electrons to electro-negative impurities in the liquid, because
it had been experimentally shown that the pulse height of the
ionization signals scarcely depends on the drift distance of elec-
trons. Contributions to the energy resolution other than the elec-
tronic noise, such as the positive ion effect caused by the
shielding inefficiency of the grid and the rise time effect of the
ionization pulse, are considerably smaller than that of the elec-
tronic noise, Also, it may be difficult to explain such a large
discrepancy between the theoretical estimation and the expe-
rimental results by the non-saturation effect of the collected
charge for the applied electric field, because the difference
between the collected charge at 17 kV/cm and its saturated value
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obtained by Onsager’s theory is estimated to be only 39, [22].
However, it is necessary to check whether the energy resolution
is improved in much higher electric field or not, because at
present the applicability of Onsager’s theory to the ioni-
zation due to fast electrons in liquid rare gases is mot suffi-
ciently tested.

2.5 — Electron multiplication in liquid and solid rare gases

Several years ago, we tried to observe the occurrence of
electron multiplication in liquid argon, and xenon doped or
organic molecule doped liquid argon, by using a simple cylin-
drical counter with a center wire of about 5 pm in diameter, but
could not find it before electrical breaking occurs. To confirm
the electron multiplication in solid argon or solid xenon as obser-
ved by Pisarev’s group [45], furthermore, we also tried to test
it using a parallel plate solid argon filament chamber [46]. In
this test, a maximum multiplication factor of about ten was
observed for a tungsten filament wire of 5 pm in diameter.
With increase of the anode voltage, however, the rise time of
the output pulses became long and its decay time rapidly
increased. At last, the pulses became unobservable because of
pile-up. At present, these phenomena are interpreted assuming
that the electron multiplication in solid argon occurs in a thin
layer of gaseous argon near the wire surface and the slow com-
ponent of the pulse is caused by space charge effect of electrons
trapped in the imperfections of the interface between gas and
solid. After these efforts, it was concluded that the electron
multiplication to be useful in nuclear radiation detectors occurs
only in liquid xenon as has already been confirmed by Derenzo
et al [47].

The typical curves of charge gain versus applied voltage
for a liquid xenon cylindrical counter with a center wire 5 pm
in diameter, obtained with internal conversion electrons from
““Bi and collimated **"Cs gamma rays, are shown in Fig 3 [48].
Here, the unit gain is equal to the saturated pulse height which
is obtained in a small gridded ionization chamber filled with
liquid xenon. The maximum gain obtained so far is about 200.
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According to our experiences, the resolution of liquid xenon
proportional counters becomes poor with the increase of the
applied voltage. This degradation of resolution seems due to

100

/

[/
o— L=36mm, Bi-207(internal) ‘/
-=—=%-== L=45mm .Cs-137(external) /

= !
= S
o I

0.1 1 1 1
0 1 2 3 4

APPLIED VOLTAGE [kV]

Fig. 3 — Charge gain versus applied voltage for a proportional counter having

a center wire of 5 ym in diameter, as shown in the inserted figure. The solid

line represents the gain for an internal 207Bi source and the dashed line for
external irradiation with collimated 137Cs gamma-rays.
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local irregularities of the surface of the center wire. In practical
applications of such a counter, this fact should be taken into
consideration.

Derenzo et al. also tried to estimate the first Townsend
coefficient in liquid xenon from their experimental data [3].
Namely they firstly derived the analytical formula for the variation
of the charge gain with the applied voltage and fitted the curves
obtained from the formula to the experimental data for three
center wires of different diameter, by adjusting the values of W,
recombination constant, attachment probability and first Town-
send coefficient as unknown parameters. Then it was found that
the first Townsend coefficient was 27 times larger than that in
xenon gas with the same density as that of liquid xenon. Howe-
ver, this figure seems to be wrong, because the W-value and the
recombination constant obtained as well as the first Townsend
coefficient are inconsistent with those accurately measured by
us [22, 23]. Therefore, we are trying to estimate the real value
of the first Townsend coefficient by treating the W-value and
the recombination constant as known parameters.

3 — RECOMBINATION AND ATTACHMENT

When an ionization chamber is used as an energy spectro-
meter for nuclear radiation, the charge produced by the ionizing
radiation must be collected completely in the collector electrode
in order to determine its intrinsic energy resolution. In the elec-
tron pulse chamber, the characteristics of electron charge
collection are firstly determined by recombination between elec-
trons and ions. In addition, the electrons attaching to electro-
-negative gas during the drift to the collector can not effectively
contribute to the induced voltage in the collector within the
short measuring time, of the order of pusec. Therefore, the exis-
tence of electronegative gases in a liquid rare gas deteriorates
the characteristics of the charge collection in an electron pulse
chamber.

