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Photoionization quantum yields of organic molecules in liquid argon and xenon

Akira Hitachi
Department of Physics, Kochi Medical School, Oko-cho, Nankoku-shi, Kochi 783, Japan

Hideo Ichinose, Jun Kikuchi, and Tadayoshi Doke
Advanced Research Institute for Science and Engineering, Waseda University, Shinjuku-ku, Tokyo 169, Japan

Kimiaki Masuda and Eido Shibamura
Saitama College of Health, Kamiokubo, Urawa-shi, Saitama 338, Japan
(Received 1 May 1996

Photoionization quantum yields of organic molecules in liquid argon and xenon have been measured. The
liquid rare gases are excited hy particles, and vacuum ultraviolet photons emitted from the respective
excimer ionize the organic molecules. The quantum yields for TiMifnethylaming and TEA (triethylaming
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 regiopS0163-1827)06510-7

I. INTRODUCTION gridded ionization chamber with a Pyrex wind8w sodium
salicylate wavelength shifter was used to observe vuv pho-
Rare gas liquids can approach the ideal solvent for manyons. The third chamber is a small ionization chamber mainly
organic moleculés’ because they are not chemically or used to measure the photoionization yield in liquid Xe and
structurally disruptive and they are optically transparent inthe energy resolution in both liquid ARef. 9 and xel®
most of the vacuum ultravioléivuv) and in all of the ultra- The detection areas of three chambers were 15 to 40 mm in
violet, visible, and infrared spectral regions. Also, they arediameter and 2 to 7 mm thick°Bi, ?'%o, Cf, or their
suitable in many kinds of radiation detectors using ionizationrmixture was deposited at the center of the cathode.
and/or scintillation signal$. Ar and Xe gases were purified using a Ti-Ba getter puri-
Recently, many studies have been performed in high predier. Allene (96.8%9 was obtained from PCR Inc., TM&ri-
sure gases or condensed rare gases doped with moleculesnirethylaming (99.8%9 from Kodak, and TEAtriethylaming
order to study fundamental processes of photoionization i199.5% from Wako-Junyaku. The organic compounds were
these media. Synchrotron radiation provides a powerful angurified using molecular sieves. Details of the purification
useful vuv sourc&.Many experiments have measured themethod used for the organic compounds and the gas handling
photoconductivity and obtained information concerning thesystem are described in Ref. 8.
ionization potentiaf:® However, only a few studies have de-
termined the photoionization quantum yieldn these media
because of experimental difficulties in estimating the amount
of photons absorbed. We have developed an experimental
method to obtain the quantum yieltl of organic molecules The charge collection for high LETlinear energy trans-
in liquid xenorl and argorf using an ionization chamber and fer) particles, such as particles, in a liquid is inefficient
a particles. The vuv emission from the rare gas excimebecause many ions are produced in a small volume along the
produced by particles is used as an excitation source. Sinceparticle track. The recombination of ions and the relaxation
the energy of amx particle is known, the amount of photons of free excitons produce th& and 33} self-trapped ex-
absorbed can be determined accurately. Some valugsmof  citons in liquid rare gases. These self-trapped excitons decay
liquid xenon were briefly reported previously; however, ato the 12* repulsive ground states giving vuv photons with
multiwire chamber was used and the values obtained hag broad structureless second emission continuum peaked at
relatively large uncertainties. Therefore, we have reinvesti128 and 175 nm(9.7 and 7.1 eV for liquid Ar and Xe,
gated these molecules. The quantum yield is found to behav@spectively*! The widths of the emissions are about 0.6 and
quite differently as a function of photon energy in liquid 0.5 eV FWHM (full width at half maximum), for condensed

Ill. PHOTOIONIZATION OF DOPANTS
IN A LIQUID IONIZATION CHAMBER

phase as compared with that in gas phase. argort! and xenont? respectively. When a small amount of
organic molecule$1—-200 ppm are added to the liquid rare
Il. EXPERIMENTAL METHOD gases, these vuv photons can ionize the doped molecules.

