
PHYSICAL REVIEW B 1 MARCH 1997-IVOLUME 55, NUMBER 9
Photoionization quantum yields of organic molecules in liquid argon and xenon
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Photoionization quantum yields of organic molecules in liquid argon and xenon have been measured. The
liquid rare gases are excited bya particles, and vacuum ultraviolet photons emitted from the respective
excimer ionize the organic molecules. The quantum yields for TMA~trimethylamine! and TEA~triethylamine!
in liquid xenon are observed to be as large as 80% in contrast to much smaller values in the gases in the same
excess energy region.@S0163-1829~97!06510-7#
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I. INTRODUCTION

Rare gas liquids can approach the ideal solvent for m
organic molecules1,2 because they are not chemically
structurally disruptive and they are optically transparent
most of the vacuum ultraviolet~vuv! and in all of the ultra-
violet, visible, and infrared spectral regions. Also, they a
suitable in many kinds of radiation detectors using ionizat
and/or scintillation signals.3

Recently, many studies have been performed in high p
sure gases or condensed rare gases doped with molecu
order to study fundamental processes of photoionization
these media. Synchrotron radiation provides a powerful
useful vuv source.4 Many experiments have measured t
photoconductivity and obtained information concerning
ionization potential.5,6 However, only a few studies have de
termined the photoionization quantum yieldf in these media
because of experimental difficulties in estimating the amo
of photons absorbed. We have developed an experime
method to obtain the quantum yieldf of organic molecules
in liquid xenon7 and argon,8 using an ionization chamber an
a particles. The vuv emission from the rare gas excim
produced bya particles is used as an excitation source. Sin
the energy of ana particle is known, the amount of photon
absorbed can be determined accurately. Some values off in
liquid xenon were briefly reported previously; however,
multiwire chamber was used and the values obtained
relatively large uncertainties. Therefore, we have reinve
gated these molecules. The quantum yield is found to beh
quite differently as a function of photon energy in liqu
phase as compared with that in gas phase.

II. EXPERIMENTAL METHOD

The ionization chambers used in the experiments w
described elsewhere7–9 and therefore only briefly describe
here. Three chambers were used in a series of experimen
multiwire chamber with a MgF2 window was used for the
observation of vuv photons.7 The second chamber is a larg
550163-1829/97/55~9!/5742~7!/$10.00
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gridded ionization chamber with a Pyrex window.8 A sodium
salicylate wavelength shifter was used to observe vuv p
tons. The third chamber is a small ionization chamber mai
used to measure the photoionization yield in liquid Xe a
the energy resolution in both liquid Ar~Ref. 9! and Xe.10

The detection areas of three chambers were 15 to 40 mm
diameter and 2 to 7 mm thick.207Bi, 210Po, 252Cf, or their
mixture was deposited at the center of the cathode.

Ar and Xe gases were purified using a Ti-Ba getter pu
fier. Allene ~96.8%! was obtained from PCR Inc., TMA~tri-
methylamine! ~99.8%! from Kodak, and TEA~triethylamine!
~99.5%! from Wako-Junyaku. The organic compounds we
purified using molecular sieves. Details of the purificati
method used for the organic compounds and the gas hand
system are described in Ref. 8.

III. PHOTOIONIZATION OF DOPANTS
IN A LIQUID IONIZATION CHAMBER

The charge collection for high LET~linear energy trans-
fer! particles, such asa particles, in a liquid is inefficient
because many ions are produced in a small volume along
particle track. The recombination of ions and the relaxat
of free excitons produce the1Su

1 and 3Su
1 self-trapped ex-

citons in liquid rare gases. These self-trapped excitons de
to the 1Sg

1 repulsive ground states giving vuv photons wi
a broad structureless second emission continuum peake
128 and 175 nm~9.7 and 7.1 eV! for liquid Ar and Xe,
respectively.11 The widths of the emissions are about 0.6 a
0.5 eV FWHM ~full width at half maximum!, for condensed
argon11 and xenon,12 respectively. When a small amount o
organic molecules~1–200 ppm! are added to the liquid rare
gases, these vuv photons can ionize the doped molec
The ion pairs produced by absorption of the vuv photons
scattered in a large volume of the ionization chamber a
electrons can be collected by a relatively low electric fie
E. The charge collection in the doped liquids is increas
dramatically and this phenomenon is used as the basi
photoionization detectors for heavy ions. The photoabso
5742 © 1997 The American Physical Society
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tion cross sections and the photoionization quantum yie
f can be obtained from the difference in the charge collec
in pure and in doped liquid rare gases.