Here, we describe the present status in our understanding
about the recombination and the attachment processes in liquid
rare gases.

22 Portgal. Phys. — Vol. 12, fasc. 1-2, pp. 9-48, 1981



T. Dokt — Liquid argon, krypton and xenon as radiation detector media

3.1 — Recombination between electrons and ions

If the electron-ion pairs produced by a minimum ionizing
particle with low specific ionization are independent of each
other, we can understand the recombination process between
electrons and ions by Onsager’s theory [49]. When an electron
originated by ionization is slowed down to thermal energy,
according to the theory, if the electron is within a certain dis-
tance from its parent ion where the Coulomb energy is equal
to thermal energy, it can not escape from the influence of the
parent ion and the electron-ion pair recombines. Converseley, if
the thermalizing point of the electron is outside that critical
distance, it is free from the influence of the parent ion even if the
external electric field is zero. Actually, it seems that there exists
a large number of free electrons, without recombination with
the parent ion or other ions, during a considerably long time
(> msec) in absence of electric field. However, it is difficult to
completely understand the recombination process between elec-
trons and ions in liquid rare gases only by Onsager’s theory,
because the mean interval of electron-ion pairs produced by
ionizing radiation in liquids is comparable to the critical distance
even for minimum ionizing particle and, under such a condition,
the assumption of the existence of ion pairs which are inde-
pendent of each other becomes unreal. Nevertheless, we con-
sider that a rough explanation of the characteristics of charge
collection in liquid rare gases is possible by Onsager’s theory.

Figure 4 shows the characteristics of charge collection in
liquid argon and liquid xenon observed by using internal con-
version electrons of **"Bi [50]. In the figure, the solid curves
are the theoretical ones obtained by fitting Onsager’s theory to
the experimental data and the agreement is good. According to
Onsager’s theory also, the initial slope of the charge collection
curve in liquid xenon is smaller than in liquid argon.

However, the rise of the charge collection curve in liquid
xenon is steeper that in liquid argon for electric fields lower
than 1 kV/cm. This is different from the above prediction of
Onsager’s theory. Such a difference is caused by the effect of
columnar recombination which occurs between electrons and ions
other than the parent ion and the attachment of electrons to

Portgal. Phys. — Vol. 12, fasc. 1-2, pp. 9-48, 1981 23



T. DoKE — Liquid argon, krypton and xenon as radiation detector media

70

6.01 *

50-

401

O 2 4 6 8 10 2 14 16 18 20 22
£ (kV/em)

Fig. 4 — Saturation characteristics of collected charge versus electric field
for liquid argon and xenon. Gﬁ is the free ion yield per 100 eV of absorbed
energy at the field strength e-

electro-negative impurities in the rare gas liquid. By extrapola-
ting the theoretical charge collection curve, obtained from the
fitting to the experimental data for electric fields larger than
1 kV/cm, to the low electric field region, we can estimate the
fraction of recombination free electrons to the total number of
electrons produced by the radiation for zero electric field. The
values obtained in this way are 0.53 = 0.04 for liquid argon and
0.73 + 0.04 for liquid xenon, respectively [50]. These values
seem to be an overestimate, because of the ambiguity in the low
electric field region. This problem will be again discussed in the
section on direct scintillation.

3.2 — Electron Attachment

In an ionization chamber with a large sensitive volume,
such as total absorption chambers or time projection chambers
for neutrino detection, the electrons produced by ionizing radia-
tion are required to drift a long distance without losses due to
electron attachment to electro-negative impurities in the liquid
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rare gases. From the point of view of the liquid argon time
projection chamber, Chen et al. made an experiment to estimate
how long electron drift lengths can be achieved in liquid argon
supplied through a purifier, using a drift distance of a few cen-
timeters, and showed that attenuation lengths longer than 35 cm
are achievable at the electric field of 2 kV/cm [17]. Recently,
they constructed a 50 liter liquid argon test chamber with a
maximum drift distance of 30 cm and showed that an atte-
nuation length of 55 cm is achievable at a drift field of
1.6 kV/cm [18]. Now, let us consider oxygen molecules as a
typical electro-negative gas in liquid argon. Its cross section for
electron attachment (or attenuation coefficient of drifting charge)
in liquid argon at the electric field of 10®* to 10* V/cm has
already been measured by Zaklad [51], Hofmann et al [52] and
Bakale et al [53].

