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ABSTRACT

The effect of addition of internal energy tu the ion or neutral reac-
tant in an ion-neutral process has been investigated. Changes in the cross
section for certain processes are reported and a change in the state of ex-
citaticn of the final product can in some cases be postulated. The follow-

ing reactions have been considered:

NOT + N

-4
+
o
+

Where the cross section was found to increase with addition of internal
energy to either the ion or the neutral, an approach to near resonance was,
in some cases, found to have occurred. In such cases one or the other of
the product particles may be produced in an excited state. When the inter-
nal energy change is small compared to the energy defect for the reaction,

little or no change in the cross section is observed.
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1. INTRODUCTION

The transmission of radio and radar signals through the atmcsphere de-
pends, in large measure, on the free electron density in the ionosphere.
The density of these free electrons is a function of both the amount of
ionization that is occurring and the magnitude of the rate coefficients for
the various mechanisms available for electron loss. In the normal atmos-
phere, ionization is produced primarily by photoionization processes initi-
ated by solar radiation. During periods of increased solar activitv, the
amount of ionization and, hence, the free electron density are increased,

resulting in degradation of radio and radar equipment performance.

Artificial disturbances of the ionosphere, such as those resulting
from nuclear weapons detunation, greatly increase the free electron density.
The resultant degradation in radio and radar signals can seriouslv affect
the operation of military communications systems. Since the Nuclear Test
Ban Treaty nas elimicated atmospheric testing of nuclear weapons, the de-
gree to which artificial disturbances of this nature will influence elecc-
tromagnetic transmission cannot be ascertained. Therefore, considerable
effort has been expended on laboratory and theoretical studies of atmos-
pheric ionization that would be expected from detonating weapons and on the

deionization processes that return the atmosphere to normal.

Part of the overall interest in the upper atmospheric preccess is re-
flected in the Defense Nuclear Agency (DNA) Reaction Rate Program. This
program, which supports research in the study of atmospheric deionization,
involves in situ measurements of natural disturbances in the atmosphere
(e.g., polar cap absorption events), theoretical studies and laboratory
measurements of pertinent reaction rates, cross sections, and other fea-
tures of the interactions that can occur among electrons, ions, and neutral
species in the upper atmosphere. Current progress in the field is reported

in the DNA Reaction Rate Handbook.(l)

i
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The program under way in the Gulf Radiatiocn Technology (Rad Tech)
laboratory (under Contract DNAOQO1-72-C-0254) examines cne phase of the
deionization problem: reactions of atmospneric ions with neutral species.
The primary objective of this phase of the ion—neutral reaction program is
the study uvf charge-transfer and ion-molecule processes. Since the most
probable cause of the loss of electrons in the upper atmosphere is dissoci-
ative recombination, it is important to know (1) the molecular ions that
are present, {(2) their cioss sections for formation, (3) the effects of in-
ternal energy of the reactants on their rate of formation, and (4) the fate
of any excess energy tnat results from their formation. The present program
places special emphasis on studies of problems posed by items 3 and 4 above.
In the past, these aspects of atmospheric deionization have received very

little attention in the energy regime above thermal.

The major goal of the current program was to devise a means for intro-
ducing internal energy into the neutral and ionic primary particles and to
investigate the effect of this internal energy on the cverall reactior
probability for formation of certain ionic species and the state of excita-
tion of the final products. Processes that were studied in this manner

include:

of + N »Not + N

N + N_. >N+ N;

Nt +o.>0+N+0
N+ 0. »NOT + 0

+
N + O2 + N + O2

NZ + O2 - N2 + 0

o+

A further program conducted during the past year was the development

of a source of oxygen atoms for use in our crossed ion-modulated beam .
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apparatus. In this study, we used both rf excitation of oxygen containing
molecules and thermal dissociation of molecular oxygen to form the O atoms.

The degree of dissociation attained in these bteams was determined by meas-

uring signals trom the following reaction, for which the cross section is

known:

w1 S

W+o-u+0

Using the O atom beam, the reacticn

B B TN sl I Ll il i i e

N;+O+N0++N

was studied.

The final task completed during the past year was the co-authorship of
a revision of a chapter in the DNA Reaction Rate Handbook entitled "Labora-

tory Methods of Obtaining Reaction Rate Data."

