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lon Yields for Tetramethylgermane Exposed to X-Rays near the Ge K-Edge
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Free ion yields were measured for tetramethylgermane (TMG) in both the liquid and vapor phase and for Kr
gas exposed to X-rays. The X-ray energy was varied across the K-edges of Ge and Kr, respectively. In Kr the
relativeW value increases slightly at the K-edge, which is at 14.3 keV. In liquid TMG the observed ion yield
drops at the Ge K-edge (11.1 keV) and shows two minima separated by 10 eV. This ion-yield spectrum is a
mirror image of the absorption spectrum, as represented by the gas-phase ion-yield spectrum. The observation
of such an inverted spectrum in liquids is shown to be due in large part to inefficiency of collection of
charges. This is a consequence of the large Ge cross sections above the edge which concentrates the region
of irradiation near the entrance window, increasing the local dose rate and enhancing recombination. The
yield of excited states in mixtures of TMG and toluene drops at the Ge K-edge by the amount expected
considering the large X-ray fluorescence yield.

Introduction and above an edge the absorbed energy resides either in the
) o ) o electrons of the Auger cascade or is emitted as fluorescence.
Earlier conductivity studies of liquids showed that for ppgtoelectrons and Auger electrons of comparable energies,
optically thick samples, ionization yields drop suddenly at the ghould be equally effective in ionizing the liquid. This study
K-edge of a constituent atofn? Also, sharp minimainionyield a5 designed to determine the reason for the observed edge
were observed at the Cl and Si K-edges in liquid Céhd effects: whether the observed drops in ion yield are due to some
Si(CHg)a.*? Inverted EXAFS spectra were obtained at the iron  fyndamental change in the primary process lowering the ion

K-e_dge for a solution of ferrocene in 2,2,4-trimethylpent&ne. yield in the Auger process or whether the effect is caused by
Various reasons have been proposed to explain these apparenhetficient collection of ions.

low yields at and above edges.
In this study samples of tetramethylgermane and krypton are Experimental Section

exposed to X-rays. The X-ray energy is scanned across the The experiments described here were done at beamline X7B

resuling ffom eleaton emission are measred. Experments arel, e National Synchrotron Light Source (NSLS). A Si 311
9 o - EXP crystal monochromator that produced the narrowest available
done with gases to determine if th® value for photons, the

) . radiation was used in order to best reveal edge structure. The
number of eV_ necessary to produce_ an ion paur, .Cf.“?‘”gf-‘s aCros?eported resolution is 0.56 eV at 10 keV. This monochromator
a K-edge. This also provides an estimate of the initial yields of

ions in the liquid. The total energy released in electrons is nearl has the added advantage of rejecting second-order radiation,
the same 'qst Belo and abo gga K-edae. but the fraction 0¥ which was significant because the X-ray ring at the NSLS was

S Just below v ~€dge, bu : running at 2.8 GeV. Beam intensity was monitored with an N
energy going into photoelectrons and Auger electrons of

different eneraies changes. Some changd&/immounting to filled ion chamber preceding the sample cell. The beam entered
g ges. ges, 9 . the ion chamber through a variable slit so as to maximize ion

0, -
as much as 5%, were observed across ?he carbon_ K_edge Tollection efficiency (see below). The X-ray intensity emerging
methané. Theoretical Monte Carlo simulations have indicated from the ion chamberl,, calculated from the ion chamber
0y

that small changes iV are to be expected at the L-edge of o
gaseous xenohExperimentalW values have been measured currentio, is given by
for noble gases at individual X-ray lin€g.In the case of Xe, .
one study used line sources on either side of theelddge and | = IWN,R
W was found to be the same within experimental efidtudies 0 (o] =W
at the Xe K-edge showed a discontinuity at the edge, which
indicate thatVis about 0.5% hlgher above the Edge than bélow. Here,W(Nz) = 35.8 eV/ion pa”g' q is the electronic Charge,
Any fine structure inW at the K-edge would not have been E, is the X-ray energy, anRis the ratio of photons transmitted
detected in these studies. to photons absorbed, given by expond)/[1 — exppnond)],
Energetic photoelectrons produce many ionizations and where py is the nitrogen densitygy the (energy dependent)
excitations. For example, a single 10 keV electron will generate nitrogen cross sectichandd is the length of the ion chamber.
about 400 ion pairs initially. Below an edge, the resulting lon yields in TMG were determined using a 3-cm long cell,
photoelectron receives most of the energy of the photon. At which is described elsewheleThe cell was placed immediately