The ion pairs produced by absorption of the vuv photons are

The ionization chambers used in the experiments werscattered in a large volume of the ionization chamber and
described elsewhef@ and therefore only briefly described electrons can be collected by a relatively low electric field
here. Three chambers were used in a series of experiments.A The charge collection in the doped liquids is increased

multiwire chamber with a Mgk window was used for the dramatically and this phenomenon is used as the basis of
observation of vuv photor’sThe second chamber is a large photoionization detectors for heavy ions. The photoabsorp-
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tion cross sectior and the photoionization quantum yield  TABLE I. lonization potentiall P in the gas phase and the esti-
¢ can be obtained from the difference in the charge collecte¢hated values of; in liquid Ar and Xe for organic molecules used

in pure and in doped liquid rare gases. in the experiment. The values are in eV. The ion radiiare in A.
The ionization thresholdg of a molecule is reduced in

solution. In nonpolar liquids such as alkanes and liquid rare s ks

gases]s can be estlmated by the relatlb’h, Molecules IP r, n |IQUId Ar n ||qU|d Xe
I .=IP+P, +V,, 1) Ethylene 1051 261 9.4 8.5

Allene 9.53 2.82 8.5 7.6
wherelP is the ionization potential in gas phase aviglis  Trimethylamine 7.82 3.28 6.9 6.1
the energy of the quasifree electron at the bottom of conducfriethylamine 750 3.81 6.7 5.9

tion band of the liquid Yy,= —0.17 and—0.65 eV for argon
and xenon, respectivef). The polarization energp. of

the positive ion is given by the Born equatibh: the molecules in one gram mole, we obtaim,
o2 =(3M,/4mN,) 3, where N, is the Avogadro’s number.
P,=——(1—-¢7 1. (2)  This formula assumes a perfect conductor for a spherical
2r, molecule. We can obtail, from n, or, sinceM, is ideally

In this classic approximation, a liquid is treated as a uniform@n additive property, we can add valuesMf assigned to
continuum with the optical dielectric constast(1.52 for  individual atoms or types of bonds. .
liquid argon and 1.94 for liquid xendf), and the positive We calculat_edn for the molecules quoted in Ref. 24 and
ion is regarded as a sphere with radiusand chargee. compared , with ryz, rypw, andr,. For most molecules
There are some cases which show B.does not apply 'vow gives the best \_/alues. The values gf, seem to be too
in supercritical fluids in the low pressure region because ofarge for these relatively large molecules. The values of
strong interactions between the doped molecules and hodf€ to0 small for most molecules except naphthalene and
atoms!’ Even in these systenis values are well described triphenylamine for whiclr, gives the best values. Molecules
by Eq. (1) at high densities. Also, photoionization phenom-doped in liquid rare gases give somewhat largevalues?®
ena are dynamic processes because of the difference betwedir wz may give the best values in these systems. However,
the time scales of optical transitions (26 s) and adiabatic the measurements have large errats(5 A).*® .
polarization (10'2's). These effects are observed in nonpo- More investigations are needed to conclude which model
lar solvents at a much lower density region {d@atoms/  gives the best value far, in liquid rare gases. We do not
cm3) (Refs. 18 and 19than in liquid Ar and Xe (1& measurdg. We just negd to estlmatgln order to know the
atoms/cn?). In spite of its approximate nature, it is known trend of the quantum yield as a function of the excess energy
that Eq.(1) is generally found to be valid for organic mol- 9iven to the electron. Also, for small molecules the differ-

ecules in nonpolar liquid®? ences in the methods for calculating the radius are not large,
It has been reported by several authors that the Born equ&® We Use&'y here forr . in Eq. (2) as most authors do.
tion describes the polarization energy wiif. Messing and The calculated values df for the molecules used in the