Their results are shown in Figure 5 as well as the results
in liquid xenon obtained by Bakale et al [53]. The values of
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Fig. 5— Variation of the electron attachment cross section with the electric
field in liguid argon and xenon.
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the electron attachment cross section in liquid argon are in good
agreement. Using these values, the upper limit of the concentra-
tion of oxygen molecule in liquid argon used in Chen’s expe-
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Fig. 6 — Attenuation of collected charge versus drifting distance in liquid xenon.

riment is estimated to be 2.6 ppb. Such a purity was obtained
by passing a sequence of a Hydrox purifier and molecular sieves
maintained at 196 K.

Complete collection of the charge produced by ionizing
radiation in liquid xenon is more difficult than that in liquid
argon, because a larger amount of electro-negative impurities
are dissolved in liquid xenon due to a temperature higher than that
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of liquid Ar [51]. In addition, the cross section for electron
attachement by oxygen molecules is about one and a half times
larger than that in liquid argon as seen in Fig. 5. Recently, we
observed the reduction of the ionization pulse height for the
drift distance of 5 cm in a liquid xenon drift chamber using
collimated gamma-rays [30]. The result is shown in Figure 6.
In this case, the attenuation length of electrons in liquid xenon
was one meter. Assuming the cross section of electron atta-
chment shown in Fig. 5, we can estimate the concentration of
oxygen molecules in the liquid xenon used in our experiment
to be 1.8 ppb, which is better than that obtained in liquid argon
by Chen et al., in spite of the difficulty in purification of xenon.
This shows that our test chamber and gas purification systems,
in which a titanium-barium getter [48] is used, are superior to
the systems of Chen et al.

4 — ELECTRON DRIFT VELOCITY AND DIFFUSION

The drift velocity of electrons determines the time response
of radiation detectors and the diffusion of electrons in the
detector medium gives the limit of the accuracy of position
determination. From the analogy with the mixing effect on the
electron drift velocity in gaseous state, several years ago, we
studied electron drift velocities in liquid argon mixed with small
amounts of molecular gases and found a remarkable increase of
the drift velocity for mixtures with methane or ethylene [23].
If the diffusion coefficient and the drift velocity of electrons
in liquids are experimentally obtained as a function of the elec-
tric field strength, we can estimate the momentum transfer
cross sections and the agitation (random) energies of electrons
in the liquid state. This information gives us not only the spread
of electrons drifting under an electric field in liquids, but also
the understanding of the mixing effect as mentioned above. The-
refore, we also tried to measure the diffusion coefficients of
electrons in liquid argon [26, 57] and liquid xenon [57].

In this section, these results are shown and some relevant
considerations are made.
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4.1 — Electron drift velocities

As mentioned above, we measured the variations of electron
drift velocities by admixing various kinds of molecular gases
(200 to 5000 ppm) into liquid argon [23]. These results are
shown in Figure 7 as well as the variation of the electron drift

10 T T T T T T

Electron Drift Velocity (10°cm/sec)

v .- Ar+CH, (0.2%)
.- o Ar+CH, (0.5%)
A Ar+C2H4( 0.02°)
. Ar+C2H4(O.2%)

! ---- Ar (purified)
'ra Y Ar+N,(0.2%) ]

e I I 1 I 1
0 2 4 6 8 10 12

Electric Field Strength (KV/icm)

Fig. 7— Variation of the drift velocity of electrons in liquid argon, liquid
argon-nitrogen, - methane and- ethylene mixtures as a function of the
electric field.
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velocity for pure liquid argon as a function of electric field.
As seen from the figure, in the liquid argon-nitrogen mixture,
no significant change in the electron drift velocity was obser-
ved, while in liquid argon-methane and -ethylene mixtures, a
considerable increase was observed. The degree of the increase
in the electron drift velocity, however, is not so large as

Liq. Ar E{(Vcm)
& 102 103 10
Wi — Iy
102 103 104
Lig. Xe Libeee

2

3

DRIFT VELOCITY (cm/sec)

Gaseous Xe

1 1 L 1 1
3 1073 3 10°2 3
Eip (Vem! Torr™')

Fig. 8 — Variation of the drift velocity of electrons in liquid argon and xenon,
and in gaseous argon and xenon with the same atomic density as in liquid
state, with the reduced electric field.
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expected directly from the analogy with the mixing effect in
the gaseous state. This fact is due to the lack of the Ramsauer-
-Townsend effect in liquid argon as shown in the next section.
Here, it should be noted that admixing of molecular gases into
liquid rare gases results in a considerable reduction of pulse
height. This is attributed to attachment of drifting electrons to
electronegative gases included in the mixing molecular gas or
in the rare gas itself. In applications of mixtures of liquid rare
gases and molecular gases to detector media, great care must
be taken regarding this problem.