photon/s Q)
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Figure 1. (a) Multichannel analyzer spectra. Solid line obtained at 14.339 keV; dashed line at 14.283 keV. The main Auger peak is centered at
channel 496. (b) Relative/ value of Kr gas versus X-ray energy. Kr K-edge indicated by arrow.

behind the ion chamber. The electrodes in the cell are parallel TMG VAPOR
to the beam and separated by 3 mm. 15 . i .

The liquids used in this experiment, tetramethylgermane L -
(Gelest), 2,2,4,4-tetramethylpentane (Wiley 99.99%), and tolu- - -
ene (Wiley 99%), were dried prior to use by passage through - .
activated silica gel. - .

Ultraviolet fluorescence was measured across the Ge K-edge 1.0 -
for solutions of TMG containing toluene. A 295-nm interference
filter (Corion) was used to cut out stray light and pass the % r ]
fluorescence, which was detected by a photomultiplier tube ¢y
(Amperex 1003). The fluorescence yield is a relative measure
of the yield of excited states since beam intensity was monitored
as above.

A proportional counter, described elsewh&reyas used to
measure the number of ions per photon across the K-edge of
Kr. This technique requires low counting rates, which were ool v 00y
attained by adjusting the input slit to pass only a fraction of the 11.06 11.08 1110 1112 1114 11.16 11.18
flux. The signal from the counter was amplified using an Ortec X-RAY ENERGY (keV)

460 delay line amplifier. Pulses were accumulated in a calibrated Figure 2. Product of ion yield times fraction absorbed vs X-ray energy
multichannel analyzer (LeCroy 3500). for TMG vapor.

Results and Discussion confirm this small jump. The inverse of thW value gives the
ion yield (G = 100W) in ions/100 eV.
TMG Vapor. The ionization current for TMG vapor was

Fiqure 1a. The solid line spectrum was obtained at an X-ra measured in the 3-cm cell. Because the absorption is weak, the
9 ) P Y jonization spectrum has the appearance of an absorption

energy of 14.339 keV, above the K-edge which is at 14.326 . |
keV. The main peak is centered at channel 496. The small peakspectrum and the observed current increases at the K-edge

at channel 282 results from fluorescence emission due to the(Figure 2). This spectrum resembles the published transmission
. L - spectrum of a thin cell of liquid TMG showing two peaks

primary X-rays impinging on the Cu electrode in the rear of eparated by 10 eV the main peak is attributed d&(&e—C)

the detector. The dashed line spectrum was obtained at 14.28 esonanca? ’

keV, below the edge. The main peak is in the same position, To derivé the yield of ion-pairs@) the cell currentic is

but the Cu fluorescence peak is stronger because the primarydivided by q, the X-ray intensityl,, the X-ray energyc the

X-ray beam is more penetrating. Similar spectra were ac- fraction of tHe beam transmitted t(;y the cell windwy ;and

cumulated at small energy increments across the K-edge. Sinc he fraction of X-rays absorbed by the samplg or ’

the peak position is proportional to the number of ion pairs

created, the X-ray energy divided by the channel number is a 100

relative measure of the/ value. These results are shown in G

Figure 1b where the data have been normalized at the lowest

energy to the knowhV value for Kr of 24.0 eV/ion pair reported

for 5.9 keV X-rays’ The W value is slightly higher (by 0.7%)

at X-ray energies above the edge. Thus, our results are no

inconsistent with the results obtained for Xe which showed a 100

0.5% change at the K-edge. Because there is some scatter in G=-

these measurements, a more careful study would be needed to io\WRE,F,

Gas-Phase lon Yields— Kr. Spectra obtained with a gas
mixture of 90% Kr and 10% C&in the counter are shown in

C

= mlon pairs/100 eV (2)

Whenl,, defined by eq 1, is combined with eq @,is shown
fo be a function of the ratia/io:

C

ion pairs/100 eV 3
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Figure 3. Ge cross section vs energy derived from the ion yield spectra. Figure 4. Free ion yield vs X-ray energy for liquid 2,2,4,4-
tetramethylpentane. Electric field (in V/cm) indicated on figure.