Jortnef® reported that Eq(2) shows only a 10% difference €xperiments are listed in Table I. Because of the reduction of
from that obtained by a quantum-mechanical calculation fofonization potential in solution, photons can ionize some
Xe™ in fluid Ar. The difficulty mainly lies in the measure- Molecules which would not be ionized in gas phase.
ment ofl 5, Vg and the evaluation d?., . For example, most ~ The chargeQ(E) collected fora particles in doped liquid
authors use an empirical power law(hr)=C(hv—1g)™,  Ar or Xe can be written as
wherei is the photocurrentC is an empirical constant, and
m=>5/2 or 3/2, to determinés. The values reported fdrg , ,
coincide well because of the very sharp increase in photocu2(E) = Qa(E) T 7 [aNi = Qa(E)]Yiso(E) + 7" A NexYisol E()S,
rent near the threshold. )
Most authors have used the Wigner-Seitz radius
rwz=(3/4wN)¥3 whereN is the number density of liquid, at low concentrations of dopant where collisional processes
for the radius of positive iom, in Eq. (2). Recently, Katoh are negligiblé Here the charge is measured in electrons.
etal®® compared the van der Waals radius,py N; andN,, are the numbers of ion pairs and excitons, respec-
=(3Vypw/4m)® andr,; with experimental value of . for tively, produced by an incident particl®l; is calculated by
several aromatic cations in alkane solutions. The van dedividing the energy deposited in the liquid rare gas by the
Waals volumeV,py is calculated as the sum of the van der W value, an average energy required to produce an ion pair.
Waals increments of all atoms in the molectiélhey re- We useW values of 23.6 and 15.6 eV, respectively, for
ported that values of , agree better with'\py, than with  liquid Ar (Ref. 27 and Xe?® andN,,/N;=0.21 and 0.06 for
rwz for these relatively large molecules. The result impliesliquid Ar and for liquid Xe, respectively® The first term,
that the positive charge is delocalized over the whole cationQ (E), is a contribution from direct ionization and the satu-
Another method to obtain, is to use a radius, derived ration characteristics fosr particles in pure liquid Ar(Ref.
from the molar refractionM,={(n?—1)/(n*>+2)}(M/p), 30) or Xe (Ref. 10 was used. The second term is the con-
wheren is the refractive indexM is the molecular weight, tribution from recombination, and the third term is that from
andp is the density. Sinc#, provides an approximate mea- excitation. »’ is the apparent photoionization yield ex-
sure of the actual total voluméwithout free spaceof  pressed as
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7],:g¢vuv¢a (4) 50 ————TrrT ——e— T ——
where,,,, is the quantum yield for vuv photon emission for _ allene(25ppm) / n.06(:/2 .o woss T=0R/
liquid Ar or Xe. We takes,,,= 1.8 ¢ is the photoionization % | o« * S aaone’™ -~
guantum vyield of the doped molecules in question. We as-§ o TMAGEPm) o ..999—""&“,‘
sume here thaty does not depend on the external electric g wiytons § T A AT
field. g expresses the fraction of vuv photons absorbed in the% 10 & (155ppm) o ™ r=0.22/2 1
detection area and it is determined by the value @nd the f0PP7A Crpa 200ppm)

chamber geometry. Previously, the maximum value dor
was assumed to besince the ranges af particles in liquid
Ar and Xe are short. Nearly half the photons produced ar
absorbed by the cathode wall. The rangenoparticles[52
and 44 um for liquid Ar and Xe, respectively, for 5.305
MeV «o’'s (Ref. 3)] are taken into consideration in the 1 e 1' i '1'0 "
present analysis. The energy spectra then becomes asymmet- ELECTRIC FIELD B (kV/em)
ric because the absorbed photon number depends on the
angle of the ejected particle particularly when the dopant  F|G. 1. Collected charg®/N;, whereN,; is the total ionization
concentration is large. The value of the center of gravity wasin unit of electrongfor 290 and?>*Cf « particles as a function of
compared to the experimental value. applied electric field in pure liquid Ar and liquid Ar doped with
Yiso(E) is the fraction of collected charge expected forethylene © : 155; ¢ : 200 ppm), allene @: 25 ppm), TMA (H: 3
isolated ion pairs in an external fiekel For Yis(E) we sub-  ppm), and TEA (A: 200 ppm. Curves give the calculated results
stituted the value for 1 MeV electronsﬁ(E),Z&32 since no  from Eq. (3). The geometry of the sensitive regions of chambers
experimental values are available fg(E) in condensed used ard® M, A, ¢ :38 mmg and 4.6 mm thick;0 : 15 mmg and
rare gases. Generally;so(E) is higher thanY z(E). 3.8 mm thick.
The factorq expresses the fraction of ionization and ex- ) ) )
cited species which survive high-excitation-density quenchfunction of I and o can be estimated by measuring the
ing (=1 for no quenching The value ofq in liquid argon ~ charge collected with or without the grid.
was determined to be 0.71 &t 0 using the scintillation and
ionization yield obtained for relativistic heavy ioti®nd its IV. RESULTS
field dependence is reported in Ref. 30. A value of 0.75 is
taken forq in Xe (Ref. 39 and it is assumed to be constant.
The value ofo was obtained by three methodi: observ-
ing the change in the fraction of transmitted photons as

CO(I..DLECTED CH

Pure Liq. Ar

The data were fit to Eq3) and typical results for liquid
argon and xenon are shown in Figs. 1 and 2, respectively.
The agreement for liquid Xe is good. However, the data for
Eﬁquid Ar at low electric fields lie systematically above the

fL;]ncnon ?ff mplepul_ar gonc%ntragomu) using the posm\r/]e curve predicted by Eq(3).2 We substituted the saturation
charge effect in lonization chambers, aliid) measuring the  oharacteristics for an isolated ion pairs by that for 1 MeV
ionization yield as a function of dopant concentration and

X . o . ; ; electrons. The thermalization length of electrons in con-
comparing with Eq(3). The relative light yield with or with-  yenseq rare gases is very large and the ion pair produced by
out dopant is observed in methdd.

