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Photoconductivity measurements of X-ray absorption fine structures (XAFS) at the Si and Ct K-edge have been

carried out in a liquid cell for (CH_)4Si, [(CH3_Si]4Si and CC14, either as a pure liquid or .'m.a.2,2,4-: trimethylpent,rnm
solution, lt is found that for the pure liquids and their concentrated hydroca.rbon solufions, ali K--edge XAFS spectra
am inverted as expected under the condition of total absorption. A sharp conductivity dip is also observed in CCl4 at
the CI K--edge. The concentration dependence of the XAFS spectrmn of CC14 is reported in some details. These re.suits
an: discussed in terms of the soft X-ray induced ion yields of the solute and solvent molecules in liquids.
KEYWORDS: soft X-ray, photoconductivity of liquids, XAFS

§1. Introduction than not, the ion yield spectrum across the absorption edge
of the solute exhibits featux_ distinctly different from the

We have been interested in direct-current (DC) normal absorption edge, depending on the concentration of
measurements of synchrotron radiation induced ion yield the solute and other experimental parameters (such as
of hydrocarbon liquids (hexane and iso. octane for photon flux, total sample thickness and electric field). In
example) and solutions of organometallic compounds in general, when the sample is thin and the solute
them for some time TM. The objectives of these studies are concentration is low (the absorbing atom only constitutes
to obtain the heretofore little known information on the a small fraction of the sample), the ion yield will exhibit
free ion yields for liquid hydrocarbon in the X-ray photon a positive edge jump as expected from an absorption
energy range previously inaccessible with conventional spectrum while with thick samples at high concentrations,
sources; this information is relevant to radiation chemistry the icn yield is always inverted at the edge (negative edge
studies and can in turn be used for the design and jump) and at a narrow region of intermediate
implementation of liquid detectors_; one of such concentrations and thickness it shows the details 'of the
applications is to record the X-ray absorption fi_e inversion process. It is in fact the total thickness of the
structures (XAFS) of an element in hydrocarbon solutions sample as well as the concentration of the individual
below and above an absorption edge 3'a. Experiments that elements in the solution that are responsible for the shape
have been carried out so far are in the 4-30 kev photon of the conductivity XAFS spectrum. This behaviour has
energy range 6'8. Here, we extend our study to lower been reported in the study of tetramethyltin in TMP at the
energies, from 4 keV to just below the Si K-edge (1.8 Sn K- and L.-edges 5'6 and has been interpreted in terms
keV'), of the competitive absorption for total photon flux between

Let us for the moment review the current status of the the solute and solventTM. This technique has also been
technique. First, like other yield methods, conductivity suggested as an useful alternative in XAFS measurements

measurement assumes that the ion yield in liquids of thick (concentrated) samples which absorb aLI the
generally relates to the absorption coefficient of the liquid incoming photons 4. This technique is particularly relevant
across the absorption edge of interest. Second, the free ion for measurements in the soft x-ray range such as the K-
yield (G value) for hydrocarbon liquids plays an important edge of Si, P, S and CI because at these energies, the
role in the measurement and is of the order of 0.1 to 0.4 samples are always too thick (one absorption length for Si
(ions/10OeV absorbed) for X-rays with energies from 4-30 at the Si K---edge is - 1.3 l_n) and it is almost impossible
keV respectively, and it decreases as the photon energy to prepare liquid sample cells of one absorption length _°.
decreases _8. This trend can be interpreted on the basis of We report here .some recent XAFS measurements of
a track model 9 in which the ion yield is related to the liquids at the Si and C1 K--edge using this ion yield
gradient of energy loss of the energetic electrons (dF./dx) (conductivity) technique with "thick cells'. The results

created by the X-ray absorption process along the substantiate that the conductivity technique is indeed a
ionizztion Ixack. These energetic electrons are primarily good alternative for K--edge XAFS measurements of these
responsible for the production of ion pairs that are elements in the liquid state. The solutes of interest are
eventually detected, the larger the gradient the smaller the (CH_)4Si (TMS), [(CHa)sSi]4Si (henceforth denoted SiSi4),
yieldn. The ion yield is expected to decrease further as the and CCI, , ali spherical molecules and the solvent is
photon energy decreases to below 4 keV. Third, when a 2,2,4- trimethylpentane CIM]:').
solute is' present in a liquid hydrocarbon, the total ion

