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Absolute partial cross sections for electron-impact ionization of H, N,, and O,
from threshold to 1000 eV
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Absolute partial cross sections from threshold to 1000 eV are reported for electron-impact ionizatign of H
N,, and G. Data are presented for the production gf tand H™ from H,; the production of N, NT+N,2",
and N* from N,; and the production of &, O"+0,%%, and G from O,. The product ions are mass
analyzed with a time-of-flight mass spectrometer and detected with a position-sensitive detector whose output
provides clear evidence that all energetic fragment ions are collected. The overall uncertainty in the absolute
cross-section values for singly charged parent ion£#5% and is marginally higher for fragment ions.
Previous cross-section measurements are compared to the present [[8$0E8-29476)06709-1

PACS numbd(s): 34.80.Gs

I. INTRODUCTION between two plates maintained at ground potential, and are
then collected in a Faraday cup. Approximately 200 ns after
lonization of atoms and molecules by electron impact iseach electron pulse, an electric field is applied across the
of fundamental importance in atmospheric science, plasménteraction region to drive any positive ions formed by elec-
processes, and mass spectrometry. An extensive review ton impact toward the bottom plate. This electric field is
the literature reveals, however, that although there have beagenerated by applying a 2-kV pulse with a 300-ns rise time
many studies of the rare gases, few measurements have beenthe top plate. Some ions pass through a grid-covered ap-
reported for electron-impact ionization of molecules. Oferture, of length 1.91 cm in the direction parallel to the elec-
these the most widely known and referenced are the absoluteon beam, in the bottom plate. These ions are then acceler-
total cross-section measurements of Rapp and Englandented, to an energy of 4.6 keV for singly charged ions, and
Golden [1]. Several experimenters have since employedsubsequently impact a position-sensitive dete@@8D) that
mass spectrometry to measure partial cross sections for indiecords both their arrival times and positions. This system is
vidual ionic products; however, almost without exception,a time-of-flight mass spectrometer. The ion arrival times
these studies yielded relative cross sections that were theadentify their mass-to-charge ratios and the ion arrival posi-
normalized to the absolute total cross sections, most contions serve to demonstrate complete collection of energetic
monly those measured by Rapp and Englander-Golden. THeagment ions from dissociative ionization.
only truly absolute partial cross sections that have been pre- Under conditions in which very few of the incident elec-
viously reported for molecules appear to be those by Petetrons produce an ion, the partial cross sectigiX) for pro-
son[2] and Freund, Wetzel, and Shll] who used the fast duction of ion specieX is given by
neutral beam technique.

This paper reports absolute partial cross sections for N;(X)
electron-impact ionization of § N,, and Q from threshold o(X) =l
to 1000 eV. The measured processes are the production of ¢
H,"™ and H" from H,, the production of ", N*+N,2*, and _ _
N2* from N,, and the production of £, O*+0,2", and whereN;(X) is the nu.mber o?( ions produced by_a number
02" from O,. The results are obtained with a time-of-flight Ne Of electrons passing a distantehrough a uniform gas
mass spectrometer coupled with position-sensitive detectiolrget of number density. Determination of absolute partial

of the product ions. The individual cross sections forahd ~ Cr0sS sections, without recourse to normalization using the
N,2* and for O" and Q%" cannot be separately determined absolute cross section measurements of others, requires mea-

because each set of ions has the same mass-to-charge ratio
and, therefore, the same flight times in the mass spectrom-

@

eter. tifrflni?r?e DepflthC(;Oﬂ Top plate Faraday cup
Il. APPARATUS AND EXPERIMENTAL METHOD l 2l
——————— =l :

The apparatus shown in Fig. 1 has been previously dis- /4 Aperture
cussed in detail4]. Briefly, during a cross-section measure- Collimding  Field and g""l« _ & Gromnged
ment the entire vacuum chamber is filled with the target gas apertures  shim PSD wool  shield
at a pressure of approximaterKC{O‘6 Torr. At a repetition Bottom plate
rate of 2.5 kHz, 20-ns-long pulses of approximately 2500
electrons are directed through an interaction region, located FIG. 1. Schematic diagram of the apparatus.
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FIG. 2. Time-of-flight spectrum for ions produced by 200-eV
electron impact on pl

() N*+ N2

surement of all the quantities on the right-hand side of Eq.