The charge collected with or without a grid is observed in

93PRF2

method(ii). In a diode chamber, the positive charge effect 0 e T
reduces the charge signal due to photoionizatsi(E), [ oss/2 T.Efffp.‘).'f'.)lA BPPYVC T
the second and third terms in E(B), to Qpp(E). When g Z,;):mn By TMA (Tppm) i
photons are emitted from a point source on a cathode anck” i JUSRETSE -
absorbed with an absorption length=[oN4] 1, where z ke Ak aA
N4 is the number of doped molecules in unit volume, we % 10 | n’A=0~28/2 A TEA(1ppm) .
have E - ]
Q;ID(E) Jchamber e*r”o é i :
—_— — -— Q
Qpin(E) lor o .
8 Pure Liq. Xe
rcosy chamber @~ "'lo Q
1- J dv f IOTdV'
l 1 L L 1| L L 1 TR B B |
(5) 0.1 1 10 20

. . . . ELECTRIC FIELD E (kV/cm)
wherer is the distance from the point souragjs the angle

of the photon emitted, andlis the distance between the W0 ki 2. Collected charg@!/N; , whereN; is the total ionization
electrodes. Since the range @fparticles in liquid rare gases (in unit of electrons for %o a particles as a function of applied
is much smaller than the distance between the two eleGsiectric field in pure liquid Xe and liquid Xe doped with TMA
trodes, we can ignore the range @fparticles here. Never- (m: 7 ppm and TEA (A: 1 ppm;A: 50 ppn). Curves give the
theless, we have taken the rangecoparticles into account calculated results from E¢B). The geometry of the sensitive region
in calculating the positive charge effect. Equati@ is a  of the chamber used is 15 mgrand 3.8 mm thick.
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TABLE Il. Photoabsorption cross sectienand photoionization

93PRF3

guantum vyield¢ for molecules in liquid Ar and XelSmall differ- 1.0 T T T T T T
ences in some values from those reported befl@efs. 7 and Bare a B in Lig. Ar (open symbols) |
mainly due to the estimation of the fraction of photons absorbed in @ 08 L T™A inLiq. Xe (closed symbols) |
the detection region. See the tdxt is in units of 1018 cm?. ; ) TEA
E - _
Ar Xe Z o6} .
Molecules o o o ) 5 Allene
i B ]
Ethylene 7 >0.302 8 04 n
7b N TMA
Allene 25 0.60 g Ethyl |
52¢ I —F— -
TEA
Trimethylamine 50 0.30 40 080 Z . .
Triethylamine 0.20 40 0.80 0 ; ! L ) !
Tetramethylgermanium 147 0 0.5 1.0 1.5 2.0 25 3.0 3.5

EXCESS ENERGY (eV)

a8Some vuv photons from liquid argon are not absorbed due to the
high IP of ethylene. The value op is a lower limit. FIG. 3. Photoionization quantum yield obtained for molecules in

bReference 39. The value is calculated from the photoabsorptiofduid argon and xenon as a function of excess energy available for
length. the ejected electron.
‘o was assumed to be about the same as that for trimethylamine.

dReference 38. The values are calculated from the photoabsorptidigPorted in the gas pha8&:** Particularly ¢ values for
length reported at 10 ppm. TMA and TEA in liquid Xe are as large as 80%.

Values of¢ in liquid Ar and Xe are plotted as a function
ionizing particles cannot be treated as isolated even for thef the excess energhv— I, of the ejected electron in Fig.
minimum ionizing charged particles. Therefore, the real3. We can observe that decreases with increasing excess
curve can be higher than the predicted curve at aBowhe  energy except for ethylene. Since tte for ethylene is high,
difference betweelYis(E) andY4(E) in liquid Xe may be  some vuv photons in the broad Ar emission spectrum escape
small sinceY 4(E) saturates faster than in Ar. An addition of without being absorbed by the ethylene and therefore limits
a small concentration of molecular solute in liquid rare gaseshe increase in charge collected. In fact, we observed some
leads to an increase in the electron drift velotifif even at  light even at high concentrations of ethylene. The excess
low concentrationd’ This effect may also lead to more energy dependence gf observed in liquid rare gases is very
charge collection in the low electric field region and changedifferent from that reported in gas phase. Generallyn-
Q.(E) andYo(E) in Eq. (3). creases slowly with energy in gas phase as discussed in next

