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Total cross sections for electron scattering by C@ molecules in the energy range 4085000 eV
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Total cross sections for electron scattering by Q@olecules in the energy range 400—5000 eV have been
measured with experimental errors ©f3%. The present results have been compared with available experi-
mental and theoretical data. The dependence of the total cross sections on electron energy 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.

PACS numbs(s): 32.80 Cy

[. INTRODUCTION extrapolate cross-section values to higher energies has been
obtained by assuming an asymptotic behaviorogf as a
In the last few years, a large number of theoretical andunction of the energy according to the Born-Bethe theory.
experimental works devoted to the study of total cross sec-
tions (o7) for electron scattering by atoms and molecules

has been published. To have accurate values for a wide range Il. EXPERIMENT
of energies will be useful for many scientific and technologi- _
cal applications. Recently, Jain and Bal{ijg have summa- A. Experimental setup

rized the results available in the literature for an important The experimental setup is similar to that described in pre-
number of molecules. As can be seen in R&f, experimen-  iqys work[12,13 and will only be briefly mentioned here.
tal data for impact energies above 500 eV are scarce. HoWs, glectron beam 1 mm in diameter is generated by an elec-
ever, as pointed out by Zeceaal. [2] in a recent work, this 5 51 operating at typical currents of T8 A. Pressure in

energy range has a special interest to search for systema{ﬁe gun was maintained less thar £0Torr during the mea-

relations between total cross sections and other molecular . 8
éurements. The collision chamber was defined by two aper-

ures 1 mm in diameter, separated by a distaigetljiat can
be changed from 70 to 127 mm according to the experimen-
tal requirements. The gas pressure in the chamber was mea-
sured with an absolute capacitance manomgiS Bara-
gon 127 A. The energy of the emerging electrons from the
gas cell was analyzed by an electrostatic hemispherical ana-
\%yzer (see Ref[13] for detailg. Transmitted electrons were
inally detected by a channeltron electron multiplier operat-
é’ g in single-pulse mode. The energy resolution was better
than 1 eV(full width at half maximum for incident energies
ranging from 400 to 5000 eV. The pressure in the region of
the energy analyzer and detector was maintained less than
yl_O*5 Torr during the measurements.

parameters. Moreover, theoretical approximations, require
in high-energy electron-molecule collisiop$], need accu-
rate experimental values in order to compare results.

For electron-CQ collisions, most of the previous mea-
surements ofo [3—5] were performed at energies below
500 eV. We have only found results for energies above 50
eV in the work of Szmytkowsket al. [6]. These measure-
ments were carried our for impact energies of up to 2916 e
by using a modified Ramsauer technididé

Concerning theoretical data, recent calculations have be
made by Jain and Balujd] in the energy range from 10 to
5000 eV by using a complex optical model potential. More
recently, Joshipura and Pa{d] have published theoretical
results in the 100—1000-eV energy range, obtained by appl
ing an addition rule to the cross sections of the constituent
atoms. Discrepancies between theoretical and experimental B. Procedure

values at high energies are still of the order of 30%. These The method is based on the measurement of the electron-

discrepancies have prompted the present experimental workeam attenuation through the gas cell. The recorded beam
In this work values of total cross sections ®CO, scat- intensity () follows the law

tering in the 400—5000-eV energy range are given. The mea-

surements have been performed by using a transmission- I =loexp(—nLoy), (1)

beam technique, and the estimated experimental errors are of

approximately 3%. A detailed error source analysis has been

made, paying special attention to those arising from forwardvherel g is the intensity of the primary bear, is the inter-
scattered electrons. The dependence-pbn electron energy action region lengthn is the molecular density, ang; is the

has been compared with theoretical predictions and espéetal cross sectiom was obtained from the measurement of
cially with the energy dependence derived from the Born{pressure and temperature in the gas cell. Each measurement
Bethe approximatiof@—11]. In addition, a simple formulato was made at gas pressures ranging from 2 to 70 mTorr.
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they are not efficiently discriminated.
Equation(1) represents the ideal case, in which the beam

Electron gun Scattering chamber Energy analyzer I .
I—— AO(X is infinitely narrow and the solid angle subtended by the
,L_)l detector is zero. In Ref14], the small-angle scattering con-
'_3’_’_)(_1 o tribution was incorporated into Ed1), giving the expres-

sion:

L A [ do
I =1gex —nLaT+nJ de —1dQ|{, (2
0 0 dQ

where the corrective term represents the effect of colliding
electrons, at a distance from the entrance of the gas cell,

which are scattered into the solid angle subtended by the
detectorf AQ(x)], and do/dQ) represents the sum of the