Figure 8 shows the variations of the electron drift velocities
in liquid xenon and liquid argon with the electric field for a wide
range, as well as in gaseous argon and xenon with densities
corresponding to the liquid state. These curves are drawn on the
basis of the data recently obtained by several investiga-
tors [54, 55, 56]. From the figure, it is clear that the electron
drift velocity in liquid is larger than that in gas over the whole
region. In particular, the difference is remarkable in xenon. From
the view-point of radiation detectors it should also be noted that
liquid xenon is suitable as detector medium of drift chambers,
because the electron drift velocity in liquid xenon is almost
constant for electric fields higher than 3 kV/cm.

4.2 — Diffusion coefficient of electrons

The group of electrons produced by the ionizing radiation
in liquid rare gas gradually spreads during drifting along the
lines of electric force by the diffusion process. The process is
determined by the agitation velocity of electrons V,, (« <& >%,
<&> being the agitation energy) and the momentum transfer
cross section of electrons o in the liquid. If the spread of the
electron group (.« (Dt)% = (Dd/pE)% o (D/p)%, where D is
the diffusion coeffiecient, d the drift distance, p the mobility
and E the electric field strength) in the liquid is measured as a
function of the electric field, we can get the agitation energy
of electrons from Einstein’s relation eD/p = KT = 2<e> /3.
If we know the electron drift velocity or the electron mobility
in the liquid, we can also get the diffusion coefficient of electrons
by using that relation. Figure 9(a) and 9(b) show the variation
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of < e > in liquid argon and liquid xenon with the electric field
strength obtained from measurements of the spread of electrons
as mentioned above [26, 57]. For comparison with the agitation
energy of electrons in gas, the curve for argon or xenon gas
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T

T L

E (kV/cam) for lig. Ar

1 10 100
100 - 8 Lig. Xe =
:f:: i - L ‘.‘n -
@0 - s = . S < =
(] = =] -
5
=S i
1= =
| A 1
1020 1018 10718 10717
E/N(v-cmZ)

Fig. 10 — Field dependence of the diffusion coefficients of electrons.

with the same density as in the liquid state is also shown in
each figure. As seen from the figures, the values of <e> of
electrons in liquid argon is several times lower than in gaseous
argon, while those in liquid xenon is a few to ten times larger
than in gaseous xenon.

Figure 10 shows the variation of diffusion coefficients of
electrons in liquid argon and liquid xenon with the electric field
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strength, which was obtained from the data of Fig. 9 (a) and (b).
The diffusion coefficients in liquid argon are 10 to 20 cm?/sec
for the electric field of 2 to 11 kV/cm and clearly smaller than
those (17 to 37 cm?/sec) in gaseous argon with the same density
as in the liquid state. This shows that liquid argon is superior
to high pressurized gaseous argon as a detector medium for
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Fig. 11 — Variation of the momentum transfer cross section as a function
of < g> in liquid argon and xenon. The solid line shows the result for gaseous
argon and the dashed line the result obtained by Lekner’s theory.

position sensitive detectors. On the other hand, the diffusion
coefficients in liquid xenon are several times larger than those
in liquid argon. This means that the diffusion coefficient in liquid
xenon is larger than that in gaseous xenon with the same density
as in the liquid state, because the diffusion coefficient in
gaseous xenon is smaller than in gaseous argon. Nevertheless,
the diffusion coefficient in liquid xenon is still fifty times smaller
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than that in xenon gas at one atmosphere and small enough to
make negligible the fluctuation of the center of gravity of the
electron cloud distribution, less than 1 pm for the drift distance
of 2 mm.

From the agitation energy <e> of electrons and the electron
drift velocity w or electron mobility ., we can estimate
the momentum transfer cross section by using the simple
formula o, = eE/Nw (2m < ¢ >)%, derived from the relation
w = eEr/m < v >, where N is the atomic density, e and m are the
charge and mass of the electron, respectively, A is the mean free
path and < v > is the average agitation velocity of the electrons.
Figure 11 shows the variation of the momentum transfer cross
sections of electrons in liquid argon and liquid xenon with the
electric field strength, which was obtained from the above for-
mula using the data shown in Fig. 9 (a) and (b). For comparison,
the variation of the cross section with the electric field in gaseous
argon with the same density as that of liquid argon is also
shown by the solid line in the figure. This figure clearly shows
the lack of the Ramsauer-Townsend minimum in liquid argon
and liquid xenon as predicted by Lekner [58], compared with
the curve for gaseous argon.