The shape of(E) and consequentlys(E) do not seem section.
to depend on the kind of dopants when the concentration of Andersof® has observed the photoionization effect for
dopant is small. This is demonstrated clearly by comparingnany organic compounds in liquid Ar. The value ¢fcan-
Q(E) curves for TMA and ethylene in liquid Ar. The curves not be determined from his early data since the organic com-
are almost identical for TMA doping of 3 ppm and an eth- pounds were not purified. However, the increase in charge
ylene doping of 155 and 200 ppm in liquid Ar as shown incollected for doped liquid Ar shows an interesting trend.
Fig. 1. Here, an ethylene concentration of 155 or 200 ppn¥hose molecules that show large photoionization effects tend
can be regarded as low since ethylene is a small molecul® have small excess energies. His results are in accord with
and the collisional energy transfer cross section will beour measurements.
small. The excess energibs— | are about 3 eV for TMA
and less than 0.5 eV for ethylene. Equati8hshows that if
the product of the amount of photons absorbed @nid the
same, thei@Q(E) has the same dependencebbifor all mol- The shape 0Q(E) as a function oE does not depend on
ecules. the kind of molecules added to liquid rare gases. The value

The values ofo and ¢ for organic molecules doped in of Y;,,(E) in Eqg. (3) strongly depends on the ratio of the
liqguid Ar and Xe are shown in Table Il together with the thermalization distance to the Onsager radius. An ejected
values reported by other groups>°A value of o for TEAin  electron loses its energy by collisions. The energy loss pro-
liquid Ar is missing from the table, bup can be evaluated to cesses for photoionized electrons in liquid rare gases are in-
certain extent without an accurate knowledgerdds long as  efficient and most of the thermalization time is spent in the
most of the vuv photons are absorbed in the detection regiowvery low energy region. Therefore the thermalization dis-
With this method, measurement df is easier than that of tance does not strongly depend on the excess energy and it is
o. In fact, it is difficult to determine the actual concentration determined mainly by inefficient elastic scattering at an en-
of dopants in liquid rare gases. We assume that all the molergy much lower than 1 eV in contrast to organic liquids.
ecules introduced into the chamber are dissolved in the ligAlso, the thermalization distance is much longer than the
uid. However, some molecules are attached into the wall o©nsager radius in liquid rare gases. As a result, the fraction
make aggregates when their concentration becomes highf electrons collected as a function Bfcan be independent
The values of¢ obtained here are much larger than thoseof the kind of molecules doped in liquid rare gases. There-

V. DISCUSSION
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fore the values offis,(E) in Eq. (3) are almost the same for Values of¢ in the condensed media. The valuesdffor -
all doped molecules. We also have the same dependence BMA and TEA in liquid Xe are much larger than those in
Q(E) on E for most molecules. The difference @(E) for  liquid Ar. The molecular weights for TMA and TEA are 59

doped molecules appears through the differences in photoagd 101, respectively, and they are between those of Ar
sorption length and. (A=40) and Xe A=131). Allene has the same weight as

Schmidtet al“® reported a strong dependence of “quan-Ar and has a large# than heavier molecules such as TMA

tum” yields of photoionization on the excess energy in hy_and TEA in liquid Ar. These facts support the cage effect.

drocarbon solutions. The results show that the yield increase-léhe excess energy dependence observed here may be appar-
%nt. Generally, a small molecule has a larferthan a large

with the excess energy. However, values reported are th lecul heref h d d b
overall ionization yieldsgYso( E), the number of separated molecule. Therefore, the excess energy dependence can be
IS\ =7 due to the molecular weight dependence.

charges divided by the number of photons absorbed. The Recently, Hasegawet al> have measureg for TMA in

overall |on!zat|on_y|eld in organic splutlons is rglatl_vely ¥(e doped liquid Ar. The idea was to ionize TMA by vuv
small and is dominated by the germinate recombination o

electrons and ions because the thermalization length in mogpotons whose energy is close to that in liquid Xe. They

organic liquids is generally shorter than the Onsager radiusexr)emed a largep in liquid Ar by assuming the similar

As the excess energy increases, the thermalization length iH—hOton energy de_pendence ¢t as th_at in liquid X_e. The
photon energy shifts from Ar emission to Xe emission by

g:ggzgz and as a result the “"apparent ionization yield "Nadding Xe into condensed At.However, they did not ob-
A general trend ofp as the function of photon energy in serve any enhancement gfby adding Xe in liquid Ar.