yield of the solution _ :ross an absorption edge does not §2. Experiment
always behave like a normal absorption edge at photon
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the UHV compatible double crystal beamline of the rate. Under these conditions, the dark current of the cell
Canadian Synchrotron Radiation Facility (CSRF) at the at 700 V (1000 V/cre, a typical voltage used in the
Synchrotron Radiation Center (SRC), University of measurement) is less than 10 pA. In most of the
Wisconsin-Madison. This beamline is equipped with a measurements, the photon flux was attenuated with mylar
InSb(III) crystal monochromator and a post-focusing films so that the cell current is of the order of 0.1 nA by
mirror with an upper cut-off energy of-3.7 keV'°. The desire to minimize recombination of ions. Under these

crystal angle scan of this beamline has extremely good conditions the cell detection efficiency is approximately
mechanical stability over the entire energy range and has unity.

no higher order radiation problems '1. The monochromatic Ali the liquids (99.9 % purity) used in this study
photon beam is at a fixed--exit position during a scan. To were obtained commercially. Each liquid was further
achieve this, the position of the beam is monitored by a purified and characterized 8 to ensure that there is no
two-wire feed-back system with the wires placed above impurity present in any significant amount that would
and below the beam. The incoming photon flux is interfere with the measurement. The solid sample
monitored with a in-line nitrogen ionization chamber ([(CH_Si]4Si) was prepared and characterized in the
cah'brated at a pressure of 1.15 torr, so that absolute laboratory according to published methods and was
photon flux can be obtained. Photon energy was purified by sublimation prior to the experiment. TMS and
eah'brated at the Si K-edge of a Si(III) crystal at 1839 CC'14were studied as pure liquids and as a series of TMP
eV at the beginning of each fill. No further eal_rafion solutions while only a dilute solmion of SiSi4 was
was attempted at the Cl K--edge. studied.

The liquid cell used in this study is shown in F'ig.1.
§3. Results and Discussion

Spring Electrode Fig. 2 shows the monotonic increase of the G value
Holder Current of TMP as a function of photon energy measured at 7.2

Lead kV/cm. In terms of photons, the yield is 2.2 and 3.9 ionV--'----'-7
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Feed \ \ SI1" | values bear some significance in the appearance of theconductivity XAFS as it will become clear below.
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Fig.1 Schematic drawing of the liquid cell used in the _" 0.05
experiment.
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The electrodes are parallel to each other and perpendicular 0.00 ....... , ......... , .... ;
to the incoming photon beam. The first electrode through 2.0 2.5 3.0 3.5 4.0
which the beam enters is an aluminized mylar window, the
Al film (1501,rg/crez) serves as a current collecting PHOTON ENERGY (keV)
electrode. The high voltage electrode is held by a thin

macor washer. The electrode separation is 0.069 cna which Fig.2 G value (ion/100 eV absorbed) for TMP from 1.8 to
is thin enough to allow a reasonable high voltage to be 4 kev photon energy at 7.2 kV/cm.
appLied across the electrodes to ensure near-unity cell

efficiency, yet it is thick enough to provide more than Fig. 3 shows the conductivity yield of TMS in TMP as
several absorption lengths of the liquid under study, a function of concentration. The upper panel compares the
Therefore this cell is suitable for current measurements near-edge structure of gaseous (absorption) and liquid
under the condition of total absorption. "IMS (conductivity); the lower panel shows the

The cell is placed in a small aluminium chamber concentration dependence of the conductivity measurements
positioned at the photon exiting beam-port which is of TMS in TMP, with the pure liquid showing the biggest
equipped with a 25tr Be window. The Be window negative resonance (dip at -1845 eV) which becomes
separates the UHV environment from the atmosphere. A smaller upon dilution (by volume) to 50%, 25%, and
He path at atmospheric pressure between the Be window 10%. The 25% sample already exhibits a nearly flat
and the _'t electrode (2 cm gap) is provided by passing region. The 10% sample is indistinguishable from the pure

',l He through the cell holder a:................._emblyat a very low float solvent probably because the concentration of Si is too1
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_2._ .... z .... z .... _/_ difference would lead to different fragmentation patterns
,t,,_o,_,,_,zL_,,c.,,,j / which of'ten distribute more energy to the fragmented ions