(1) and the remainder of this section describes these mea- 150
surements. 100
Measurements dil, andn are relatively straightforward Counts
and were described in detail in an earlier pajdr Briefly, 50
the electron beam current is collected in the Faraday cup and
measured with an electrometer operating in the charge col-
lection mode while the target number density is determined 3
from measurements of the target gas pressure using a capaci- 10 ,
tance diaphragm gauge. ¥ position (mm) 'i 25

Measurement oN;(X) is accomplished with the time-of-
flight mass spectrometer. A representative time-of-flight 25
spectrum for N is shown in Fig. 2 which demonstrates that ) » 0o .
the mass resolution is sufficient to separate product ions hay-, "G 3 Arrival position distributions for(@) N," and (b)
ing different mass-to-charge ratios. The small contribution td¥ +N2™ ions produced by 100-eV electron impact. The electron
the spectrum due to residual background gas is determindif@™ is parallel to the axis.
by removing the target gas from the vacuum chamber and
again recording the time-of-flight spectrum. The backgroundl0% except near threshold.
correction to the measured ion signals is less than 1% except Flgure 3 shows the ion arrival position distribution for
for peaks that overlap with water vapor, the principal back-both N, and N"+N,**. The parent ions impact on a narrow
ground gas present in the vacuum system. Fof, H strip located immediately beneath the electron beam while
N++N22+, and d+022+, the peaks that overlap with the energetic fragment ions are detected over a much wider area
ions from water vapor, the background correction is less thaof the PSD. It is seen, however, that no significant number of
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TABLE I. lon counting statistics and the relative and absolute uncertainties associated with the partial
cross sections for 5 N,, and Q. The ion counting statistics represent one standard deviation. The uncer-
tainties for o (total) come from an appropriately weighted sum of the uncertainties for the partial cross

sections.
lon counting Absolute uncertainty Absolute uncertainty
statistics  Relative uncertainty at 200 eV at all other energies
Target Cross section (%) (%) (%) (%)
H, a(H,") 0.5 +2.0 +3.0 +3.5
o(HY) 2.0 +3.0 +35 +4.5
o(total) +2.0 +3.0 +35
N, a(N,") 0.5 +2.0 +3.0 +3.5
a(NT+N,") 1.0 +2.5 +3.5 +4.0
a(N?") 3.0 +35 +4.0 +55
o(total) +2.0 +3.0 +3.5
0, a(0,") 0.5 +2.0 +3.0 +3.5
a(0"+0,") 1.0 +25 +3.5 +4.0
a(0?) 3.0 +35 +4.0 +55

o(total) *2.0 +3.0 +3.5
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FIG. 5. Position and time-of-flight distributions produced(by
1100 30-eV, (b) 50-eV, and(c) 200-eV electron impact on H These
1000 data were obtained with a 25-mm-diameter PSD.

