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Electron scattering by CH, molecules at intermediate energie$400-5000 e\j
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Total cross sections for electron scattering by,@hblecules in the energy range 400—-5000 eV have been
measured with experimental errors of about 3%. The method was based on a transmission-beam technique, and
a detailed error source analysis is included. Present results have been compared with available experimental
and theoretical data. The dependence on electron energy of the total cross sections obtained shows an
asymptotic behavior with increasing energies, in agreement with the Born-Bethe approximation. In addition, an
analytical formula is provided to extrapolate total cross sections to higher energies. Finally, total cross-section
values have been partitioned into elastic and ineladtimization and neutral dissociatiprprocesses.
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PACS numbds): 32.80.Cy

I. INTRODUCTION II. EXPERIMENT

A. Experimental setup

In recent years, the interest in total cross-section)( The experimental setup was described previofislyl],
determinations for electron-molecule collisions at intermedi-and will be only briefly mentioned here. A 1-mm-diameter
ate energy0.1-10 keV has increasefll—4]. Accurate mea- electron beam is generated by an electron gun operating at
surements in this range require extremely good angular angpical beam currents of I0° A. Pressure in the gun was
energy resolution to avoid effects due to forward-scatteregnaintained less than 18 Torr during the measurements.
electrons. From the theoretical point of view, the high varietyThe collision chamber is defined by two apertures 1 mm in
of open channels at these energies demands the use of aflameter, separated by a distantg (vhich can be changed
proaches based on complex optical potentf&k and, in  from 70 to 127 mm according to the experimental require-
some cases, requires applying additive rules for electronments, and the gas pressure in the chamber measured with an
molecule scattering6—8]. Although this energy range is of absolute capacitance manomeféKS Baratron 127A. The
special interest in the search for systematic relations betweegnergy of the emerging electrons from the gas cell is ana-
or and other molecular parameters, experimental data foyzed by means of an electrostatic hemispherical spectrom-
energies above 500 eV are scarce. For electrop-GHii-  ©ter of 81.9-mm mean radius and 1-mm-diameter entrance
sions we have only found experimenta results, for ener- and exit apertures. The spectromet(_ar energy .res.,olut|on is bet-
gies above 500 eV, in the work of Zecegal. [9], obtained ter _than 1 e_V(fuII width at half maX|mu_n) for |nC|.dent en-
by means of a Ramsauer-type devitd]. In previous works ergies ranging from 300 to 5000 eV with a maximum angu-

—5
[3,4], serious discrepances between results obtained by thl@r acceptance of the entrance aperture 036> sr. The
ransmitted electrons are detected by a channeltron electron

technique and those given by the present experimental setup > . S . :
have been found for energies above 1500 eV. These consiasump"?r operating in  single-pulse mode. The pressure n
' e region of the energy analyzer and detector was main-

eratlons_ have promp'ged the present work. . tained at less than 18 Torr during the measurements.
In this work experimental total cross sections &KICH,

scattering in the energy range 400-5000 eV are obtained by

using a transmission beam technique. The experimental er-

rors are estimated to be approximately 3%. A detailed error The method is based on the measurement of the electron

source analysis is made, paying special attention to thoseeam attenuation through the gas cell. The recorded beam

arising from forward scattered electrons. The dependence dftensity () follows the law

o1 on electron energy is compared with theoretical predic-

tigns and especiall)?ywith thepenergy dependence F()jerived 1=l exp(—nLar), D

from the Born-Bethe approximatidri1-13. A simple for-  wherel,, is the intensity of the primary bearh, is the inter-

mula to extrapolate cross section values to higher energies i&tion region lengthy is the molecular density ang is the
obtained by assuming an asymptotic behaviorogfas a total cross sectiom was obtained from the measurement of
function of energy, according to the Born-Bethe theory. Fi-pressure and temperature in the gas cell. Each measurement
nally, total cross-section values are partitioned into the poswas processed by plotting on a semilogarithmic scale the
sible constituent processéslastic, ionization and neutral measured/l, values as a function of pressure in the gas cell,
dissociation in accordance with the partial cross sectionsfor at least ten different values ranging from 2 to 70 m Torr.
available in the literature. Semiempirical fits of these valuesThe experimental points obtained in this way lie on a straight
are also given. line, the slope of which gives the total cross section.