The following sections of iLhis report describe the apparatus used fo:
the experimental measurements, the results of the measurewents, and a dis-
cussion of the results. Reprints of papers published during the past year
and preprints of papers written for future publication are included as

appendices.
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2. EXPERIMENTAL METHGQUS

The cross-ion-modulated neutral beam apparatus has been described in

(2-4)

the literature. Thus, only an abbreviated description is given herein.

Also included is a brief description of the extrapolation procedure,(s) de-
veloped in our laboratory, for extending the measured cross-section curves

to thermal energies.

2.1 PRIMARY AND SECONDARY ION SYSTEMS

Figure 1 shows a schematic of the experimental apparatus. The primary
ions are extracted from an electron-bombardment source and mass-analyzed at
an energy of 75 eV in a 180° magnetic-mass spectrometer. After analysis,
cthe ions pass through an aperture in an iron plate that shields the magnetic
field of the muss analyzer from the succeeding regions of the apparatus.

The ions are then retarded or accelerated to the desired collision energy,
and pass through a field-free region before intersecting the neutral beam.
Collimating apertures ensure that, from purely geometrical considerations,
all primary ions pass through the modulated neutral beam. The Veam is modu-

lated at 100 Hz by mechanical chopping.

Secondary ions resulting from collisions between the primary ions and
nentral sneries are extrarted along the direction of the nrimary ion heam
by an electric field cf approximately 2 V/cm. The ions then enters an elec-
tric field in which their energy is increased t> 1650 eV. Penetration of
this accelerating field into the interaction region is reduced by the use of

a double-grid structure.

After acceleration, the ions pass through an electrostatic quadrupole

(6)

(o] g
lens that forms the entrance slit for a 60 -sector magnetic-mass spec-
trometer. The mass-selected icns impinge on the first dynode of a l4-stage
CuBe electron multiplier. For all ions formed by charge transfer or ion-

molecule reatiors, the most abundant isotope is used when making measurements.

Preceding page hlank 5
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The cross sections are corrected for the isotope effect ‘created by collect-
ing only those having this mass. The output from the multiplier passes suc-
cessively through a preamplifier, a 100-Hz narrow-band amplifier, and a
phase-sensitive detector, and is then integrated. The output 1is- presented

on a chart recorder.

The primary ion beam intehsity is measured at the interaction region
with é Faraday cup, which can be moved into the collision region when de-
sired. The primary ion energy is determined from-retarding potential meas-
urements. All surfaces af the interation region and the Faraday cup are
coated with alkadag, and the interaction region is normally maintained at

120°C to minimize suface~charging.

Because, in the present work, interest extended to small~collision
energies, only weak extraction fields at the collision region were used.
As a result,.the secondary ions were not collected with 100Z efficiency.
Obtaining absolute cross sections for production of various secondary ions
required, therefore, determination of their overali detection efficiéncy.
This latter consideration was governed by a number of factors, inciuding
the multiplier gain and the efficiency of transmission of the secondary ions

from the interaction region to the multiplier.

The multiplier-amplifier-recorder gain is measured by modulating the
primary ions prior to their entry into the collision region. The ion cur-
rent signal is first measured with the movable Faraday cup and, after tra-
versing the secondary mass spectrometer multiplier-amplifier system, by che

recorder.  Primarv ion tranemicsion through the sccond mass spec

92%Z. Typical gains for the entire system are of the order of 10"~ output
volts on the recorder per ampere of incoming current. In practice, gains

are measured for each product ion.

The major experimental uncertainty is associated with the collection
efficiency for the secondary ions. Collection fields large enough to ensure
total collection of the secondary ions cannot be used because of the influ-
ence these fields exert on the motion of low-energy primary ions. While
measurements of the variation of collection efficiency with the strength of

the extraction field can readily be made at high primary ion energies, the
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resul .; are not necessarily relevant to the low-energy regime, where the
dynamics of the ion-neutral process may be different. Interpretaticns of
the present data obtained using weak collection fields is based on the as-
sumption that, for primary ion energies above a few eV, the secondary ions
are collected with nearly equal efficiency, and that, as a result, the col-
lection efficiency is independent of both thz nature and the energy of the
primary ions. This assumption implies that the energy defect in the reac-
tion is not large, since energy not ~xpended in excitation of the products
must appear as kinetic znergy and, therefore, would influence the collection

efficiency.