gas phase is that is small near the ionization threshold and an:q'oEtReirs ZEZI?Q?REIO(;L;T tsrzgttlazrgﬁrg?algsoﬂefgrlol—v'\glr/-\as
increases gradually with photon energy.reaches close to Y 9 :

unitv at about twice the ionization ener Koizueti al*7 the density of the gas increases towards its value in solution
havg measureds for many organic corr?gbunds TheS/ re- Is. This shift of the ionization potential results in progres-
ported that the ionization yield curve as a function of exci-S'VeIy more and more of the higher-lying states of the iso-

tation photon energhv depends on the energy difference lated molecule becoming autoionizifguperexcitefi’ How

Al , between the first and second ionization potentials. For'ch itis difficult to explain the excess energy dependence

molecules with large Al,, alkenes and ethers g;:&ré;’ms model should give a largé for higher excess
[Al1,=2.2-2.6 eV(Retf. 4_8]’ the lonization y|_eld curve The ionization quantum yield due to collisional energy
shows a peak or shoulder in the energy region just above tl}e

threshold and begins to increase again with increasing th [ansfer is reported to be slightly larger than that due to

photon energy near the second threshold. For molecules Wnﬁhotoexcnatmn n th? gas 'pha§e:ne may think the Igrge
values of¢ obtained in liquid rare gases is due to collisional
small Al o, cyclopropane and cyclohexane

processes. The energy transfer in condensed rare gases can
also take place by collisional mechanisms. The rate for col-
Sisional energy transfer can be estimafddr “free” exciton
dynamic motion or self-trapped exciton diffusion controlled
mechanism. These processes can occur when the concentra-
tion of dopant is high £10 ppm for the triplet state of
liquid Ar depending on the reaction rate constants.
: T The collisional process has an effect on the saturation
Th_e \_/alues okp for TMA and TEA obtained in liquid Ar characteristics. Thgcharge distribution due to collisional ion-
are similar or larger than those in the gas phase. T_he Valu‘?fation may not be advantageous for charge collection. lon
for allene and ethylene are very large if one considers the ;s hroduced by the collisional energy transfer will be dis-
fact that the photon energy is close to or almost the same 4§y, oq near the particle track. The diffusion length for

ls. The large values of about 0.8 measured for TMA andy, . Ary(33 ) state is about 1000 A and those for the
TEA in liquid Xe are quite exotic and require a new EXpIa'Ar2(12+) >u(e2(12+) and Xe,(®3) states are only a few
u/’ u/s u

nation.
The ionization yield in a gas is determined by the compe-hundrEd A. These ranges are much shorter than the range of

tition between ionization and dissociation to neutral prod—the o track (4050 um). The charge distribution can be

ucts. Reductions in photodissociation quantum yield havéegarded as cylindrical. The collection of charges distributed
been observed in the liquid rare gdeand also in mixed In a cylindrical geometry is less efficient than that for iso-

rare gas halogen clustéi$These phenome®h®2have been Ia_ted ion pairs. Also, the excitation density @fparticles is _
discussed in terms of a cage effect. For example, Schriev gh. Therefore the charge collected should increase with

et al>® reported the cage effect for the abstraction of a H |eld_ st_rength much slower than those obt'ained for glectron
atom from H,O in Ar matrices. They reported an additional ex0|_tat|onYﬁ_(E)_. On the other hand, expenment_al _ewdence,
barrier of 1.8 eV due to the matrix cage for the permanen articularly in liquid Ar, shows an upward dewanon frqm
dissociation of HO into OH and H. The fragments recoll g.(3) at_ a IOW'.E' 'I.'h|s. res.ult suggests that the contribution
from their solvent neighbors with a high probability and from collisional ionization is small.
recombine®® The excess energy is expended as heat.

The cage effect can also influence photoionization. If the
superexcited dissociative state can find a path that leads to (a) Quantum yields for photoionization in liquid rare
ionization while trapped in the cage, there will be highergases as a function of the excess energy available for the

Al ,[2.3—-4 eV(Ref. 48] and therefore belong to the former
group. Theg curve for ethylene in the gas phase has a shoul
der at about 2 eV above the.*! The ¢ curves for TMA and
TEA show a peak a1 eV above thd P.%° On the other
hand, allene withAI, ,~0.5 eV belongs to the latter.