5 — SCINTILLATION

The scintillations in liquid rare gases due to ionizing radia-
tions were studied by Northrop and Gursky [59], about twenty
years ago. After that, however, such scintillations have been
scarcely used in the field of nuclear experiments. Although it is
sure that its application is not so easy as implied by Northrop
and Gursky, the decay time of the scintillations from liquid rare
gases such as liquid argon or xenon is very fast [64-68], and
so they are useful as triggering pulses in the case of fast
counting. Recently, furthermore, we found the so called
proportional scintillation in liquid xenon [27, 28], which is the
same phenomenon as that in rare gases. This finding will open
the way to applications wider than that at the present. In this
section, we describe some results on the direct scintillation
and the proportional scintillation obtained in our experiments.

34 Portgal. Phys. — Vol. 12, fasc. 1-2, pp. 9-48, 1981



T. DokE — Liquid argon, krypton and xenon as radiation detector media

5.1 — Direct scintillation

Excited atoms R* produced by ionizing radiation form exci-
ted molecules R¥ through collision with other atoms on the
ground state and ultraviolet photons are emmited in transitions
from the lowest excited molecular state of R* to the dissocia-
tive ground state. On the other hand, ionized atoms R* produced
by ionizing radiation also form excited molecules through the
following processes: i) R+ + R — R+, ii) Rt + e > R** + R,
iiiy R¥* — R* and iv) R* + R — R* and then the excited
molecules also give rise to ultraviolet photons. We call this type
of scintillation «recombination scintillation». The mean wave
lengths of these photons are 1300 A for liquid argon, 1500 A
for liquid krypton and 1750 A for liquid xenon, respectively.

The intensity ratio of scintillation from excited atoms to
recombination scintillation will be given as N,/N; if there is no
radiationless transition process of the excited molecular state
to the dissociative ground state, which does not seem to be
theoretically probable for low temperatures as in liquid argon or
liquid xenon. To justify such a theoretical consideration, we
measured the variations of the scintillation intensities in liquid
argon and liquid xenon as a function of electric field using inter-
nal conversion electrons from 2°"Bi. The results are shown in
Figure 12 [60]. From this figure, it is clear that the scintillation
intensity decreases with increase of the applied electric field, but
even under electric fields higher than 10 kV/cm the scintillation
intensities remain 32 9, of that without the electric field for liquid
argon and 26 9%, for liquid xenon. These values are larger than the
theoretical values of 17 9%, for liquid argon and 5.7 %, for liquid
xenon, which are estimated from N,/N; + N,,. This discrepancy
may be explained by taking into consideration the existence of
recombination free electrons as mentioned in section 3. Namely,
the recombination rate between recombination free electrons and
ions is very slow and as the result, we can not observe the
scintillation produced from such a recombination by the fast
pulse techniques, which are widely used in the field of nuclear
experiments. So, assuming that the recombination free electrons
do not contribute to the scintillation, we can estimate the reduc-
tion factor of scintillation light to be 31 9, for liquid argon and
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18 % for liquid xenon, using the fractions of recombination free
electrons obtained by the analysis on the basis of Onsager’s
theory [50]. These values roughly agree with the experimental
ones.
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Fig. 12— Variation of the relative luminescence intensity L and collected
charge Q in liquid argon and liquid xenon with the applied electric field
strength for 1 MeV electrons.

If the effect of recombination free electrons on the scintilla-
tion intensity in liquid rare gases is clear for fast electrons, it
is considered that the scintillation yield per unit absorbed energy
due to fast electrons may be smaller than that due to alpha-parti-
cles, which produce comparatively higher specific ionizations along
the track where recombination efficiently occurs. To make sure
of the matter, we tried to measure the dE/dx dependence of the
scintillation yield in liquid argon using several kinds of ionizing
particles [61, 62]. Figure 13 shows the results obtained. The data
in the figure are normalized to the scintillation yield due te
alpha-particles and show that the scintillation yield due to fast
electrons is about 15 9, lower than that due to alpha-particles.
However, we could not observe the reduction of one-third in
the scintillation yield due to alpha-particles. By using fission
fragments from 2°Cf, on the other hand, we found a great
reduction of the scintilation yield in the high specific ioni-
zation region [61]. To compare with Nal (T1) crystals, the
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variation of the scintillation yield with the energy loss rate

of the incident particle for those scintillators [63] is also
shown by a solid curve in the same figure. As seen from