20
SRS

800 Time of flight (ns)

700

lected with the 25-mm-diameter PSD. From a knowledge of
FIG. 4. Position and time-of-flight distributions produced by an ion’s flight time and the geometry of the apparatus, the
1000-eV electron impact of@) H,, (b) N,, and(c) O,. These data maximum kinetic energy of a fragment ion for which there is
were taken with a 40-mm-diameter PSD and the bold lines at posicomplete collection is readily calculated. For the 40-mm-
tions of 7.5 and 32.5 mm indicate the boundaries of the 25-mmdiameter PSD, H ions with kinetic energies up to 17 eV,
diameter PSD. N* and O" ions with kinetic energies up to 21 eV2Nions
with kinetic energies up to 35 eV, and*Oions with kinetic
ions have sufficient energy to reach the extreme edges of thenergies up to 33 eV are completely collected.
PSD. For N and G, it was determined that all energetic ions  An alternative way of presenting the data is illustrated in
from dissociative ionization were collected when the separaFig. 4 in which the ion arrival position distributions of the
tion between the top and bottom plates was 6.2 cm while fotype shown in Fig. 3 are integrated along the electron beam
H, it was found necessary to reduce this separation to 3 craxis (the x direction in Fig. 3 and combined with the time-
in order to collect all of the H. of-flight spectrum. The data shown in Fig. 4 were obtained
The cross sections for all three target molecules were iniwith the 40-mm-diameter PSD and it is evident that all ions
tially measured using a PSD with a diameter of 25 mm. Aare collected for both the 25-mm-diameter and 40-mm-
few of the more energetic fragment ions, however, impactediameter PSD. The width in both position and time of the
near the edges of the PSD and to demonstrate unequivocalbjngly ionized parent molecule peak is due to the spatial
that they were indeed being completely collected, the crosextent of the electron beam while the greater width for the
sections were remeasured using a larger PSD with a diametéagment ion peaks is due primarily to their initial velocities
of 40 mm. For these measurements, the dimension of thperpendicular to the electron beam. Figure 5 shows similar
rectangular aperture, in front of the PSD, was increased tplots obtained for H at three additional electron energies.
4.0 cm perpendicular to the electron beam while leaving unThese plots show that there is always a low-energy contribu-
changed the 1.91-cm dimension in the parallel direction. Tdion to the H™ energy distribution together with a high-
within the uncertainties stated in Table I, no changes in thenergy contribution that grows with increasing electron en-
measured cross sections were observed, demonstrating tregy.
all of the energetic fragment ions were indeed being col- Accurate measurement of;(X) requires that the detec-



54 ABSOLUTE PARTIAL CROSS SECTIONS M. .. 2149

TABLE II. Results for the partial cross sections of.H TABLE lll. Results for the partial cross sections of N
Energy o(Hy") o(H") Energy a(N,") a(N*+N,2") a(N?")

(eVv) (101 e (1078 cr) (eVv) (1076 cn) (107 cmd) (1078 cn)

17 0.611 17 0.0242

20 2.79 20 0.218

25 5.13 0.455 25 0.571

30 6.90 0.919 30 0.998 0.349

35 7.95 1.88 35 1.24 0.969

40 8.68 3.07 40 1.47 1.78

45 8.96 4.36 45 1.63 2.62

50 9.16 5.14 50 1.70 3.40

55 9.30 6.08 55 1.77 4.15

60 9.37 6.64 60 1.83 4.66

65 9.34 7.24 65 1.85 5.11

70 9.31 7.48 70 1.88 5.54 0.0181

75 9.22 7.81 75 1.90 5.94 0.0697

80 9.13 7.82 80 1.92 6.21 0.129

85 9.02 7.94 85 1.92 6.39 0.215

90 8.90 7.97 90 1.94 6.67 0.346

95 8.81 8.03 95 1.95 6.81 0.463
100 8.68 8.00 100 1.94 6.92 0.522
110 8.39 7.84 110 1.93 6.95 0.763
120 8.20 7.61 120 1.91 6.95 0.974
140 7.74 7.04 140 1.87 6.84 1.28
160 7.32 6.68 160 1.80 6.62 1.44
180 6.84 6.18 180 1.75 6.22 161
200 6.48 5.69 200 1.68 5.90 1.60
225 6.09 5.26 225 1.61 5.37 1.60
250 5.72 4.67 250 1.53 5.12 1.48
275 5.34 4.28 275 1.47 4.75 1.47
300 5.07 4.06 300 141 4.53 1.32
350 4.58 3.50 350 1.32 4.06 121
400 4.19 3.03 400 1.24 3.62 1.06
450 3.83 2.67 450 1.15 3.34 0.967
500 3.58 2.48 500 1.08 3.07 0.830
550 3.26 2.17 550 1.02 2.81 0.816
600 3.05 2.01 600 0.966 2.54 0.778
650 2.90 1.85 650 0.900 2.39 0.717
700 2.72 1.75 700 0.862 221 0.663
750 2.61 1.62 750 0.812 2.09 0.599
800 2.47 1.52 800 0.780 2.03 0.605
850 2.38 1.40 850 0.752 1.95 0.552
900 2.26 1.37 900 0.731 1.86 0.531
950 2.13 1.27 950 0.709 1.79 0.514
1000 2.02 1.19 1000 0.686 1.69 0.492