VI. CONCLUSIONS
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ejected electron show a sharp contrast to that reported in ga®ndensed rare gases is very large and determined mainly by
phase.(b) The quantum yields obtained for TMA and TEA inefficient elastic scattering at energies much lower than 1
in liquid Xe are as large as 0.8 in spite of the excess energgV.

being only 1 eV. Allene has the largest yield reported so far

in liquid Ar with an excess energy of also about 1 eV. The

large values ofp obtained in liquid rare gases may be attrib- ACKNOWLEDGMENTS

uted to the cage effectc) The saturation characteristics,

Yiso( E) reflected upo@Q(E) in Eq. (3), for dopant ionization We thank Dr. K. Nakagawa and Dr. R. Katoh for their
in the liquid rare gases do not depend very much on thédelpful discussions on the ion radius and the ionization po-
excess energy which is contrary to that reported in organitential in solution. We are grateful to Dr. J. A. LaVerne for
liguids. The reason may be that the thermalization length irhis careful reading of the manuscript.

“Present address: Toshiba Corporation, Shibaura, Minato-ku, To- 483(1983; R. A. Holroyd, J. M. Preses, E. H."Boher, and W.

kyo 105, Japan. F. Schmidt, J. Phys. Cheri8, 744(1984.
1p. M. Rentzepis and D. C. Douglass, Nat@gs, 165 (1981). 23|, Messing and J. Jortner, Chem. Phgd, 183 (1977).
2D. Jones, New Scil3, 16 (1984. 24R. Katoh, K. Lacmann, and W. F. Schmidt, Z. Phys. Ch&80,
3T. Doke, Port. Phys12, 9 (1981); Nucl. Instrum. Method<.96, 193 (1995.

87 (1982. 25). T. Edward, J. Chem. Ed7, 261 (1970.

4Y. Hatano, inDynamics of Excited Moleculgsedited by K. Ku-  2°R. Reininger, V. Saile, P. Laporte, and I. T. Steinberger, Chem.
chitu (Elsevier, Amsterdam, 1994Chap. 6; inThe Physics of Phys.89, 473(1984.
Electronic and Atomic Collisionsdited by L. J. Dube, J. B. A. 2T\, Miyajima, T. Takahashi, S. Konno, T. Hamada, S. Kubota, E.
Mitchell, J. W. McConkey, and C. E. BriofAIP Press, New Shibamura, and T. Doke, Phys. Rev9A1438(1973; 10, 1452
York, 1995, pp. 57-88. (1974.

5L. G. Christophorou, inThe Liquid State and its Electrical Prop- 28T. Takahashi, S. Konno, T. Hamada, M. Miyajima, S. Kubota, A.
erties,edited by E. E. Kunhardt, L. G. Christophorou, and L. H.  Nakamoto, A. Hitachi, E. Shibamura, and T. Doke, Phys. Rev.

LuessenPlenum, New York, 1988 p. 283. A 12, 1771(1975.

6K. Nakagawa, Radiat. Phys. Che®7, 643 (1991), and refer-  2°The values were calculated with the optical approximation using
ences therein. the absorption spectra reported for solid rare gases.

7S, Suzuki, T. Doke, A. Hitachi, A. Yunoki, K. Masuda, and T. 3CA. Hitachi, A. Yunoki, T. Doke, and T. Takahashi, Phys. Rev. A
Takahashi, Nucl. Instrum. Methods Phys. Re245, 78(1986. 35, 3956(1987).

8S. Suzuki, T. Doke, A. Hitachi, J. Kikuchi, A. Yunoki, and K. 3!L. C. Northcliffe and R. F. Schilling, Nucl. Data, Sec. A 233
Masuda, Nucl. Instrum. Methods Phys. Res246, 366(1986). (1970.

9H. Ichinose, T. Doke, A. Hitachi, J. Kikuchi, K. Masuda, H. 32T. Takahashi, S. Konno, A. Hitachi, T. Hamada, A. Nakamoto,
Matsui, E. Otobe, E. Shibamura, and T. Takahashi, Nucl. In- M. Miyajima, E. Shibamura, Y. Hoshi, K. Masuda, and T. Doke,

strum. Methods Phys. Res. 205 354(1990. Sci. Pap. Inst. Phys. Chem. Ré3pn 74, 65 (1980.

10H. Ichinose, T. Doke, J. Kikuchi, A. Hitachi, K. Masuda, and E. %3T. Doke, H. J. Crawford, A. Hitachi, J. Kikuchi, P. J. Lindstrom,
Shibamura, Nucl. Instrum. Methods Phys. Res.385 111 K. Masuda, E. Shibamura, and T. Takahashi, Nucl. Instrum.
(1991). Methods Phys. Res. 269, 291 (1988, and references therein.