FIG. 1. A sketch of the scattering geometry of the experimentalelastic and inelastic differential cross sections. A sketch of

setup. the scattering geometry used in the present experiment is
shown in Fig. 1. In our experimental conditions, the maxi-

C. Error source analysis mum acceptance angle of the detector is defined by the dis-

tanceD (150 mn) between the end of the collision chamber
The accuracy of the pressure measurements was assumggly the entrance aperture of the energy analyzer.

to be better than 1%, as stated by the manufacturer of the The jnelastic part of the corrective term in E8) is fully
MKS-Baratron 127 A. To ensure that pressure gradients di@uppressed by the energy ana|yzer, Figure 2 shows a typ|ca|
not contribute to the experimental errors, the pressure wagnergy loss spectrum for 2000-eV electrons and 75 mTorr of
measured at several points along the cell. MeasurementsQ, in the collision chamber. As may be seen in this figure,
have been carried out at electron currents ranging fronthe energy resolution of the analyzer allows one to eliminate
10 3 to 10 % A. For this current range no dependence ofthe contribution of forward inelastic collisions.
o on the electron intensity has been found. Each measure- The contribution of elastic scattering in the forward direc-
ment was repeated at least five times for the same experiion can be minimized by reducing the angular acceptance of
mental conditions, so assuring statistical uncertainties lesie analyzer. For the energy range considered, the angular
than 2%. The length of the collision chamber was changedlistribution of the elastically scattered electrons has a maxi-
from 70 to 127 mm, and the measureg values were found mum for smallé angles[14]. For this reason, the elastic part
to be in agreement within the statistical uncertaintiesof the integral expression in Eq2), satisfies[14] the in-
(namely, 2%. This result indicates that our measured lengthequality
(L) corresponds to the actual absorption length and that pos- L 2000/ d d
. . . .. . g g
sible multiscattering effects are negligible for our experimen- J' dxj (_) do< LAQ<_> )]
tal conditions. 0 0 dQ elastic
Special attention was paid to avoid errors arising from
forward electron scattering. As has been pointed out by sev-,
eral authorg14,15, electrons scattered in the forward direc-
tion can be the main error source at high impact energies if
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FIG. 3. Elastic differential cross sections fefCO, scattering

vs momentum transfer g 1000 eV and(b) 500 eV.O: experi-
mental results of Bromberd16]. @®: measurements of Iga,
FIG. 2. Energy-loss spectrum of G@or 2000-eV incident elec- Nogueira, and Mu-Ta¢g17]. ——: calculations of Botelhcet al.
tron energy. [18].
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Differential elastic cross sectiongdo/dQ})pasid for CO, do do
have been measured by Brombéig] at 300, 400, and 500 a0 _:(m ‘exp(—BAP), (4)
eV for scattering angles ranging from 2° to 40°. More recent elastic elastic

measurements were published by Iga, Nogueira, and Mu-Tao

[17] for 500-, 800-, and 1000-eV impact energies. Theoretiwhere {do/dQ)qgiciS the differential elastic cross section
cal data at these energies have been calculated by Botella@ a function of momentum transfer a@ds the slope of the

et al. [18]. There is good agreement between these theoretstraight line shown in Fig. 3. A linear fit of the available data
cal and experimental data and they confirm the behavior obfrom Refs. [15-17 gives o,=250+20(aj sr ') and
served by Bromberd16] for small values of momentum p=2.45+0.05(atomic units for energies ranging from 500
transfer. Figure 3 is a semilogarithmic plot of the differentialto 1000 eV. Introducing this value in E(B) and considering
elastic cross section given in Ref46—-18 against momen- the maximum angular acceptance of the detector
tum transfer AP) for AP<1. As seen from this figure, the (3.5X10 ° sr), we obtain an error contribution for the elastic
curve shows a linear behavior in the region of smal. As  forward scattering of less than 0.1% at 1000-eV impact en-
proposed by Bromberfl6], this means that the cross sec- ergy. The contribution at higher energies can be estimated by

tions in that region can be described by the expression ~ assuming that the Born approximation is valid for small
angles and therefored¢/dQ))¢jasticap—0 Must be constant.