2.2 NEUTRAL BEAM FORMATIGN AND MEASUREMENT

2.2.1 Beams of Stable Gases

Beams of ground state N2 and O2 are formed by effusion from a small
hole in a room-temperature tungsten or iridium tube cortaining the gas
(Figure 1). Beam density is determined using the cosine law of molecular

(73

effusion where the pressure in the tungsten source, the area ¢f the sper-
ture in the tube, and distance {rom the aperture to the interaction region

are known factors.

The vibrational energy in the neutral beam can be changed by resistive
heating of the tungsten source. Temperatures as high as 2800°K have been
used for this vibrational excitation, with the temperature being monitored

by an optical pyrometer. Tables i and 2 summarize the results of calcula-

-

P o - L Al . el e lacm Tl amAames Al
LAVND V1 g vividLivial pupusidacaves
and 02, respectively,as a function of the temperature of the gas. The beam
density of the neutral flux due to temperature changes are corrected when

effects of vibrational excitation of the neutral species are being studied.

More extensive excitation of N2 and O, molecules used rf techniques.

2
In these studies, the furnace source was replaced by a glass t-shaped dis-
charge tube with a small hole in the bottom of the U-bend. Electrodes
attached to the outside of each leg of the U served to introduce the rf

power into the gas.
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TABLE 1
CALCULATION OF VIBRATIONAL DISTRIBUTI )NS

FOR NITROGEN
TEMPERATURE V=0 V=1 V=2 v=3
3CC. 1.000 . 0000 .C0acC .200ao
40C. 1.606 «00802 .gaoce «00CDO
50GC. «399 + 0012 -3acc .00C3
60C. « 936 -C03b = 00ae «CCOG
7CGe. «992 » CO8C .0001 «C023C
8cao. « 985 <0145 «C002 «CC03
90a. <376 «C23C .C0C6 -aeces
ipcao. «JE6 «6331 «C012 »£C00
1100. «953 «2U4Yy .0021% .CU01
12c0. «94C «0565% 0035 .COC2
130c. «925 -« 0691 «C053 N fagels
14C0C,. «91C «£:813 +GQTF «50aC7
150C. «834 «09°.3 «C1CZ -CC1%
lecc. «878 «1.66 «C133 «C017
17CC. «862 » 1185 <0167 .0L2y
18na. 346 «1298 «C204 «GC33
130cC. . 830 » 1406 «L242 -0C43
20040. «814 1507 «028% «0055
21CC. 793 1602 «0328 .CC63
22CC. «783 «169C «3372 .0083
23cce. 768 «1772 «L416 .0100
240cC., «754 «1848 -0461 .Cl1l17
250C. 739 «1918 «05CE «0136
260C. « 725 1982 «C55C «0155
2700. «712 « 20041 .0594 «G17C
Z8UL. «bY9 e 2U3)5 «Ub S/ «L197
290a0. -6EE « 2144 «063C «L219
3acc. «674 «2189 «0721 «C241
31cao. «662 2232 «G761 «0263
32G¢C. «65C «2267 «G83C .L286
33C0. 639 «2300C .0838 .C2C3
34ce. «629 «233C «L875 =GR
isac. «618 « 2357 .391¢C «C355
3ercC. «633 «2382 «0944 .L278
37CC. «593 « 2404 «0977 .0402
38CC. «583 e 2423 1028 «G424
39cc. «58C « 2440 «1038 «Cuu?
4gcc. «571 «2455 1368 «L463
9

.0000

-0004a
-geao
. QCog
-30040
« 3000
«CCOC
«COCC
- 00aan
- 3C00
« 0030
. 0001
«3001
« 3002
-00C4
«3JC05
.0008
«JC11
.0015
«2C13
« G024
-003C
«JC37
«JChy
«2053
« 3062
-0071
- 3082
3092
«J134
«3116
«3128
«0143
«B1E3
«J167
-01393
«5134
3208