The ionization thresholdI s of a molecule is reduced in
solution. In nonpolar liquids such as alkanes and liquid r
gases,I s can be estimated by the relation,13

I s5IP1P11V0 , ~1!

where IP is the ionization potential in gas phase andV0 is
the energy of the quasifree electron at the bottom of cond
tion band of the liquid (V0520.17 and20.65 eV for argon
and xenon, respectively14!. The polarization energyP1 of
the positive ion is given by the Born equation:15

P152
e2

2r1
~12«21!. ~2!

In this classic approximation, a liquid is treated as a unifo
continuum with the optical dielectric constant« ~1.52 for
liquid argon and 1.94 for liquid xenon16!, and the positive
ion is regarded as a sphere with radiusr1 and chargee.

There are some cases which show Eq.~1! does not apply
in supercritical fluids in the low pressure region because
strong interactions between the doped molecules and
atoms.17 Even in these systemsI s values are well describe
by Eq. ~1! at high densities. Also, photoionization phenom
ena are dynamic processes because of the difference bet
the time scales of optical transitions (10216 s! and adiabatic
polarization (10212 s!. These effects are observed in nonp
lar solvents at a much lower density region (1020 atoms/
cm3) ~Refs. 18 and 19! than in liquid Ar and Xe (1022

atoms/cm3). In spite of its approximate nature, it is know
that Eq.~1! is generally found to be valid for organic mo
ecules in nonpolar liquids.20,21

It has been reported by several authors that the Born e
tion describes the polarization energy well.6,22 Messing and
Jortner23 reported that Eq.~2! shows only a 10% difference
from that obtained by a quantum-mechanical calculation
Xe1 in fluid Ar. The difficulty mainly lies in the measure
ment ofI s , V0 and the evaluation ofP1 . For example, mos
authors use an empirical power law,i (hn)5C(hn2I s)

m,
wherei is the photocurrent,C is an empirical constant, an
m55/2 or 3/2, to determineI s . The values reported forI s
coincide well because of the very sharp increase in photo
rent near the threshold.

Most authors have used the Wigner-Seitz rad
rWZ5(3/4pN)1/3, whereN is the number density of liquid
for the radius of positive ionr1 in Eq. ~2!. Recently, Katoh
et al.24 compared the van der Waals radiusrVDW
5(3VVDW/4p)1/3 andrWZ with experimental value ofr1 for
several aromatic cations in alkane solutions. The van
Waals volumeVVDW is calculated as the sum of the van d
Waals increments of all atoms in the molecule.25 They re-
ported that values ofr1 agree better withrVDW than with
rWZ for these relatively large molecules. The result impl
that the positive charge is delocalized over the whole cat

Another method to obtainr1 is to use a radiusr n derived
from the molar refraction,Mr5$(n221)/(n212)%(M /r),
wheren is the refractive index,M is the molecular weight,
andr is the density. SinceMr provides an approximate mea
sure of the actual total volume~without free space! of
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the molecules in one gram mole, we obtain,r n
5(3Mr /4pNA)

1/3, where NA is the Avogadro’s number
This formula assumes a perfect conductor for a spher
molecule. We can obtainMr from n, or, sinceMr is ideally
an additive property, we can add values ofMr assigned to
individual atoms or types of bonds.

We calculatedr n for the molecules quoted in Ref. 24 an
comparedr1 with rWZ , rVDW , andr n . For most molecules
rVDW gives the best values. The values ofrWZ seem to be too
large for these relatively large molecules. The values ofr n
are too small for most molecules except naphthalene
triphenylamine for whichr n gives the best values. Molecule
doped in liquid rare gases give somewhat larger1 values,26

andrWZ may give the best values in these systems. Howe
the measurements have large errors (60.5 Å!.26

More investigations are needed to conclude which mo
gives the best value forr1 in liquid rare gases. We do no
measureI s . We just need to estimateI s in order to know the
trend of the quantum yield as a function of the excess ene
given to the electron. Also, for small molecules the diffe
ences in the methods for calculating the radius are not la
so we userWZ here forr1 in Eq. ~2! as most authors do.