TABLE I. Experimental and theoretical total cross sectiginsunits of a(z)) for electron scattering from

Co,.
Eo Total cross sectionsa)

(eV) This workd Ref. [4]2 Ref. [5]2 Ref.[6]2 Ref. [1]° Ref.[8]°

400 21.1 22.4 22.9 30.9

403 19.0

441 21.9

484 19.9

500 18.3 18.4 26.2 19.7

576 17.6

600 16.2 22.8

676 15.6

700 14.5 20.1 15.5

784 14.1

800 13.1 18.1

900 12.2 12.6

1000 11.3 15.0 11.9

1024 11.7

1156 10.5

1250 9.55

1296 9.61

1444 8.50

1500 8.64

1600 8.05 7.61

1750 7.54

1764 6.86

1936 6.39

2000 6.85 8.17

2116 5.79

2304 5.36

2500 5.69 4.61

2704 4.53

2916 4.11

3000 4.85 5.60

3500 4.27

4000 3.83 4.25

4500 3.48

5000 3.19 3.40

#Experimental results.
PTheoretical values.
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oc:: - o 0 BAADAA Ap scattering.@: present experimen-
~ L %6? a tal results.A: measurements from
) B A‘i %‘% Ref. [6]. W: experimental results
u? ﬁ from Ref. [4]. A: experimental

B A value given in Ref[5]. O: theo-

S00— retical data given in Refl1]. OJ:
= calculations from Ref[8]. ——:
- Born-Bethe approximation.
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Eo (Rydberg units)
Under this assumption, the maximum error contribution from Eo o1 R R\2
forward elastic scattering at 5000 eV is less than 0.3% for R 27| At BelE—O+Ce| B, +ee
0

our experimental conditions.

By combining the partial error components mentioned
above, we have a total error of 3% for the present measure-
ments.

+47 , (5)

2 Eo
M7orin 4CTOTE t--

whereE, /R is the incident energy in Rydberg units aaglis
the Bohr radius. The constants,;, Be, Cq, M1o1 and
lll. RESULTS AND DISCUSSION Cqor are related to internal dynamic properties of the targets
The measured total cross sections for electron scatterir;};see Refs[9-11]). These parameters have been calculated

by CO, molecules in the energy range 400-5000 eV ardOr some atoms in Ref49] and[11]. For CO, molecules
given in Table I, together with the experimental values 0fdlrect calculations of these constants from molecular wave

Refs.[4—6] for comparison. The results of Kwaet al. [4] functi(_)ns t;’;@reh not availar?le irr: thedlitera;ure. Howevera f?r f
are in good agreement with those of the present work in th%nergles Igh enough that the independent atom model o

. . . ott and Massey19] is valid, and by applying the optical
overlapping energy region. The value obtained by Sueok eorem to the forward scattering amplitude, Joshipura and

and Mori[5] at 403 eV is 10% lower than the present one. . alrsl h d a simpl thod to obtai lecul

The data from Szmytkowslt al.[6] show in general a good atel[8] have proposed a simple method to obtain mo'ecurar
. . tal cross sections from the corresponding values of the con-

agreement with the present re;ults for energies between 4@ ituent atoms. Accordingly, the Born-Bethe total cross sec-

and 1600 eV, but are systgmau;ally less .than ours for enekons (osg) for electron scattering from COcan be ex-

gloegoabove 1600 eV, reaching discrepancies of about 20% %Pessed from the atomic data given in R&8.and[11] as

eV.
Theoretical data available in the literature are also in-

cluded in Table I. Calculations of Jain and Baljjd give @E

values higher than those of the present work at low energies aé R

(about 40% at 400 el but they agree well at higher energies

(within 6% at 5000 eV. Data of Joshipura and Pat] | order to study the dependence of the total cross section on

show an excellent agreement with the present ones. The firgiie electron energy for the energy range of this experiment,

Born approximation for elastic processes and the Born-Beth@e have made a Bethe p|oE(EOgT)/(Ra(2)) versus

theory for inelastic collisions are two significant instrumentsin (E,/R)], which includes the present results and all the

to study electron scattering from atoms and molecules aéxperimental and theoretical values available in the literature

high energie$9—11]. It is worthwhile to check the suitability (see Fig. 4 As may be seen the; dependence on the elec-

of these approximation for energies of up to 5000 eV, bytron energy agrees for all the experimental values given for

comparing their predictions with the experimental values. Asnergies less than 1600 eV. For higher energies the values

can be deduced from Refil@-11], a combined Born-Bethe given in Ref.[6] shown a clearly different behavior than

theory givesot in terms of the following equation: those of the present work.