1.5

I | I [

Nal(Tl)

—
o
S

\

\
\

1

1
-
-5
’.
]

dL/dE (arbitrary units)

o
i
I

0 | I | |
0,001 0.01 0.1 1 10 100

dE/dX (MeV cm®/mg)

Fig. 13 — Scintillation yield per unit absorbed energy dL/dE as a function

of the specific ionization dE/dx in liquid argon. Solid curve shows the

dE/dx-dependence of scintillation yield in Nal(T1) crystals. Scintillation yields

in the figure are normalized to that due to alpha-particles. For dashed
curves (1) and (2), see the text.

this figure, it seems that the experimental data naturally fit
to the curve (1), like that for Nal (T1) crystals, rather than
to the curve (2), which is comparatively flat compared with
curve (1). The peak seen in curve (1) may be explained by
considering the effect of recombination free electrons in the
low specific ionization region and the quenching effect in the
high specific ionization region; and by the same considerations,
the question why the scintillation yield due to fast electrons
is only 159, lower than that due to alpha-particles may be
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solved. To justify such a consideration, at present, we are plan-
ning to measure the scintillation yields due to protons of several
tens MeV and other heavy ions.

Apart from the theoretical view point as mentioned above,
let us compare the dE/dx-dependence of the scintillation yield
in liquid argon with that in Nal (T1) crystals. As a whole, the
curve of scintillation yield versus dE/dx for liquid argon is
comparatively flat compared with the curve for Nal (T1) crystals.
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Fig. 14 — Geometrical arrangements of the apparatus for liquid argon and
xenon (a), and for Nal(T1) crystal detector (b) used in the measurements
for Table 5.

In particular, the reduction of scintillation yield due to fission
fragments in Nal (T1) crystals is remarkable compared with
that in liquid argon. This means that the quenching effect in
the high specific ionization region in liquid argon is smaller than
that in Nal (T1) crystals.

For comparison of the scintillation yield in liquid argon
with that in Nal (T1) crystals, let us try to estimate the rela-
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tive light yields from the widths of the pulse height distribu-
tions of scintillations from liquid argon, liquid xenon and Nal
(T1) crystals. The apparatus used for observation of scintillation
from liquid rare gases is shown in Figure 14 as well as one
used for the Nal (T1) detector. As seen from the figure, we
used sodium salicylate film, whose conversion efficiency to
visible photons is nearly constant over a wide range of wave
lengths, coated on the surface of a Pyrex glass window as wave
lenght shifter. The resolution (fwhm) of scintillation light due
to alpha-particles expressed in 9, for liquid argon and liquid
xenon are shown in Table 5 as well as that of 1 MeV gamma-

TABLE 5 — Comparison of the energy resolution and the light yield for liquid
argon or liquid xenon scintillation counters and Nal (T1) detectors.

Energy resolution Energy resolution . .
Scintillator (fwhm) for 6 MeV (fwhm) for 1 MeV Re]a“.vjdhshl
alpha-particles electrons re
Liquid Ar 103 + 0.5 % (25.2 %) (%) 108 T é-g: )
Liquid Xe + 244
q 91 +059% (223 %) (M 1.37 067 **)
Nal (T1) | 60% 1.00

(*) These values were estimated from the energy resolutions for 6 MeV alpha-particles.
(**) These errors arise from the uncertainties of light reduction factors in the light guide
and conversion efficiencies of sodium salicylate used in the measurement.

-rays in the Nal (T1) detector. From these values, the relative
photon intensity ratio for argon and xenon, Sy./S,, is estima-
ted to be 1.27, assuming that the resolution is proportional to
the square root of the number of emitted photons. This value
is in fairly good agreement with the theoretical one estimated
from N, /N; and W, (*). Also, the last column in the table shows
the relative scintillation yields of liquid argon and liquid xenon,

S Wioa (1+N_ /N,)
(*) Namely, Xe _ ligAr e i’ Xe —1.32
SAI WquXe( 1+ ch / Ni ) Ar
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when the scintillation yield of Nal (T1) crystal is assumed to
be unity. In this estimation, also, we assumed that the fraction
of photons incident upon the surface of sodium salicylate to the
total number of photons is 0.42, the conversion efficiency of
sodium salicylate to visible photons is 0.5 -+ 0.2 and the reduc-
tion factor of light in the light guide is 0.5 =+ 0.2. These results
show that the relative scintillation yields per unit absorbed
energy for liquid argon and liquid xenon are comparable to that
of Nal (T1) crytals.