110, Cheshnovski, B. Raz, and J. Jortner, Chem. Phys.1%t475  **T. Doke, E. Shibamura, and K. Masuda, Nucl. Instrum. Methods
(1972. A value of 0.6 eV was taken from Fig. 3 of this refer- Phys. Res. 2291, 617(1990. There is a mistake in Table | of

ence. this reference; the value &f,/N; for liquid Xe is 0.06, not 14.7.
12|, Lavoie, Med. Phys3, 283(1976. A value of 0.5 eV was taken °E. Shibamura, A. Hitachi, T. Doke, T. Takahashi, S. Kubota, and

from Fig. 3 of this reference. M. Miyajima, Nucl. Instrum. Method4.31, 249 (1975.
13B. Raz and J. Jortner, Chem. Phys. Ld{t155 (1969. 36K. Yoshino, U. Sowada, and W. F. Schmidt, Phys. Revl4
Y¥R. Reininger, U. Asaf, |. T. Steinberger, and S. Basak, Phys. Rev. 438(1976.

B 28, 4426(1983. %7D. F. Anderson, Nucl. Instrum. Methods Phys. Res318 151
S\M. Born, Z. Phys.1, 45 (1920. (1992.
16A. C. Sinnock, J. Phys. CL3, 2375(1980. %D, F. Anderson and N. A. Amos, Nucl. Instrum. Methods Phys.
7K. Nakagawa, A. Ejiri, K. Itoh, and M. Nishikawa, Chem. Phys.  Res. A309, 69 (1991).

Lett. 147, 557 (1988. 39y, Vuillemin, P. Cennini, C. W. Fabjan, D. Lacarrere, A. Looten,
18A. M. Kohler, V. Saile, R. Reininger, and G. L. Findlay, Phys. M. Moulson, W. Seidl, P. Carlson, W. Klamra, Th. Lindblad,
Rev. Lett.60, 2727(1988. and B. Lund-Jensen, Nucl. Instrum. Methods Phys. Re32A

R, Reininger, E. Morikawa, and V. Saile, Chem. Phys. LEH9, 44 (1993.
276 (1989. 4D, F. Grosjean and P. Bletzinger, IEEE J. Quantum Electron.

20L. G. Christophorou, ifThe Liquid State and Its Electrical Prop- QE-13, 898(1977.
erties,edited by E. E. Kunhardt, L. G. Christophorou, and L. H. “'R. I. Schoen, J. Chem. Phy37, 2032(1962.

LuessenPlenum, New York, 1988 pp. 283-316. 42D, Salomon and A. A. Scala, J. Chem. Ph§g, 1469(1975.
21K, Nakagawa, A. Ejiri, M. Nishikawa, and K. Kimura, Chem. 437, Seguinot and T. Ypsilantis, Nucl. Instrum. Methdd®, 377
Phys. Lett.155 278(1989. (1977.

22R. A. Holroyd, J. M. Preses, and N. Zevos, J. Chem. PAgs. **R. A. Holroyd, J. M. Preses, C. L. Woody, and R. A. Johnson,



5748 AKIRA HITACHI et al. 55

Nucl. Instrum. Methods Phys. Res. 261, 440 (1987). 497, Hynes, Annu. Rev. Phys. Cher36, 573(1985.

4Sp. F. Anderson, Nucl. Instrum. Methods Phys. Res24®2, 254 %93, M. Philipoz, P. Melinon, R. Monet, and H. van den Bergh,
(1986); 245, 361(1986. Chem. Phys. Lettl38 579(1987).

“°K. H. Schmidt, M. C. Sauer, Jr., Y. Lu, and A. Liu, J. Phys. 513 Frank and E. Rabinowitch, Trans. Faraday $6¢120(1934).
Chem.94, 244(1990. 52B. Dellinger and M. Kasha, Chem. Phys. Le38, 9 (1976.

Ukai, M. Morita, H. Nakazawa, A. Kimura, Y. Hatano, Y. Ito, Schwentner, J. Chem. Phy&l, 4128(1989.

Y. Zhang, A. Yagishita, K. Ito, and K. Tanaka, Radiat. Phys. 54y pasegawat al, Nucl. Instrum. Methods Phys. Res.387, 57
Chem.32, 111(1988. 093,

(1
48 : - .
K. Kimura, S. Katsumata, Y. Achiba, T. Yamazaki, and S. lwata, 55R. L. Platzman, Vorte23, 372 (1962.

Handbook of Hel Photoelectron Spectra of Fundamental Or-s6a Hitachi J. Chem Phys0, 745(1984, and references therein
ganic MoleculegJapan Scientific Societies, Tokyo, 1980 ' T ' ' ' .