The calculated values ofI s for the molecules used in th
experiments are listed in Table I. Because of the reduction
ionization potential in solution, photons can ionize som
molecules which would not be ionized in gas phase.

The chargeQ(E) collected fora particles in doped liquid
Ar or Xe can be written as

Q~E!5Qa~E!1h8@qNi2Qa~E!#Yiso~E!1h8qNexYiso~E!,
~3!

at low concentrations of dopant where collisional proces
are negligible.8 Here the charge is measured in electro
Ni andNex are the numbers of ion pairs and excitons, resp
tively, produced by an incident particle.Ni is calculated by
dividing the energy deposited in the liquid rare gas by
W value, an average energy required to produce an ion p
We useW values of 23.6 and 15.6 eV, respectively, f
liquid Ar ~Ref. 27! and Xe,28 andNex/Ni50.21 and 0.06 for
liquid Ar and for liquid Xe, respectively.29 The first term,
Qa(E), is a contribution from direct ionization and the sat
ration characteristics fora particles in pure liquid Ar~Ref.
30! or Xe ~Ref. 10! was used. The second term is the co
tribution from recombination, and the third term is that fro
excitation. h8 is the apparent photoionization yield ex
pressed as

TABLE I. Ionization potentialIP in the gas phase and the es
mated values ofI s in liquid Ar and Xe for organic molecules use
in the experiment. The values are in eV. The ion radiir1 are in Å.

I s I s
Molecules IP r1 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
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5744 55AKIRA HITACHI et al.
h85gfvuvf, ~4!

wherefvuv is the quantum yield for vuv photon emission f
liquid Ar or Xe. We takefvuv51.7,8f is the photoionization
quantum yield of the doped molecules in question. We
sume here thatf does not depend on the external elect
field. g expresses the fraction of vuv photons absorbed in
detection area and it is determined by the value ofs and the
chamber geometry. Previously, the maximum value fog
was assumed to be12 since the ranges ofa particles in liquid
Ar and Xe are short. Nearly half the photons produced
absorbed by the cathode wall. The range ofa particles@52
and 44mm for liquid Ar and Xe, respectively, for 5.305
MeV a ’s ~Ref. 31!# are taken into consideration in th
present analysis. The energy spectra then becomes asym
ric because the absorbed photon number depends on
angle of the ejecteda particle particularly when the dopan
concentration is large. The value of the center of gravity w
compared to the experimental value.

Yiso(E) is the fraction of collected charge expected f
isolated ion pairs in an external fieldE. ForYiso(E) we sub-
stituted the value for 1 MeV electronsYb(E),

28,32 since no
experimental values are available forYiso(E) in condensed
rare gases. Generally,Yiso(E) is higher thanYb(E).

The factorq expresses the fraction of ionization and e
cited species which survive high-excitation-density quen
ing (q51 for no quenching!. The value ofq in liquid argon
was determined to be 0.71 atE50 using the scintillation and
ionization yield obtained for relativistic heavy ions33 and its
field dependence is reported in Ref. 30. A value of 0.75
taken forq in Xe ~Ref. 34! and it is assumed to be constan

The value ofs was obtained by three methods:~i! observ-
ing the change in the fraction of transmitted photons a
function of molecular concentration,~ii ! using the positive
charge effect in ionization chambers, and~iii ! measuring the
ionization yield as a function of dopant concentration a
comparing with Eq.~3!. The relative light yield with or with-
out dopant is observed in method~i!.

The charge collected with or without a grid is observed
method~ii !. In a diode chamber, the positive charge effe
reduces the charge signal due to photoionizationQPID(E),
the second and third terms in Eq.~3!, to QPID

1 (E). When
photons are emitted from a point source on a cathode
absorbed with an absorption lengthl 05@sNd#

21, where
Nd is the number of doped molecules in unit volume, w
have

QPID
1 ~E!

QPID~E!
5Echamber e2r / l0

l 0r
2

3S 12
rcosu

d DdVY Echamber e2r / l0

l 0r
2 dV,

~5!

wherer is the distance from the point source,u is the angle
of the photon emitted, andd is the distance between the tw
electrodes. Since the range ofa particles in liquid rare gase
is much smaller than the distance between the two e
trodes, we can ignore the range ofa particles here. Never
theless, we have taken the range ofa particles into accoun
in calculating the positive charge effect. Equation~5! is a
s-

e
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function of l 0 and s can be estimated by measuring th
charge collected with or without the grid.