tion efficiency for each ion species be known. This was degardless of their mass-to-charge ratios, are detected with the
termined by repetitively directing an ion beam of appropriatesame efficiency supports the view that, in the present experi-
species and energy alternately onto the PSD and into a sement where the ion impact energy on the PSD is large, every
ond Faraday cufot shown in Fig. 1. For an impact energy ion entering a channel opening of the first microchannel plate
of 4.6 keV for singly charged ions, which is the same impactof the PSD is detected.

energy employed during cross-section measurements, the de- Determination ofl, the effective path length along the
tection efficiency was found to have values between 40.0%lectron beam from which the collected ions originate, was
and 40.5% for all ion species. This same detection efficiencyliscussed previously] for argon ions. It was shown that the
range was observed previougl] for argon ions using the high degree of uniformity of the extraction field coupled with
same grid and PSD and results from a PSD efficiency of 62%he fact that all argon ions were formed with thermal energy
and a grid transparency of 65%. The fact that all ions, reensured that ions impacting the PSD had originated from a
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TABLE IV. Results for the partial cross sections 0§.0

Energy a(0,") (0" +0,2") (O]

(eV) (108 cn) (107 cmd) (1078 cn)

13 0.0127

15.5 0.0792

18 0.178

23 0.395 0.180

28 0.606 0.840

33 0.813 1.82

38 0.994 2.76

43 1.16 3.56

48 1.27 4.47

53 1.37 5.22

58 1.45 5.88

63 1.51 6.59

68 1.56 7.21

73 1.59 7.60 0.125

78 1.60 7.95 0.200

83 1.62 8.47 0.254

88 1.64 8.73 0.372

93 1.64 9.03 0.462

98 1.64 9.18 0.644
108 1.62 9.47 0.850
118 1.61 9.57 1.01
138 1.57 9.57 1.44
158 1.54 9.47 1.88
178 1.49 9.31 2.09
198 1.45 9.01 2.20
223 1.39 8.64 2.39
248 1.36 8.25 2.35
273 1.28 7.83 2.21
298 1.24 7.46 2.14
348 1.16 6.81 1.96
398 1.08 6.30 1.76
448 1.01 5.78 1.58
498 0.948 5.41 1.40
548 0.904 4.99 1.26
598 0.847 4.68 1.13
648 0.818 4.42 1.10
698 0.777 4.24 1.01
748 0.735 3.96 0.996
798 0.700 3.76 0.853
848 0.684 3.62 0.813
898 0.654 3.42 0.783
948 0.627 3.31 0.752
998 0.607 3.22 0.755
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FIG. 6. Present Kipartial cross sectiond@®) together with the
results of Krishnakumar and Srivastai?] (<), Adamczyket al.
[17] (O), and Rapp, Englander-Golden, and Bridlis8] (O). The
data of Rapp, Englander-Golden, and Briglia are for the production
of H* with kinetic energies greater than 2.5 eV. Representative
error bars are shown for the present work and for the results of
Krishnakumar and Srivastava.
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region, directly above the aperture in the bottom plate, whose

effective length was equal to the 1.91-cm length of the aper-

FIG. 7. Present bhlpartial cross section@®) together with the

ture. In the present measurements, fragment ions resultinggits of Freund, Wetzel, and Shi@] (+), Krishnakumar and
from dissociative ionization may have energies of severakyiyastava[10] (¢ ), Mark [14] (V), Crowe and McConkey15]
electron volts and consequently some ions created in the rex) Halas and AdamczyKi6] (X), and Rapp, Englander-Golden,
gion directly above the aperture with velocities parallel to theang Briglia[18] (O). The data of Rapp, Englander-Golden, and
electron-beam axis will escape detection. For example, Briglia are for the production of ions with kinetic energies greater
15-eV H' ion having all of its initial velocity parallel to the than 0.25 eV. Representative error bars are shown for the present
electron-beam axis will travel 1.4 cm parallel to the electron-work and for the results of Freund, Wetzel, and Shul, of Krishna-
beam axis before reaching the bottom plate. However, theumar and Srivastava, and of a
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solute uncertainties in the cross sections come from the ion