_/ and neutrals than it would have in the case of an ionized

.g_ .Q,s //..f. molecule u'16. In either event, these processes would be lesseffective in producing energetic electrons hence ions in the

i! /-'"// ............. ! solvent then the absorption processes below the edge.
.9 i "-/ / "'-..... . -_ Fig.4 shows the concentration dependence of the

: .....>, ..-/ ..... ! conductivity XAFS at the near edge region of the CI K-

_ /]_//¢ t.xo_x. _ edge for CCL in TMP. Again, we can clearly see the.e_ inversion of the CI K-edge hl pure CCI_ which shows a
_JV sharp resonance with a 23% dip in ion yield relative to

1,3o la4o isr,o i_r,o "t_, the yield just below the edge. The dip becomes smaller as
"_ .... _ .... i-- (* ..... " i. CC14 is further diluted in TMP. At as low as 1.69%

concentration however, the spectrum still exh_its a dip in
.a the sharp resonance region• This observation is in general

" agreement with previous observations in that the edge
jump is always inverted with thick cells (total absorption).

.7_ In shallower edges or edges of low Z elements of which
_. the absorption edge fails in the soft X-ray region, the

desired concentration and cell thickness with which the

.7 liquid sample may exh_it an positive edge jump is almost
imposs_lte to obtain experimentally because it is very
difficult to prepare samples with one absorption length at

t,3o 1.4o ts_o _660 taTc these photon energies.ImOTC_¢EJ,IE_Y teV)

The experimental observations can now be understood

Fig. 3. Upper panel: comparison of gas phase near edge on the basis of the following: (a) In these measurements,
structure with that of liquid TMS (conductivity); lower practically, aU the photons incident upon the sample are
panel: XAF'S of TMS in TMP at concentrations of 100%, absorbed, therefore the fraction of photons absorbed by the
50%, 25% ,10% and 0% by volume, solute and solvent will change and may ch=ge abruptly

low (since the molecule itself contains 4 carbon atoms, Si
is already diluted in the molecule) ......

The sharp resonance at -1845 eV in Fig.2 arises from I ' taj ' ' I .... I .... 1
dipole transitions from the Si Is to molecular orbitals of . .
a t and h symmetry. These are localized transitions with
transition energies below the ionization threshold, lt should

be noted that in molecular systems, the edge structure t. 2
generally consists of features arising from bound (core) to .
bound (valence.) transitions, bound to quasi-bound
transitions (shape resonances) and bound to continuum
transitions. The bound to bound tr_asitions often feature
strong whitelines from atomic to molecular orbital
transitions and some weak Rydberg states at energies t. t-
below the ionization threshold tr'z3. Therefore, the edge
threshold (often taken as the point of inflection of the / /3_..7/ CC14 InrNP '
risingedge)isnotthesame astheionizationthresholdin

k/

molecularsystems.In the caseof TMS, the ionization (_I.'"

thresholdishigherthanthatoftheintenseresonanceby I - .:'
-5 eV.The subtledifferencebetweentheboundtobound ..:"
transition and the transitions above the ionization threshold ,1 . , , , 1 , , , , I , , ,

relevant to our discussion is the way the excited molecule 2800 2820 2840 '2860
dissipates the absorbed energy in the subsequent decay PHOTON ENERGY (eV)

processes. The excited state produced by a localized

transition differs fIom the ionized state produced by Fig.4 Conductivity XAFS of CCI_ in TMP: (a) 100%, Co)
photons with energy above the continuum (ionization 48%, (c)6.8% and (d)1.6% by volume.
threshold) by virtue of the presence of the extra electron

in the previously unoccupied orbital in the vicinity of the at the edge threshold, Co) energetic electrons (which are
molecule (this ele._on would become a low energy created by photoionization) are primarily responsible for
photoelectron for transitions above the threshold); this the X-ray absorption induced conductivity through energy
electron can aet as a spectator electron or it can loss (with a gradient dFJdx) in the liquid along the
participate in the Auger process. The excited molecule, ionization track, and (c) the absorption (per photon
upon Auger decay, can be found in either a two-hole, one absorbed) above the edge is generally less effective in
valence elec_on or a one-hole state as to be distinguished producing ions than that below the edge; this is because
from a two-hole state in the ionized molecule v_. This the new excitation channels created at and above the edge