B. Procedure
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TABLE |. Experimental and theoretical total cross secti@nsunits of aé) for electron scattering from

CH,.
Electron Experimental values Theoretical data
energy

(eV) This work Ref.[9] Ref.[17] Ref.[18] Ref.[19] Ref. [5] Ref.[7]
400 13.4 13.9 12.8 13.2 13.2 111 14.1
450 12.6

500 11.2 11.4 11.1 9.31 11.5
600 9.68 8.05 9.68
640 9.27

700 8.89 7.10 8.32
800 7.89 6.36 7.29
850 7.53

900 7.07 6.72
1000 6.60 6.36 5.27 6.31
1250 5.46 5.18
1500 4.80 4.32
1750 4.27 3.68
2000 3.82 3.19 2.87
2250 3.50 2.87
2500 2.56
2600 3.13
2750 2.31
3000 2.79 2.10 1.98
3250 1.98
3500 2.48 1.85
4000 2.22 1.58 1.51
4500 2.04
5000 1.87 1.18

C. Error source analysis as the present one, in which the energy resolution allows one

The accuracy of the pressure measurements was assurmi@geliminate the inelastic scattering contribution, this limit is
to be better than 1%manufacturer’s dajaTo ensure that determined by the elastic differential cross section, extrapo-
pressure gradients did not contribute to the experimental efate to zero angle, and the mean acceptance angle of the
rors, the pressure was measured at several points along tHetector. However, in a recent wofe6], we showed by
cell. Measurements have been carried out for electron cuimeans of a Monte Carlo electron transport simulation that
rents ranging from 10%° to 10 ° A. For this current range this error contribution can be more important than the pre-
no dependence afr on electron intensity was found. Each dictions of Ref.[14], even in experiments with reasonable
measurement was repeated at least five times with the sand@gular resolution. The results of these calculations for trans-
experimental conditions, to ensure statistical uncertainties ghission experiments show that the correlationrtofor this
less than 2%. The length of the collision chamber waseffect increases exponentially with energy. However, for the
changed from 70 to 127 mm, and the measusgdvalues conditions of the present work, a maximum error contribu-
were found to be in agreement within the statistical uncertion from the elastic forward scattering at 5000 eV of less
tainties (i.e., 299. This result indicates that our measuredthan 0.4% has been obtained. By combining the partial error
length (L) corresponds to the actual absorption length andcomponents mentioned above, we have a total error of 3%
that possible multiscattering effects are negligible for thesdor the present measurements.
experimental conditions.

Special attention was paid to avoid errors arising from Ill. RESULTS
forward electron scattering. As pointed by several authors
[14,15, electrons scattered in the forward direction can be
the main error source at high impact energies if they are not The measured total cross sections for electron scattering
efficiently discriminated. by CH, molecules in the energy range 400-5000 eV are

Equation(1) represents the ideal case in which the beangiven in Table I, together with the previous experimental
is infinitely narrow and the solid angle subtended by the[9,17-19 and theoretica[5,7] values for comparison. All
detector is zero. Blaavet al. [14] incorporated the small- experimental data in general show good agreement, within
angle scattering contribution to E¢fl), giving a method to the error limits, for energies between 400 and 1250 eV. For
estimate an upper limit to the error contribution of the elec-energies above 1250 eV the only previous measureni@hts
trons scattered into the detection angle. For experiments sucteviate from those given in the present work, reaching dis-

A. Total cross sections
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FIG. 1. 01E, in aa3 R units plotted veE, in R units. ®: present FIG. 2. Relative difference between the experimental total cross
experimental result€.]: measurements from Ref19]. O: experi-  sections ¢1) and those predicted by the Born-Bethe approximation
mental results of Ref.9]. ¥: experimental result of Refl17]. +: (ogg) Vs electron incident energyn Rydberg units @: from the
experimental value given in Reff18]. —: Born-Bethe approxima- present experimental result®: from the experimental results of
tion in the framework of the independent-atom model. Ref.[9].

crepancies of about 30% at 4000 eV. Calculations by Jaiet al. [9] for comparison. As may be seen in this figure,
and Baluja[5], obtained by means of molecular complex while the relative differences with the Born-Bethe calcula-
optical potentials, are systematically lower than the experitions decrease for our values with increasing energies, those
mental values. However, similar calculations obtained by apef Zeccaet al. [9] increase when the energy increases. Our
plying additive rules to atomic data up to 1000 EX¥ show  data lie on a straight line, which may be fitted by the follow-

an excellent agreement with the experimental results. ing exponential function:

The energy range considered in this work is of special o o 1 E
interest to check the suitability of the calculations based on B8 T _0.395 ex;%— — _0}_ ®)
the Born-Bethe approximatigrdi1-13. As described previ- OBB 800 R

ously [3,4], Born-Bethe total cross section®dg), in the  Thyg total cross sections for high electron energigg (
framework of the independent-atom model, can be obtained. 15 eV) can be obtained from the following formula:

by applying a sum rul§6—8] to atomic calculation§11,13.
In accordance with thisggg for electron scattering by CH

1 E,
is given by the expression: or=1-0.395 ex;é - ﬁ)ﬁ) OgB, 4
ogs Eo Eq R whereopgg is given by Eq(2). This expression reproduces to
302_ 3_365+ 94.5 Inﬁ_ 123E_O+"' ' @  a good approximation the present experimental results for

electron energies from 1000 to 5000 eV, and can be used to

whereE,/R is the incident energy in Rydberg units amglis ~ €X{rapolateoy values to higher energies. _

the Bohr radius. In order to study the dependence of the total This result implies th"iti accor9|1ng to E@), oy varies
cross section on the electron energy for the energy range dfith energy as a sum d&, - andE, ~ In E, terms, for ener-
this experiment, we made a Bethe p[()trTEo)/(aﬁR) ver- giesranging from 1.5 to 5 keV. Howeyer, the energy depen-
sus InEy/R)], which includes the present results and all thedence proposed by Z_elceaal. [9] for this energy range was
experimental values available in the literatysee Fig. 1. Only proportional tcE, . If we compare the extrapolateck

As may be seen, the; dependence on the electron energyvalue at 5 keV given by th&; * formula of Zeccaet al. [9]
agrees for all the experimental values given for energies lesith that deduced from the present resdlsy. (4)], a dis-
than 1250 eV. For higher energies the values of Zetaal. ~ crepancy on the order of 40% is found. The origin of this
[9] showed a clearly different behavior than those of thediscrepancy is not known and therefore more theoretical or
present work. The Born-Bethe energy dependence given b@«xperimental data for energies above 1.2 keV are needed to
Eg. (2) is also shown in Fig. 1. clarify this disagreement. Recently, Joshipura and Vinodku-
mar [20], found that their calculated total cross sections for
electron-molecule collisions at energies above 100 eV can be

analytically represented by the following expression:
The valid energy range of the Born-Bethe approximation

can be checked by studying the relative difference between g7 _ -B

. : 7 =A[Eq] ", )
ogg Vvalues and the corresponding experimental ones as a ag
function of energy. Figure 2 is a semilogarithmic plot of
(ogg— o1)/ogg versusgy/R for energies above 1000 eV, where the parameterd and B are given in Ref[20] for
obtained by using the prese; values and those of Zecca some molecules. In the case of gHheir values are 1258

B. High-energy behavior
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FIG. 3. The energy dependence of total cross sections from 1 to o _ )
10 keV. @®: present experimental resultS: experimental results of FIG. 4. Partitioning of total cross section®. present experi-
Ref.[9]. ---: the energy dependece given by E4). ---: the energy ~ mental results. -: f_|t glvgn_by Ed4). ---: |9n|zat|0n cross section
dependence deduced by Zeastaal. [9] -: energy dependence de- (7)- e neutral dissociation cross secti@8). --- : elastic cross
duced from the calculations of RR0]. section(12).

and 0.757, respectively, whéfy, is given in eV. As may be into consideration all the above-mentioned results for ener-
seen in Fig. 3, the values deduced from E85). show an gies higher than 1000 eV, we can consider the values of
excellent agreement, within 6%, with those of the presenBchramet al.[22] as a good approximation to the constants
energy dependence formul&q. (4)] for the whole energy M?Z and C;, which agree, within 12%, with those obtained

range. by different methods. For these conditions Ef) can be
written as
IV. PARTITIONING OF TOTAL CROSS SECTIONS Tion Eo Eo
. i — —=53.8 Ir(— +13.21. 7
A. Inelastic scattering ag R R