FIG. 8. Present Qpartial cross sectione®) together with the  counting statistics, a0.5% uncertainty associated with de-
results of Krishnakumar and Srivastaiel] (<), Mark [14] (V),  termination of the detection efficiency,%0.5% uncertainty
and Rapp, Englander-Golden, and Brigl8] (O). The data of i, the electron beam current measurement; 5% uncer-
Rapp, Englander-Golden, and Briglia are for the production of iongainty in the calibration of the electrometer used for the elec-
with kinetic energies greater than 0.25 eV. Representative error baﬁon beam current measurement and PSD detection efficiency
are sh(_)wn for the present work and for the results of KriShnakumanetermination, a=1% uncertainty in the target length, a
and Srivastava and of Ma +2.5% statistical uncertainty anda1% calibration uncer-

translational symmetry of the apparatus along the electront-a inty in the pressure mea;tsurement_wﬂh_ the capacitance dia-
beam axis and the uniformity of the extraction field ensureéjhragm gauge, and 20.2% uncert_amty in the temperature.
that for every ion produced in the region directly above th mﬁasurementfniedeld for call)culatlon of the ngmhbgr dekl;nsny.
PSD that escapes detection, one from outside this region w?{L € inergy of the electron beam was estg Ished to better
be detected. In the case of 15-eV" Hons that impact the an=1 eV by observing the threshold for Fidormation.

PSD actually come from a region that is 4.7 cm long al-

though the effective length from which they originate is still IV. RESULTS AND DISCUSSION

given by the 1.91-cm length of the aperture in front of the i .

PSD. Since the top and bottom plates are 19 cm long in the 1he measured partial cross sections for, Np, and G
direction parallel to the electron-beam axis, all detected ion&r€ listed in Tables 11—V and are plotted in Figs. 6-8 to-
originate in a region far removed from the outer edges of th@ether wnh prewou;ly published partial cross sections. Total
electrodes and thus in a region where the electric field i§T0SS sections obtained as the sum of the present partial cross

highly uniform. sections(i.e., the counting cross sectipare shown in Figs.
9-11 together with previously published direct measure-
Il CROSS-SECTION MEASUREMENTS ments of the absolute total cross sections. The total cross

sections of Tate and Smif], Rapp and Englander-Golden

Measurement of all the quantities on the right-hand sidd1], Schramet al. [6,7], Cowling and Fletcher8], and
of Eq. (1), as described in the preceding section, allows di-Asundi, Craggs, and Kureg®] were obtained from mea-
rect determination of absolute partial cross sections. Sinceurements of total charge producti@re., the gross ioniza-
measurements af are extremely time consuming, absolute tion cross section Their cross sections are thus the sum of
measurements of the cross section for single ionization of ththe partial cross sections weighted by the charge of the ion.
parent molecule were made only at a limited number of elecin the case of Hthese two types of total cross section are
tron energies. The absolute cross sections so obtained weidentical since all ions are singly charged while foy &hd
then used to place the remaining measurements on an ab€9,, where multiply charged ions occur, the difference be-
lute scale. Checks were performed for each target moleculisveen the two types of total cross sections is estimated to be
to establish the independence of the measured cross sectidess than 2%. The total cross section data feshkbw excel-
with respect to both the target gas pressure and electrdent agreement except for the measurements of Scletaah
beam current. [6,7], which lie lower than all other results. The total cross