IV. RESULTS

The data were fit to Eq.~3! and typical results for liquid
argon and xenon are shown in Figs. 1 and 2, respective
The agreement for liquid Xe is good. However, the data f
liquid Ar at low electric fields lie systematically above th
curve predicted by Eq.~3!.8 We substituted the saturation
characteristics for an isolated ion pairs by that for 1 Me
electrons. The thermalization length of electrons in co
densed rare gases is very large and the ion pair produced

FIG. 1. Collected chargeQ/Ni , whereNi is the total ionization
~in unit of electrons! for 210Po and252Cf a particles as a function of
applied electric field in pure liquid Ar and liquid Ar doped with
ethylene (L: 155;l: 200 ppm!, allene (d: 25 ppm!, TMA (j: 3
ppm!, and TEA (m: 200 ppm!. Curves give the calculated results
from Eq. ~3!. The geometry of the sensitive regions of chambe
used ared,j,m,l: 38 mmf and 4.6 mm thick;L: 15 mmf and
3.8 mm thick.

FIG. 2. Collected chargeQ/Ni , whereNi is the total ionization
~in unit of electrons! for 210Poa particles as a function of applied
electric field in pure liquid Xe and liquid Xe doped with TMA
(j: 7 ppm! and TEA (m: 1 ppm;n: 50 ppm!. Curves give the
calculated results from Eq.~3!. The geometry of the sensitive region
of the chamber used is 15 mmf and 3.8 mm thick.
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ionizing particles cannot be treated as isolated even for
minimum ionizing charged particles. Therefore, the r
curve can be higher than the predicted curve at a lowE. The
difference betweenYiso(E) andYb(E) in liquid Xe may be
small sinceYb(E) saturates faster than in Ar. An addition o
a small concentration of molecular solute in liquid rare ga
leads to an increase in the electron drift velocity35,36 even at
low concentrations.37 This effect may also lead to mor
charge collection in the low electric field region and chan
Qa(E) andYiso(E) in Eq. ~3!.

The shape ofQ(E) and consequentlyYiso(E) do not seem
to depend on the kind of dopants when the concentratio
dopant is small. This is demonstrated clearly by compar
Q(E) curves for TMA and ethylene in liquid Ar. The curve
are almost identical for TMA doping of 3 ppm and an et
ylene doping of 155 and 200 ppm in liquid Ar as shown
Fig. 1. Here, an ethylene concentration of 155 or 200 p
can be regarded as low since ethylene is a small mole
and the collisional energy transfer cross section will
small. The excess energieshn2I s are about 3 eV for TMA
and less than 0.5 eV for ethylene. Equation~3! shows that if
the product of the amount of photons absorbed andf is the
same, thenQ(E) has the same dependence onE for all mol-
ecules.

The values ofs andf for organic molecules doped i
liquid Ar and Xe are shown in Table II together with th
values reported by other groups.38,39A value ofs for TEA in
liquid Ar is missing from the table, butf can be evaluated to
certain extent without an accurate knowledge ofs as long as
most of the vuv photons are absorbed in the detection reg
With this method, measurement off is easier than that o
s. In fact, it is difficult to determine the actual concentrati
of dopants in liquid rare gases. We assume that all the m
ecules introduced into the chamber are dissolved in the
uid. However, some molecules are attached into the wa
make aggregates when their concentration becomes h
The values off obtained here are much larger than tho

TABLE II. Photoabsorption cross sections and photoionization
quantum yieldf for molecules in liquid Ar and Xe.@Small differ-
ences in some values from those reported before~Refs. 7 and 8! are
mainly due to the estimation of the fraction of photons absorbe
the detection region. See the text.# s is in units of 10218 cm2.

Ar Xe
Molecules s f s f

Ethylene 7 .0.30a

7 b

Allene 25 0.60
52d

Trimethylamine 50 0.30 40 0.80
Triethylamine 0.20c 40 0.80
Tetramethylgermanium 147d

aSome vuv photons from liquid argon are not absorbed due to
high IP of ethylene. The value off is a lower limit.
bReference 39. The value is calculated from the photoabsorp
length.
cs was assumed to be about the same as that for trimethylami
dReference 38. The values are calculated from the photoabsor
length reported at 10 ppm.
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reported in the gas phase.40–44 Particularly f values for
TMA and TEA in liquid Xe are as large as 80%.