As may be deduced from the work of Rg21], no bound Concerning neutral dissociation, i.e., dissociation of,CH

electronic state of Cllis known. All the electronic excita- ;1o neutral fragments, the corresponding cross sections

tions lead to dissociation in which two or more fragments are(ad_ ) can be estimate by assuming the conclusions of the
: P ; ; is

prodgced. For this rgason, We can d|y|de the |nelast|p Cha_rﬁxperiment of Winterd30] and applying the partial ionic

nels into two groups: processes leading to neutral d'ssoc'eﬁagmentation probabilities measured by Adamcaytal.

tion or to ionization. : ,
S . [31] to the totalo,, given by Eq.(6). Accordingly, the neu-
All _the measured total ionization cross sectiong,(), for ral dissociation cross section is given by
energies above 100 eV, show an energy dependence in
T 4iss E E
=283 |r(—°

agreement with the Born-Bethe theory:
a; R R

+6.96. (8)
oion Eo

—=47M? In| 4C, Eo (6)
;g_ R i iR/

The total inelastic cross sectiomr () can be obtained by

In Ref.[22], values for the parameteM? andC; are given adding Eqs(7) and(8), giving

obtained by fitting their experimental results to the E), el Eo Eo

the values obtained being 4.28 and 1.2R8 1, respectively. >~ —=382.1 Ir(— +20.2. 9
e . . ag R R

A similar fit for the results of experiments performed at en-

ergies below 1000 eY23,24 gives values oM{ approxi-  The cross-section values deduced from Eas.(8), and(9)
mately 50% higher. However, the high-energy measurementg. plotted in Fig. 4.

(0.1-2.7 MeV of Rieke and Prepejch&R5] give a value of

4.23 for this parameter, which is in excellent agreement with . .

that of Ref.[22]. Other values, derived from oscillator B. Elastic scaftering

strength distributions, are 3.84 and 3.77, given in Rgf6] Semiempirical data for the elastic cross section in the en-
and[27], respectively. From measurements of photoioniza-ergy range 400—5000 eV can be deduced by subtracting the
tion cross sections a value of 4.2 can be deduseg Ref. values given by Eq(9) from the experimental total cross
[22]). Finally, a new assessment of tmf value can be sections. In order to obtain an analytical expression for the
obtained by applying the additivity rule to the ionization elastic cross section, we take into consideration the high-
cross section$28] of the constituent atoms. By using the energy behavior. For energies where the Born approximation
atomic data of Refl29], we obtained a value of 3.7. Taking is valid, the total elastic cross sectioaﬁ) can be written
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gg Eo R 2 where UZ is given by EqQ.(12). The elastic cross section
2R Aet Bej E—0+Ce| B +-:]. (100  obtained in this way is plotted in Fig. 4.

The constant#\y, B, andC,, are defined for atoms in

Ref. [11], and were extended to molecular targets by Bon- V. CONCLUSIONS

ham and FinK32]. In the first Born approximatiori, can Total electron-scattering cross sections for the, @hbl-
be written as a function of the elastic differential cross secxcyle have been measured in the energy range from 400 to
tions: 5000 eV. The experimental values obtained agree well,
»( do within the experimental errors, with previously published
A= ZIO (d_Q) K dK, (1)  values in the energy range from 400 to 1250 eV. Above 1250

eV the only previously published measurements of Zecca

whereK is the momentum transfer. This equation can beet al. [9] deviate from the present ones outside the quoted
evaluated by means of the elastic differential cross sectionerror limits, the discrepancy being larger for increasing en-
calculated by Sharma and Tripafl8i3] from their molecular ~ ergies. The energy dependence above 1 keV deduced from
coherent scattering factors. For high energies, the ter@,pf the presentr; values is in agreement with the results of the
in Eg. (10) can be neglected, aril, can be evaluated from Born-Bethe theory in the framework of the independent atom
the atomic data given in Ref11]. In these conditions the model, and with the recent calculations of Joshipura and Vi-
total elastic cross section of GHor high-energy incident nodkumar[20]. The total cross sections have been parti-
electrons is given by tioned into constituent processes. In the energy range of this
B work, the inelastic collisions can be described in terms of the
Tel E —193.2- 1235 .. (12) Born-Bethe theory. However, to reproduce the energy depen-
as R ' Eo ' dence of the elastic part a corrective term to the Born for-

: - . mula is required, as shown in E@L3).
Following a procedure similar to that described for the d a3

total cross section, an analytical expression can also be ob-

tained for the elastic part, giving ACKNOWLEDGMENT
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