A detailed analysis of the experimental uncertainties hasections for N and G also show agreement within the com-
been given previously4]. Table | gives the ion counting bined uncertainties of the measurements except for the re-
statistics and the relative and absolute uncertainties for aBults of both Tate and Smitf6] and Asundi, Kurepa, and
cross sections measured in this work. The relative uncertair=raggs[9], which probably lie higher than all other results
ties come from the ion counting statistics and-8.5% un-  due to their use of McLeod gauges uncorrected for the mer-



2152 STRAUB, RENAULT, LINDSAY, SMITH, AND STEBBINGS 54

3 T ""'LQ“MAA' 3 I~ yva e S
<~ AA/"o 2 —_ f«ﬁ 0gs
= .80'5: 0 DDBSQAA g Rk ghﬁ; 8
5] PP EN 3] Ko %e &
22k ° ¢ . e 21 X ® % o -
= o° 0% 2 o ¢ ] E.Q
=] :° 095, = X 825
= § = ¢
g 3 7Y S ** o,
8 O§ 0%, g OO ﬁg&%
2 L 5 % g 1L 2 ~
8 o A %Oo
= S
S j 5 o
0 I Lo el L L1 Of|||xuul L L
10 100 1000 10 100 1000
Electron energy (eV) Electron energy (eV)

FIG. 10. Present Ntotal cross sectiori®) together with the
results of Rapp and Englander-Golddd (O), Schramet al. [6,7]
(d), and Tate and SmitfB] (A).

FIG. 11. Present ©total cross sectiori®) together with the
results of Rapp and Englander-Golddd (O), Schramet al. [6,7]
(O), Tate and Smith5] (A), and Asundi, Craggs, and Kuref@]
cury pumping effect. For all three targets, the absolute value§<):

of Rapp and Englander-Golddd] agree with the present .
measurements to within the combined uncertainties. etal. [17] are lower than the present results due to their

Previously published partial cross sections are shown iﬁ]ormallzat!on IO e resulis of Schraarnal.[G] while the H'
Figs. 6—8 with the exception of those of Peter§dh which cross sections of Adamczyit al. I'? muqh Iqwer than. the
are clearly in error. It should be noted that previous partiarOresent results prpbably due tg Q|scr|m|nat|on of their mass
cross-section measurements generally report uncertainties ectrometer against ener_ge_tl hbns._ The dff‘ta of Rapp,
+8% to =15% while the uncertainties for the present results nglander-Golden, and Brigligl 8] _whm? are m_clud_ed for
are =5.5% or less. The only absolute measurements Show‘gompleteness, are for the pFOd“Ct'O” of With kmet|c_: en-
other than the present results, are thg Nross sections of férgles.greater. than 2'.5 eV in,tind for the proiducuon of
Freund, Wetzel, and Shiig], which agree with the present ions with kinetic energies greater than 0.25 eV inavd Q.
results to within the combined uncertainties. Krishnakumar
and Srivastav@10—-17 measured relative cross sections that V. CONCLUSION

were then normalized using the He cross section recom- ap apparatus and experimental method are described that
mended by Belet al. [13], which agrees very well with the  hermit direct measurements of absolute partial cross sections
He cross section of Rapp and Englander-Golfein Al of  for glectron-impact ionization of molecules. The apparatus is
the cross sections of Krishnakumar and Srivastd@-12  gjmple in concept and embodies a short path length time-of-
agree with the present results to within the combined unceffjight mass spectrometer and a position-sensitive detector for

tainties, however, Krishnakumar and Srivastava would agreg,e product ions. The combination of these two devices
even better with the present results had they directly normalygkes it possible to unequivocally capture all energetic frag-

ized to Rapp and Englander-Golden’s total cross sections fqhent jons formed in dissociative processes and to detect
Hz, Np, and Q instead of indirectly normalizing to Bell them with known efficiency. Difficulties that plagued many

et al’s He cross section. M& [14], Crowe and McConkey  of the earlier investigations have thereby been eliminated.
[15], and Halas and Adamczyi6] measured relative cross

sections, which were then normalized using the total cross
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