!
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produce relatively low energy photoelectrm, Most of the
energy are carried by the Auger electrom, _¢hich are 0.068
ceItainly less energetic than the shallower shell

that would have been created in the absence 0.066photoelectrons
of the K--edge channels. For a bound to bound dipole 0.064
transition above the edge but below the ionization
threshold (such as the most intense resonance seen in _" 0.062 /_ _j_'-'_

TMS and CCh, a significant fraction of the energy may '_ r\ _---- o 0.060
be convcrted to the kinetic energy of molecular fragments o x/

..T.. 0.058
according to a specific de--excitation channeP leaving
behind less-energetic electrons to ionize the solvent. In :=-(5 0.056
addition, a small portion of the excitation energy will [
decay via fluorescence of which a fraction may escape the 0.054 r
system without producing any ionization. This process 0.052[-

becomes more important with increasing atomic number. 050 L[The edge jump behaviour can now be discussed 0. , , , , t , ,
phenomenologically based on the above considerations, lt 2.8 2.81 2.82 2.83 2.8 4 2.85 2.86
is convenient to monitor the edge behaviour using the ratio PHOTONENERGY(keV')
of the ion yield signal, R, above and below the edge

(above the edge refers to ali new channels odginated from Fig. 5. G value of pure CCI_ liquid across the CI K-edge
the Si or CI Is in this analysis, bound to bound and at 3.5 kVeem.
bound to continuum alike). R > 1 for positive edge and ao,-i .... , .... i ..... _ .... _-
R < 1 for negative edge. R can be expressed as6

- 280

R = (1-exp[-it't]) x [f(c)'Y(c)'+f(S)'Y(S)'] (1) i ,r_

(1--exp[-ith]) [f(c)_'(C)b+ f(S)_t'(S)b l

where the It's are the absorption coefficients above and 7,0
below the edge (denoted with a and b respectively), and
the fs and Y's are the fraction of the photons absorbed no
and the yields of the hydrocarbon solvent and the liquid

' . • I .... I .... I .... I
solute (denoted c and S respectively). Since the Ixt's are 'tab" " ta3o 18,o 185o le_
very large in these measurements, the first term is always , .... , .... _ .... _ ....
unity and R is determined entirely by the ratio of the 5ooo

second term. Under this total absorption condition, f(c)Y(c) _ ,_E,c,.,,_,,,
and Y(S) below the edge are greater, than those above the -__._go0'
edge while f(S) is larger above the edge. This is because _
the ion yield for the hydrocarbon liquid is significantly
greater than that of the solute which is often composed of _ _soo
elements heavier than carbon and itself often contains

carbon. For example, the photoelectrons produced in _7oo
hydrocarbon come primarily from the K-edge channel
which yields energetic electrons with kinetic energy of
1544 eV for X-ray energy of 1830 eV (just below the _6°°%'o.... ls'3o.... _s_o.... _8_o.... _s_
Si K-edge). Si and CI will absorb a bigger fraction of
photons above the edge but the electrons produced will be _ .... _ , , f

less energetic, therefore the ion yield per energy unit _ _, .J
absorbed is smaller.

Fig. 5 shows the ion yield of pure CC14 liquid at 3.6 _..ts_
kV/crn where CI absorbs 95% of the photons below the

i

(:1 K--edge and 99% alxwe. In comparison with Hg. 2, it .ts
is apparent that the ion yield of TMP is a factor of 1.9 of
that of CCh at photon energies just below the CI K--edge .2:_
(2800 eV') and a factor of 2.3 just above (2830 eV)
when the results are normalized to the same field strength i ._
(10kV/em) 9. The yield gets worse for stronger absorptions
above the Cl K---edge. The Auger electrons which carry t._o.... t6_o.... te_,o.... taro.... 1_6_PI.*OTOH I[I_&G¥

most of the energy in the de--excitation process Fig. 6. Conductivity specta am or _Si4 in TMP from top
(fluorescence yield is small at these levels) are less to bottom: ion Yield, Io and ion yield normalized to Io.
energetic than the L-shell and valence photoelectrons in
total absorption, therefore they would produce a smaller lt is quite apparent from equation (1) that in the case
number of ionization events in the liquid than what would of CCI_, the R value would be approaching unity upon
have been below the edge,, dilution in TMP from a fractional number. R for the pure

-I
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