«COCC
-Qgcac
.COCC
.GCac
«CCCC
.COCC
-COCC
«00CCC
«00GC
.CCCC
«30CC
-CCCC
.Cacc
.C3g0c
«GCC2
-0CC1
«CCC2
«0202
«COCZ
«CCOY
.COCE
.CCO¢
.CC1C
.CC12
«LO1€
«CC2C
«0C24
«GC22
- 0032
.CC32
- CO44
.005C
+CCEC
«CCLZ
«LCTC
«L278
.LOET
«CCS2
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. TABLE 2
; CALCULATION OF VIBRATIONAL DISTRIBUTIONS
: FOR OXYGEN
E
* TEMPERATURE V=0 V=1 V=2 V=3 V=4 v=s
300. .999 .000s .coce .0CCo .0000 .COCD
400. .996 .0035 .0000 .0000 .000C .C00C
500- .989 .01C9 .c001 .00Co .0000 .00CC
600. <977 .0227 .0006 +COGO .0000 .000C
700. .960 .0383 .G016 .0001 .CO00 .cocc
300. <940 .0560 .0035 .C002 .000D .GoeS
sgc. .918 .0749 .0063 .CCO6 .0001 .opoe
1000. .895 .0938 <0102 .0011 .0001 .0CCC
L 110C. .871 <1120 <0149 .co2a .0003 .00C0
; 120C. <847 .1292 .0203 .5033 .0G0S .Cc001
; 1300. .823 .1451 .0263 +GC49 .0009 .C0G2
E 1400, <799 «1595 -6328% .0068 .IC15 .0o03
' 1500. <776 .1726 .0392 .0C91 .0022 .CGCS
1600. .754 .1842 .G459 .C117 .0C30 .00cs
1700. <733 .1945 <052€ .0145 L0041 .C012
1800. <713 .2035 .C592 .C176 .0053 .0C1E
19c0. .693 .2115 +C657 .C203 .3IC67 .C022
2000. <675 .2184 .C719 .0241 .0082 .coze
2100. .657 .2243 .G779 .0275 .0098 .CG36
220C. .64C .2295% .C836 .0203 .0116 .0Cu44
2300. .624 +2339 .0890 G344 .0135 +COEY
2400. .608 .2377 .0942 .C379 <2154 .CC63
2500. <594 . 2409 .099¢ .C413 L0174 .GC075
260C. +58C .2436 .1036 <0447 .0135 .0086
270C. +567 +2458 .1079 .cugs .C216 .co9e
280U, <554 <2476 .112C .C513 .3237 .C111
2900. <542 <2691 .1158 <0545 .0259 .012°
3000. +531 .2503 <1133 .0576 .0281 .0138
3100. .52C «2512 $1227 .0606 .C302 .C152
3200. .51C .2519 1258 .G635 .0324 L0161
3300. .500 .2524 .1287 .G663 .0345 .0182
3400, .491 «2527 <1314 .0691 .0366 <019€
3500. <482 $2520 .1340C .C717 .0387 sC211
3600, W473 .2528 <1354 .0743 .0408 JC 226
37CC. <465 $2527 .1386 L0767 .0429 .C242
3800, 457 <2525 G 0791 <0449 .C257
33cc. .450 02522 $1827 .C814 .0469 .C272
so0C. L4483 .2518 <1445 .083¢ .0433 .C287

10
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For both the thermal and rf excitation experiments, care was taken to
eliminate any charged particles that might be emitted by the source. E'ec-

trostatic swee) plates were used for this purpose.

2.2.2 0 Atom Beam Sources

Two methods were used to form the O atom beam. The first of these was
dissociation of molecules containing oxygen atoms in an rf discharge. both
02 and CO2 were used; both cases resulted in the production of O atoms.

The major problem associated with this type of source is the lack of
knowledge of other species that may be present in the neutral beam. The rf
excitation is not specific and can produce both atoms and molecules in

metastable states with unknown concentration.

Thermal dissociation of oxygen in an iridium tube furnace was the sec-
ond technique used to produce O atoms. Thermal methods of dissociation
eliminate the possibility of the presence of excited 02 and O atoms in the
beam, but result in low beam densities ('\alO9 atoms/cm3) because of the low

pressures required in the source for sufficient dissociation.

An ion-probing technique was used to obtain the degree of dissociation
present in thermally produced beams. This technique uses the near-resonant
asymmetric charge-transfer reaction

+
H +0->H+0+

The results for this reaction, together with the degree of dissociation in

the O atom beam determined using this reaction, are discussed in Section 3.5.

2.3 EXTRAPOLATION PROCEDURE

The lowest ion energies that can be obtained in our apparatus are 1 eV
or greater. The charge-exchange processes in the energv range from thermal
to several eV is of considerable interest. An extrapolation procedure pre-
vi_usly developed in our laboratory was used to obtain cross sections and

rate coefficients in this region. This procedure combines the energy de-

(8)

pendence of the Rapp and Francis resonant charge-transfer theory with

(9)

the GCioumousis and Stevenson complex formation model.