The curve shown in Figure 2 is actually a plot@fx F o . o L .
i.e, the data are not divided W This fraction absorbed can  ionization density and minimizeQ. Efficiencies of collection

be calculated from cross section and density data. were estimated to be 98% or better for TMP.
Figure 4 shows spectra @(ion) for TMP taken in 5 eV

F,=1—exp[-3 x (oc0c + ppoy + pefca]l  (4) steps in the vicinity of the Ge K-edge. The results for four
voltages are shown. The changedfion) over the X-ray energy

The ps are the densities of each atom in gfcand theos are range studied is smalG is assumed to be linearly dependent
the energy dependent cross sections if/grh on electric field E), as in eq 6

First, the spectrum d& x F;was used to calculate the value
of G for the vapor. Published cross sectidrelong with G=G’+SxE (6)

densities, based on the vapor pressure of TMG &t2af 0.416 . )
atm, were substituted into eq 4 to calcul&e The result for 1€ average value of the slope-to-intercept rafite?, equals
energies below the edge@= 4.2 ion pair/100 eV. This value 1.26 x 10~% cm/volt, in reasonable agreement with previous
is quite reasonable since th& value for various gaseous resultg and th'at expected from Onsager theory. S.,uch.a I|ne§r
hydrocarbons is between 23 and 25 ¥\torresponding t@ dependence is also predicted to apply to multiple ion-pair
= 4 to 4.3 ion pairs/100 eV. spurs!® They-intercept yieldsGP, obtained by extrapolation of
These data were used in another way by assuming the valug€ data at the three highest voltages. The yield increases very
of G = 4.2 ion pair/100 eV applies throughout the spectrum sI_lghtIy with increasing energy, aos expecteq (see lower line in
and calculating=,, and subsequentlyg. from Fa, by inverting Figure 4); the average value 8° = 0.15 ions/100 eV. A
eq 4. The assumption of a constadis reasonable, based on computer simulation, based on an exponential distribution of
the invariance of thaV value of Kr across the Kr-edge as Separation distangss of 26.5 nm, prediGts= 0.158 ions/100
reported above. A more realistic Ge cross section, as shown in€V for 11.1 keV:" This computer simulation is in good
Figure 3, is thereby obtained which shows the fine-structure @gréement with other experimental ion yield data for TMP for
near the K-edge. Below the edge, the cross section is the same<-"ay energies from 2 to 2000 keV. )
as tabulated values. Above the edge the cross section is roughly Liquid TMG —lon Yields. Similar experiments were done
one-half that reported because it represents the Auger part ofVith liquid TMG as a function of X-ray energy to measure the

the cross section, the fluorescent X-rays mostly escape whenYi€ld of free ions across the K-edge of Ge at 11.1 keV. The
the cell contains only vapor. results obtained at applied voltages of 1000 and 2000 V are

Liquid TMP lon Yields. Measurements were made with shown in Figure 5. It is apparent that these spectra are nearly a
liquid 2,2,4,4-tetramethylpentane (TMP) in order to show that Mirror image(about a horizontal plane) of the gas phase spectra
the ions were efficiently collected in this case. TMP and TMG (Figure 2a). The yield drops, instead of rising, at the K-edge,
are similar electronically in that the free ion yields are and the two peaks separated by 10 eV in the gas phase appear
comparable and the electron mobilities are high in B6tRor as minima in the liquid. In addition to this structure, the yield

a parallel plate ionization detector, the collection efficieficy ~ Of ions is lower above the edge than itis below. In all the liquid
is given by eq 5; although derived for the gas phase, this TMG experiments the X-ray beam is totally absorbed.