Values off in liquid Ar and Xe are plotted as a functio
of the excess energy,hn2I s , of the ejected electron in Fig
3. We can observe thatf decreases with increasing exce
energy except for ethylene. Since theIP for ethylene is high,
some vuv photons in the broad Ar emission spectrum esc
without being absorbed by the ethylene and therefore lim
the increase in charge collected. In fact, we observed s
light even at high concentrations of ethylene. The exc
energy dependence off observed in liquid rare gases is ve
different from that reported in gas phase. Generallyf in-
creases slowly with energy in gas phase as discussed in
section.

Anderson45 has observed the photoionization effect f
many organic compounds in liquid Ar. The value off can-
not be determined from his early data since the organic c
pounds were not purified. However, the increase in cha
collected for doped liquid Ar shows an interesting tren
Those molecules that show large photoionization effects t
to have small excess energies. His results are in accord
our measurements.

V. DISCUSSION

The shape ofQ(E) as a function ofE does not depend on
the kind of molecules added to liquid rare gases. The va
of Yiso(E) in Eq. ~3! strongly depends on the ratio of th
thermalization distance to the Onsager radius. An ejec
electron loses its energy by collisions. The energy loss p
cesses for photoionized electrons in liquid rare gases are
efficient and most of the thermalization time is spent in t
very low energy region. Therefore the thermalization d
tance does not strongly depend on the excess energy and
determined mainly by inefficient elastic scattering at an
ergy much lower than 1 eV in contrast to organic liquid
Also, the thermalization distance is much longer than
Onsager radius in liquid rare gases. As a result, the frac
of electrons collected as a function ofE can be independen
of the kind of molecules doped in liquid rare gases. The

FIG. 3. Photoionization quantum yield obtained for molecules
liquid argon and xenon as a function of excess energy available
the ejected electron.
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fore the values ofYiso(E) in Eq. ~3! are almost the same fo
all doped molecules. We also have the same dependen
Q(E) on E for most molecules. The difference inQ(E) for
doped molecules appears through the differences in phot
sorption length andf.

Schmidtet al.46 reported a strong dependence of ‘‘qua
tum’’ yields of photoionization on the excess energy in h
drocarbon solutions. The results show that the yield increa
with the excess energy. However, values reported are
overall ionization yields,fYiso(E), the number of separate
charges divided by the number of photons absorbed.
overall ionization yield in organic solutions is relative
small and is dominated by the germinate recombination
electrons and ions because the thermalization length in m
organic liquids is generally shorter than the Onsager rad
As the excess energy increases, the thermalization lengt
creases and as a result the ‘‘apparent’’ ionization yield
creases.

A general trend off as the function of photon energy i
gas phase is thatf is small near the ionization threshold an
increases gradually with photon energy.f reaches close to
unity at about twice the ionization energy. Koizumiet al.47

have measuredf for many organic compounds. They re
ported that the ionization yield curve as a function of ex
tation photon energyhn depends on the energy differenc
DI 1,2 between the first and second ionization potentials.
molecules with large DI 1,2, alkenes and ether
@DI 1,252.2–2.6 eV ~Ref. 48!#, the ionization yield curve
shows a peak or shoulder in the energy region just above
threshold and begins to increase again with increasing
photon energy near the second threshold. For molecules
small DI 1,2, cyclopropane and cyclohexan
(DI 1,250.6–0.7 eV!, the curves have no peak or should
but increase monotonically. Ethylene and TMA have lar
DI 1,2 @2.3–4 eV~Ref. 48!# and therefore belong to the forme
group. Thef curve for ethylene in the gas phase has a sho
der at about 2 eV above theIP.41 Thef curves for TMA and
TEA show a peak at,1 eV above theIP.40 On the other
hand, allene withDI 1,2;0.5 eV belongs to the latter.

The values off for TMA and TEA obtained in liquid Ar
are similar or larger than those in the gas phase. The va
for allene and ethylene are very large if one considers
fact that the photon energy is close to or almost the sam
I s . The large values of about 0.8 measured for TMA a
TEA in liquid Xe are quite exotic and require a new exp
nation.