E R
=675.3+ 106.3 |nﬁ° —4807+---. (6)
0



254 G. GARCIA AND F. MANERO 53

Ey/R for energies above 1500 eV, obtained by using the
presento values. The data lie on a straight line, which may
be fitted by an exponential function as

opg— 0T . 1 EO
b% O_—BB—O.Z?)QEX% 6 R (7
~
3; Thus total cross sections for high electron energies
o (Eo>1500 eV can be expressed in terms of the following
formula:
005

. 1-0.239 1 S 8

= =|1-0.239exp — ——=—= ,

B T T T I S N N T I SN HOOOY WO N N T N MO | IT X 416 R 7BB ( )

0 100 200 300 400

E, (Rydberg units) whereapgg is given by Eq(6). This expression reproduces to

a good approximation the present experimental results for
electron energies ranging from 1500 to 5000 eV, and can be

FIG. 5. Relative difference between the present total cross seassed to extrapolate; values to higher energies.
tion (o1) and those predicted by the Born-Bethe approximation
(ogg) Vs electron incident energyn Rydberg units IV. CONCLUSIONS
Total electron scattering cross sections for the,Gol-

As for the theoretical data, the calculations of Joshipuraecule have been measured in the energy range from 400 to
and Patel[8] predict a dependence a@f; on the electron 5000 eV. The experimental values obtained agree well,
energy in the 500—1000-eV range, which is in good agreewithin the experimental errors, with previously published
ment with the experimental values. The values of Jain andalues in the energy range from 400 to 1600 eV. Above 1600
Baluja[1], as well as those given by E¢5), show a shape eV the only previously published measurements of Szmyt-
and trend similar to the present experimental values for th&owski et al. [6] deviate from the present ones outside the
whole energy range. The valid energy range of the Bornquoted error limit, the discrepancy being larger for increas-
Bethe approximation foe-CO, collisions can be determined ing energies. However, the present results agree well in
by studying the relative difference betweegg values and shape and trend with the theoretically calculated values of
the corresponding experimental ones as a function of energyain and Balujd1] and with the predictions of the Born-
Figure 5 is a semilogarithmic plot obgg— o 1)/ ogg against  Bethe approximation.

[1] A. Jain and K. L. Baluja, Phys. Rev. 45, 202 (1992. [11] M. Inokuti, R. P. Saxon, and J. L. Dehmer, Int. J. Radiat. Phys.
[2] A. Zecca, J. Nogueira, G. P. Karwasz, and R. S. Brusa, J. Phys.  Chem.7, 109 (1975.
B 28, 477(1995. [12] G. Garcia, A. Pez, and J. Campos. Phys. Rev.38 654

[3] K. R. Hoffman, M. S. Dababneh, Y.-F. Hsieh, W. E. Kauppila, (1988.
V. Pol, J. H. Smart, and T. S. Stein, Phys. Rev23, 1393  [13] G. Garcia, C. Arago, and J. Campos, Phys. Rev4&, 4400
(1982. (1990.

[4] Ch. K. Kwan, Y.-F. Hsieh, W. E. Kauppila, S. J. Smith, T. S. [14] H. J. Blaaw, R. W. Wagenaar, D. H. Barends, and F. J. de Heer,
Stein, M. N. Uddin, and M. S. Dababneh, Phys. Re2ZA J. Phys. B13, 359 (1980.

1328(1983. ) [15] C. Ma, P. B. Liescheski, and R. A. Bonham, Rev. Sci. Instrum.
[5] O. Sueoka and S. Mori, J. Phys. Soc. Jp8.2491(1989. 60, 3661 (1989
[6] C. Szmytkowski, A. Zecca, G. Karwasz, S. Oss, K. Maciag, B'[16] 3 ,P Bromberg, J. Chem. Phyg0, 1717 (1974

Marinkovic, R. S. Brusa, and R. Grisenti, J. Phys2® 5817

(1987) [17]1. Iga, J. C. Nogueira, and L. Mu-Tao, J. Phys.1B, L185
: . . . . L (1984.
7] G. Dalba, P. Fornasini, R. Grisenti, R. Lazzizzera, J. Ranieri . .
L ]andA Zecca, Rev. Sci. Instrurb2, 979 (1981 [18] L. F. Botelho, L. C. G. Freitas, L. Mu-Tao, A. Jain, and S.
[8] K. N. Joshipura and P. M. Patel, Z. Phys.2B, 269 (1994). Toyal, J. Phys. BL7, L641(1984.

[9] M. Inokuti and M. R. C. McDowell, J. Phys. B, 2382(1974. [19] N. F. Mott and H. S. W. Masse¥,heory of Atomic Collisions
[10] M. Inokuti, Rev. Mod. Phys43, 297 (1972. (Oxford, Clarendon, 1987 Vol. 1.