equation applies equally well to liquids.depends strongly on The data were it to eq 6 as was done for TMP to ob@in -
the electric fieldE, the slit widthL, and the dose rat@:15 Data at only the highest three voltages were used. Th_e yield
below the edge wa&® = 0.092 per 100 eV and the/GP ratio
. 2 = 1.03 x 104 cm/volt. The X-rays are strongly absorbed here
F= > ®) because of the larger cross section of Ge. Actually, below the
14+ [1+ _4LQ edge Ge accounts for 96% of the absorption and the half-depth
3ege, Ezy of penetration is only 0.045 cm. The experimental conditions

were similar to those used for TMP, consequently the dose rate
The ion mobilityx and dielectric constary; are fixed values Q was significantly higher. The use of eq 5 showed, however,
for each liquid. To maximizeF the dose rate needs to be that the collection efficiency was better than 97% for applied
minimized and_ should be small. In the case of TMP the X-rays fields of 5 kV/cm or more. The value @° = 0.092/100 eV is
are not totally absorbed by the 3-cm cell. The 1/e depth of reasonable compared to that for TMP. In general, ion yields
penetration of the X-rays isc 1 cm. This spreads out the are less for Ge or Si substituted compounds than for similar
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. . ) . for TMG at two applied fields.
Figure 5. Free ion yield vs X-ray energy for liquid tetramethylgermane

at applied fields (V/cm) indicated. Since the collection efficiency varies with distance, we

hydrocarbong? At and above the K-edge the extrapolate¥ G calculated the average efficiency given by

values are much lower. The extrapolated yields at the first 3 dQ

minimum are near zero and the yields above the edge are well o FOO g I

below that expected. F= T sdo (11)
Collection Efficiency. To explain the low ion yields above ﬂ) ™ dx

the K-edge and the mirror-like appearance of the liquid ion

spectra, as compared to the vapor, we first consider collectionwhen integrated, eq 11 simplifies to

efficiency as a cause. The observed currents can be regarded

as a real current times the experimental collection efficiency. E=1— (B_C)G 0 (12)

In a given spectral scan, the X-ray flux is roughly constant and g | coce

of course the applied voltage and slit width are constant. At . . i

the edge, the irradiated volume decreases. Above the K-edge'Sing the definitions in eqs 8 and 10. Thus, to first order the
the Ge cross section is much larger and the beam penetrates &fficiency follows gge and is expected to decrease wheg.
shorter distance into the liquid. The dose r@talso drops off increases and vice versa._The cross sections an_d densities of
exponentially from the front window and the collection ef- carbon a_nd hydrogen are_lncluded in the calculation but _have
ficiency will be lowest near the window and higher farther into P€€n omitted in the equa’gons for clarity. Actually(,) germanium
the cell where the dose rate is less. To estimate the distancelominates, absorbing 96% below the edge ai%$% above.

dependence df we can rewrite eq 5 as Figure 6 shows average efficiency curves for the conditions of
the measurements in Figure 5. There is a marked similarity of
2 the two figures; the drop in efficiency is larger at lower applied

F(x) = dQ\¥/ ) voltage. If the yield of ions(, is corrected for the inefficiency

[1 + (1 + C&) 1 of collection, we find the yield of ions above the edge is$65

5% of the yield below the edge. A value around 73% is to be
whereC = (4qL?)/3eoeE 2u, and dQ/dx is the differential dose expected since the absorption is so close to the front window
rate in some rectangular slice parallel to the front window. In that about 50% of the fluorescent X-rays would escape and the
general, C(@/dx) is small, thereforé=(x) can be estimated to  fluorescence quantum yield is 0.585This shows that inef-

first order as ficiency of ion collection is the major cause of the inverted ion
yield curves observed for TMG.