TABLE 6—r,, =, and A,/A, for scintillations from liquid argon, krypton
and xenon, excited by fast electrons and alpha particles.

Liguid l Excitation E:::;]c D Ty | A, /A,
(Temperature) (Ref, n.°) &V/em) (ns) | (ns) !
| |
! | g
Liquid Ar (94K) e(Ref. 64) 6 50 | 80 | 78
» & %) 0 6.3 1020 13.5
» e(Ref. 67) 0 24 | 1100 | 146
(90-100K) e(Ref. 68) | 0 46 | 1540
»  » el » )| 0 44 | 1100 I
Liquid Kr (120K) e(Ref. 64) | 4 2.1 | 80 0.9
» e( » ) 0 20 | 91 | 0.4
» | e(Ref. 67) o | 20 8 | 049
Liquid Xe (179K) | e(Ref. 64) 4 2% | 97°| o8
» | e( » ) 0 34
» | afRef. 67) 0 3.0 22 25
» | a(Ref. 66) |0 |40 27 |

The counting rate capability of scintillation counters is limited
by the decay time of the scintillation. The scintillation from
liquid rare gases has two decay components of a few nano-
-seconds and a few microseconds, which correspond to the life
times of the singlet state and the triplet state of the excited
molecule, respectively. Table 6 shows both decay time cons-
tants r, and r. for scintillations from liquid argon, liquid krypton
and liquid xenon, excited by fast electrons or alpha-particles,
and the ratio between both amplitudes when the decay is expres-
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sed by A, exp (—t/n) + A, exp (—t/r.) [64-68]. The time
constants quoted in the table show small variations for the
various measurements. However, the difference in 7, in liquid
xenon excited by fast electrons and alpha-particles is caused
by recombination between electrons and ions. In the case of
electron excitation, the time required for recombination . is
longer than -, and comparable to =, in liquid xenon. So, if a
high electric field is applied, the component due to recombina-
tion does not appear. For the alpha-particle excitation, such a
slow component does not appear because the recombination
rapidly occurs due to the high density of electron-ion pairs
produced by this particle. On the other hand, in liquid argon,
this phenomenon is not seen because =, is shorter than =,
even for the electron excitation.

Recently, Kubota et al. [67] observed a decrease in the
decay times for the slow component with an addition of Xe
(>lppm), N, (~29%) or CO. (~1 %) in liquid argon excited by
fast electrons. Such a mixing effect is promissing for application
to scintillation counters with fast time response.

The scintillation yields in liquid argon and liquid xenon are
comparable to those in Nal (T1) crystals and the dE/dx-depen-
dence of the scintillation yield is smaller. Also, these liquid
scintillators have a faster time response than Nal (T1) detectors.
However, a considerable percentage of the photons emitted in
the scintillators is absorbed by surrounding materials, because
there are no good reflectors for ultraviolet photons. At present,
therefore, we can not achieve a good energy resolution by liquid
rare gas scintillators. If a wave length shifter that can be doped
into liquid rare gases without any quenching effect is found
the above difficulty may be overcome.

5.2 — Proportional scintillation

In the gas scintillation proportional counter «photon-multiplica-
tion» occurs along the path of a drifting electron in the region of
high electric field around the center wire. This is called «pro-
portional scintillation», because the intensity is proportional to
the number of electrons initially produced by ionizing radiation.
In liquid rare gases, we found that such a proportional scintilla-
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tion occurs only in liquid xenon. The photons in the propor-
tional scintillation are emitted from deexcitation of excited
molecules to the dissociative ground state, as in the direct
scintillation. The proportional scintillation is produced only in
the region very close to the surface of the center wire. There-
fore, the rise time of the scintillation is comparable to or slightly
longer than that of the direct scintillation, if the range of an incident
particle is negligibly small. Accordingly, a counting rate of 10°
counts/sec will be achievable in proportional scintillation as in
direct scintillation. These properties show that the proportional
scintillation counter is suitable as a position sensitive detector
with fast time response as well as a proportional counter. If
the gain of photon-multiplication is sufficient, furthermore, it is
expected that in principle a good energy resolution for gamma-
-rays, as determined only by the Fano factor, is achievable as
in gas proportional scintillation counters for X-ray detection [69].
This means that by the use of the proportional scintillation,
a liquid xenon gamma-ray spectrometer with a high energy
resolution, which is not affected by the electronic noise of the
preamplifier, can be developed.