11
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The general formula developed for the total charge-exchange cross sec—~

tion takes into account the prcbabili-y that charge exchange occurs both
when a complex is formed and when i. is not. The formula also corrects for

nonrectilinear orbit when cuuwpiex formation does not occur.

The total charge-exchange cross uection, o, is given by

g = f02 for 201 <0, 69

or by
(= —.—1-
o= ( 2) 9y + 9y for 201 > g, (2)

where f is the fraction of collisions resulting in complex formation that

decays into the change-exchange channel, and ¢, is the Gioumousis and

(9

5 represented by

Zezu 1/2
o, = v\ (3

where e is the electronic c*arge, a is the polarizability of the neutral,

2
Stevenson ccmplex formation model cross section

and E is the barycentric interaction energy. Also, 90 which is given by

92
01=o° 1+(r.o) (4)

take into account the curved orbits of the reactants. The Rapp and Francis

(8)

formula has the form:

o1/2

2l = A - B logE (5)

where A and B are constants.

The extrapolaticn is carried out by fitting the modified Rapp and
Francis formula (Equation 4) to the high-energy jortion of the measured

data, which is in the region in which complex formation should be negligible.

12




The calculated curve is then extended to lower energies using the test
given by Equations 1l and 2 to evaluate where the measured data deviate
from the form of Equation 4. In this manner, the contribution of complex
formation is determined, and the calculated curve can be extenced to ener-
gies below those measured. A computer program has been developed tc per-

form the calculations.

The extrapolation technique was developed by assuming that the rela-
tive abundance of the various products emerging from the capture-formed
complex is independent of the relative knietic energy of the reactants;
that is, f remains constant. If this condition is not met, the technique
does not yield valid rate coefficients at near-tnermal energies. In general,
the extrapolation technique is valid if the calculated cross-section curve
fits the experimental data to the lowest energy of measurement. This com-

parison is made for all data given in this report.

13




3. RESULTS AND DISCUSSION

3.1 REACTION OF 0+ WITH N2 TO FORM NO+

The reaction of 0+ with N2 to form NO+ as a function of the excitation
in the 0+ primary ion was studied in a previous phase of the program. The
results of this study were published recently, and a reprint is included in
this report as Appendix B. »priefly, the results of this study showed that
for ground-state atomic oxygen ions (0+ 4S), the reaction to form NO+ pro-
ceeds with a large cross section over the energy range from 1 to 15 eV.
Excited ions (0+ 2D), on the other hand, appear to have a very low proba-
bility of forming N0+.

+
Study of the reaction of O with NZ to form NO+ was extended during

the last contract period. The reaction probability was studied as a func-

tion of the vibrational energy of the N Both the thermal and rf dis-

2°

charge methods were employed to excite the N With the thermal method, it

2

was possible to populate the v = 1 and v = 2 levels of the N, to a signifi-

2

cant extent. Table 1 gives the calculated N2 vibrational distribution for

2700°K as being approximately 712 in v = 0, 20% in v = 1, and 6% in v = 2,

The vibrational distribution in the N2 molecules emerging from the rf

source is not easily determined. Methods discussed by Schmeltekopf et al.,(lo)
coupled with our ion-probing techniques, can be used to obtain this infor-
mation. In the present work, however, obtaining this vibrational distribu-
tion was not attempted. The rf discharge may also produce NZ molecules in
the metastable (A3ZI) state. We used NO+ (ionization potential, 9.27 eV)
to prooe the beam for the presence of this species. Since the N2 metastable
(A3I:) state has an ionization potential of 9.41 eV, charge exchange with

+
the NO would be expected. No indication of metastable N2 could be found.

The experimental results for the reaction

ot + N, » NOT + N (6)

Preceding page blank
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show an increase in the cross section at low interaction energies (below
+

5 eV) for both the rf and thermally heated N2 beam when only O (QS) parti-

cles were present in the ion beam. This increase in cross section with

increasing vib:ational temperature has also been observed at low-impact

(11) (10)

energies by Neynaber and at thermal energies by Schmeltekopf et al.
One possible explanation for the increase is that the additional energy
contained in the neutral reactant assists in the formation of the activated

complex necessary for the reaction to proceed.