FX)=1-— cdQ (8) Dilution Experiments. Since the X-rays are absorbed close

4 dx to the window, dilution experiments were also done to see if

edge structure is preserved with dilution, which would spread
out the irradiated zone and decrease the dose rate. 2,2,4,4-
tetramethylpentane was used for dilution. For 10% TMG, the
half-depth of penetration of the X-rays is 0.27 cm below the
edge and 0.05 cm above. The results for a 10% TMG sample
are shown in Figure 7b; the field applied in this case was 5000

at any pointx from the window. The dose rate is calculated
from the X-ray intensityl,, given by eq 1. The intensity on the
front surface of the liquid i$, x Fy. To calculate the absorbed
dose,l, is multiplied by the X-ray energy an@(ions), and
divided by100 times the beam area (A)

_ _ = V/cm. Below the edge, the efficiency of collection is high and
Q= Bl ~ exp(-0cereeX)] ©) G(ions) is 0.17 per 100 eV. This value is intermediate between
whereB = igWRFy(G/100gA), then the value observed for neat TMG at this voltage (0.14) and the

value observed for TMP (0.24).

dQ Above the K-edge there is still an approximately 50% drop
I BYePce EXP(~0GcX) (10) in the yield, and some of the same structure is still observed at

the edge. The calculated efficiency of collection in this case is
The parameteB includes terms such & andF,, that vary better than 95% as shown in Figure 7a. The reason for the lower
slowly with photon energy. It also includ& which may vary. yield above the edge can be attributed to the loss of the
Based on the constancy W across the K-edge of Kr (Figure  fluorescent X-rays. A little over 50% of the absorbed photons
1b), we takeG to be constant. lead to X-ray fluorescence. The energies of the fluorescent
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Figure 7. Data for 10% TMG in TMP. (a) Calculated ion collection

efficiency vs energy. (b) Measured ion yield across the Ge K-edge. TETRAMETHYLGERMANE

X-rays, at 9.9 and 11 ke¥are below the edge where the cross
section for absorption is smaller. Since the X-rays are absorbed

close to the window above the edge, most of the fluorescence 4.0 -
emitted backward will be lost. Roughly half of the fluorescence

emitted forward will be lost because the electrodes were only
0.15 cm from the beam and the half-depth for fluorescent 351 -
photons is 0.27 cm. Thus, the yield observed above the edge is
approximately what is expected.

At the K-edge the minima at 11.11 and 11.12 keV can still 3.0 | -
be seen. The calculated efficiency curves also show these dips.
Quantitatively, the yields drop to 0.07 ions/100 eV, more than
expected. Nevertheless, since the drop in yield is small we have 25 4
no reason to suggest an alternative explanation. On the other T R
hand, we cannot totally rule out a small contribution from a 110 111 112 11.3 114 115 116 11.7
change in primary process at th& resonance. For example, X-RAY ENERGY (keV)
there may be a change in yield of fluorescence from these gigyre 9. EXAFS-type spectrum i) for liquid tetramethylgermane:
excited states causing fewer ions to be observed. applied field 1667 Vicm.

UV Fluorescence Experiments.Fluorescence was also
measured across the Ge K-edge for samples of TMG containingcollection efficiency decreases proportionately and the current
toluene. Excited states are formed largely as a result of ion js Jower. Even though inverted, such spectra provide valid
recombination of cations with electrons or anions structural informatiors.

i,

T +e —T* (13) Summary

This happens mostly in the track of the photoelectron, and both This study shows that the _|neff|0|ency of collection, W.h'Ch
scales as the Ge cross section, accounts for the low yield of

singlet and triplet excited states will be formed. The excited i R
singlet state of toluene can be detected by its fluorescence atons above the K-edge of Ge in liquid TMG as well as the

295 nm. The experiment is done in the absence of an electric™Mma observed near the edge. This effect probably also

field so that all ions recombine. The fluorescence yield should explains the similar inverted spectra observed in tetramethyl-

then be a measure of the total yield of excited states. The resultssnané and carbon tetrachloridebecause of the large cross

for 20% TMG in toluene are shown in Figure 8. At the edge, sections of Si and Cl, above their respective K-edges. Changes

the yield drops by about 25%. The decrease is approximately'sr; I2;;ilglaxlecl;iL?sféogfss?ﬁjrgtisreﬂ;ﬁ E-:igzgt?: be ruled out as a
what is expected, because above the edge the Auger vyield is 9 P )

only 0.46. The rest of the yield consists of fluorescent X-rays, Acknowledgment. The authors thank Jonathan C. Hanson
about half of which escape because the absorption occurs closgy, nis assistance in utilizing the X7B beamline at the NSLS
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