From the same point of view, we measured the light gain
versus the voltage applied to the center wire for liquid xenon
proportional scintillation counters with different center wires
of 4, 6, 8.5, 10, 11 and 20 pm in diameter [28]. The results are
shown in Figure 15 as well as the curves of charge gain. From
the analysis of these results, we found that the increase in the
photon gain with the applied voltage in liquid xenon is appro-
ximately explained by assuming the linear relation between
the photon gain and the electric field strength as in gaseous
xenon; and the threshold field strength for production of photons
in liquid xenon (4 —7 X 10° V/cm) is nearly equal to the value
calculated by considering liquid xenon as gaseous xenon of
520 atm. Also, the number of photons emitted by one electron
in the proportional scintillation process was estimated to be
about five for a 20 pm wire at the applied voltage of 5 kV. This
means that if a center wire of 50 pm in diameter is used in a
proportional counter and 12 kV is applied the photon gain per
one electron is expected to be about 30 [70]. This value is large
enough to make the electronic noise effect negligible.
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6 — POSSIBILITIES OF APPLICATION TO NUCLEAR
RADIATION DETECTORS

Some possibilities of application of liquid rare gases to
nuclear radiation detectors have already been described in each
section. Here, they are summarized as a whole and some ideas
for developing liquid rare gases detectors are presented. Liquid
rare gases can be used as detector media in the following four
detector modes as in gaseous detectors; i) ionization mode,
ii) scintillation mode, iii) proportional scintillation mode and
iv) proportional ionization mode. In the modes, i) and iii) they
will be used as energy spectrometers with good energy resolu-
tion or as position sensitive detectors with good position reso-
lution for minimum ionizing particles or gama-rays. Mode
ii) will correspond to fast counters or detectors for heavy ions. In
the mode iv) they will be used only as position sensitive detec-
tors, because its signals are useful only for timing.

Now, let us consider in detail the possibilities of application
to nuclear radiation detectors of liquid argon and liquid xenon.

In liquid argon, the photon- and electron-multiplications do
not occur as mentioned before, and so, liquid argon can be used
only as detector medium in the ionization and scintillation
modes. Nevertheless, it is expected to be a good detector medium
in large size detectors, such as calorimeters for energy measu-
rement of high energy gamma-rays or high energy electrons and
time projection chambers for neutrino detection, because of its
cheapness and the easiness of its treatment. Recently, the possi-
bility of «photo-ionization detectors» in liquid phase was
suggested by Policarpo [70]. The most practical medium for this
type of detector is liquid argon doped by a small amount (~ seve-
ral ten ppm) of organic compounds with low ionization potential.
Such a liquid photo-ionization detector (LPID) is expected to have
a large detection efficiency over a wide wavelength range of ultra-
violet photons and a better position resolution than gaseous PID.

On the other hand, it is not so easy to construct a large
size liquid xenon detector as compared with liquid argon,
because of its high cost and its high sensitivity to impurities.
However, liquid xenon is suitable as detector medium for
gamma-ray detectors, because of its high atomic number and
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its high atomic density. As a gamma-ray spectrometer with
good energy resolution, a gridded ionization chamber or a pro-
portional scintillation chamber filled with liquid xenon may be
used, Also, liquid xenon is suitable as detector medium in the
drift chamber, because the drift velocity of electrons in liquid
xenon is almost constant for electric fields higher than 3 kV/cm.
If a liquid xenon proportional scintillation chamber is used with a
liquid xenon PID, we can use the detector system as a position
sensitive detector as well as an energy spectrometer for gamma-
-rays. Furthermore, it is possible to construct a kind of time pro-
jection chamber for gamma-rays by combining drift chambers and
gridded ionization techniques.

Finally, we would like to suggest a new type liquid rare
gas detector, which uses both signals of ionization and scintill-
ation. Considerable part of the scintillation from liquid rare
gases arises form recombination between electrons and ions.
In particular, this is remarkable for heavy ions. On the other
hand, only a small amount of charge produced by a heavy ion
is observable. Thus, the scintillation signal and charge signal
are complementary for heavy charged particles and it is cons-
idered that some linear combination of scintillation signal and
charge signal will be proportional to the energy of the particle.
Such a detector will be useful as a total absorption detector for
high energy heavy ions. Also, the ratio of the scintillation signal
to the charge signal depends on the kind of particle. Therefore,
such a technique may be used for particle identification of
heavy ions.
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