The ionization yield in a gas is determined by the com
tition between ionization and dissociation to neutral pro
ucts. Reductions in photodissociation quantum yield h
been observed in the liquid rare gases49 and also in mixed
rare gas halogen clusters.50 These phenomena51,52have been
discussed in terms of a cage effect. For example, Schri
et al.53 reported the cage effect for the abstraction of a
atom from H2O in Ar matrices. They reported an addition
barrier of 1.8 eV due to the matrix cage for the perman
dissociation of H2O into OH and H. The fragments reco
from their solvent neighbors with a high probability an
recombine.49 The excess energy is expended as heat.

The cage effect can also influence photoionization. If
superexcited dissociative state can find a path that lead
ionization while trapped in the cage, there will be high
of
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values off in the condensed media. The values off for
TMA and TEA in liquid Xe are much larger than those
liquid Ar. The molecular weights for TMA and TEA are 5
and 101, respectively, and they are between those of
(A540) and Xe (A5131). Allene has the same weight a
Ar and has a largerf than heavier molecules such as TM
and TEA in liquid Ar. These facts support the cage effe
The excess energy dependence observed here may be a
ent. Generally, a small molecule has a largerIP than a large
molecule. Therefore, the excess energy dependence ca
due to the molecular weight dependence.

Recently, Hasegawaet al.54 have measuredf for TMA in
Xe doped liquid Ar. The idea was to ionize TMA by vu
photons whose energy is close to that in liquid Xe. Th
expected a largef in liquid Ar by assuming the similar
photon energy dependence off as that in liquid Xe. The
photon energy shifts from Ar emission to Xe emission
adding Xe into condensed Ar.11 However, they did not ob-
serve any enhancement off by adding Xe in liquid Ar.

Another explanation for the large value off for TMA
and TEA is due to Rydberg states. TheIP becomes lower as
the density of the gas increases towards its value in solu
I s . This shift of the ionization potential results in progre
sively more and more of the higher-lying states of the is
lated molecule becoming autoionizing~superexcited!.5 How-
ever, it is difficult to explain the excess energy depende
of f. This model should give a largef for higher excess
energy.

The ionization quantum yield due to collisional ener
transfer is reported to be slightly larger than that due
photoexcitation in the gas phase.55 One may think the large
values off obtained in liquid rare gases is due to collision
processes. The energy transfer in condensed rare gase
also take place by collisional mechanisms. The rate for c
lisional energy transfer can be estimated56 for ‘‘free’’ exciton
dynamic motion or self-trapped exciton diffusion controlle
mechanism. These processes can occur when the conce
tion of dopant is high (.10 ppm! for the triplet state of
liquid Ar depending on the reaction rate constants.

The collisional process has an effect on the satura
characteristics. The charge distribution due to collisional io
ization may not be advantageous for charge collection.
pairs produced by the collisional energy transfer will be d
tributed near the particle track. The diffusion length f
the Ar2(

3Su
1) state is about 1000 Å and those for th

Ar 2(
1Su

1), Xe2(
1Su

1), and Xe2(
3Su

1) states are only a few
hundred Å. These ranges are much shorter than the rang
the a track ~40–50 mm!. The charge distribution can b
regarded as cylindrical. The collection of charges distribu
in a cylindrical geometry is less efficient than that for is
lated ion pairs. Also, the excitation density ofa particles is
high. Therefore the charge collected should increase w
field strength much slower than those obtained for elect
excitationYb(E). On the other hand, experimental evidenc
particularly in liquid Ar, shows an upward deviation from
Eq. ~3! at a lowE. This result suggests that the contributio
from collisional ionization is small.

VI. CONCLUSIONS

~a! Quantum yields for photoionization in liquid rar
gases as a function of the excess energy available for
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ejected electron show a sharp contrast to that reported in
phase.~b! The quantum yields obtained for TMA and TEA
in liquid Xe are as large as 0.8 in spite of the excess ene
being only 1 eV. Allene has the largest yield reported so
in liquid Ar with an excess energy of also about 1 eV. Th
large values off obtained in liquid rare gases may be attrib
uted to the cage effect.~c! The saturation characteristics
Yiso(E) reflected uponQ(E) in Eq. ~3!, for dopant ionization
in the liquid rare gases do not depend very much on t
excess energy which is contrary to that reported in orga
liquids. The reason may be that the thermalization length
.

.

n

.

.

.

.

as

y
r

e
ic
n

condensed rare gases is very large and determined mainly
inefficient elastic scattering at energies much lower than
eV.
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