The experimental results for the reaction of Equation 6 (which is exo-
thermic by 1.1 eV for ground-state particles) are given in Figure 2 for the
rf excitation of the N,. Both rf-on and rf-off cases are illustrated. The

vibrational excition o% the N2 increases the cross section below 5 eV in
the center of mass and decreases it above this energy. As mentioned above,
this increase in cross section at low energies is consistent with the ex-
perimental results of Neynater and those of Schmeltekopf and with the theo-

retical calculations of O'Malley.(lz)

3.2 CHARGE-TRANSFER REACTION OF N+ WITH N,

Preliminary results of a study of the charge-transfer reaction

+ . +
N + K, >N +N, 7

(13)

vere discussed in a prior report. The charge-t.acsfer cross-section
data for ground-state N+ and N2 in the v = 0 level are given in Table 3.
For convenience, these data are displayed graphically in Figure 3. From
the diagram, it can be seen that the cross section is small and decreases
with decreasing energy in the region between 4 and 1.5 eV. This behavior
is expected since the process is endothermic by approximately 1 eV. The

rise in the cross section at about 4 eV probably results from the onset of

a second channel for reaction.

The present data are in agreement with the recent studies of Maier and

(14)

Murad, although the cross section discussed herein tends to a somewhat

higher absolute value. The neak value (at 8.5 eV in the center of mass)

16
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TABLE 3
4 MEASURED CROSS SECTIONS FOR REACTION N+ + N2 + N + N;
(Center of Mass and Laboratory Collision Energies Given)
] CM Energy Cross Section Lab Energy
l.C0C 9.856€26-18 1.50
1.33 l1.31012¢-17 2.00
; 1.67 1.353C24-17 2.50
: 2.CC . 1.843387-17 J.00
233 1.4217€9-17 3.50
] 2.87 2.%12279-17 4.30
¢ 3.00 2.572C18~-17 4.50
3 3.32 3.4.04932~-17 5.00
3.67 Z.764083-17 5.50
4.00 5.1362C6~17 E.CO
4,13 6.2CEZ44-17 6.20
4.33 557254117 Se%0
.67 8.427€E5C-17 T«.CO
! 4.82 3.352CC07-2 2
1 €433 1.32225€2-1¢ SeCQ
3 Ce67 1.117178-1¢ 2.€C
; 6.2C 1.237722-~1¢ Je0C
£33 1.414€03-2¢ 2.7C
€E.07 le491114-:¢ 1C.29
7.CC 1e577832--2¢ 12.39
722 l.622€95-2¢ 11.0C
Te€7 1.€3733¢C--¢ 11,.5C
a8 1..538C0C-15 Ze20
Se33 1.730cC9-3¢ 12,23
E.67 1.735875-1¢ 13.2¢
9.32 l.58CCrCOo-~-1¢ 14.2C
1c.ce l.654327-3¢ 15.0C
iCed7 1e334Z€7-18 Loell
11.23 1.35335%47-15 17.20
12.0C 1.273¢eC6-1¢ 13.20
12.67 1.133C55~-1¢ 13.C23
13.33 1.122C36-1¢ 2026
14,.CC 1.07£333-3¢ 21.032
E 16.57 9.531C45-17 254CGC
' 2C0.GC" 3.377S12-17 &Rt
3 26457 3.143131-17 4C.CGC
33.33 3.1201c6-17 53.36
E 4C.CC B.7.2707-17 EC.CP
46,67 3.323411~,7 Crami@
53.33 7.672826~-17 8C.2C
66.€7 Te7e6179-17 +CCerT
8C.0C Te3C7T4E32-27 1.2.C3

Reproduced from
best available copy.
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TABLE 3 (Continued)

same interaction energy in Reference 14 is 1.0 x 10

CM Energy Cross Section Lab Energy
1C03.00 7.142880-17 150.00
12C.CC T.485€693-17 180.CC
133.33 7.6827313-17 20GC.00
166.67 7.413368-17 250.00
200.0C 8.245853-17 30C.C0
: 26667 3.3114C00-17 40GC.CO
: 333.33 3,750695-17 520.00
3
E
; . 16 2 .
E derived from our experiments ‘s 1.7 x 10 cm , whli? th; value at the
E Y em®.

E We attempted to introduce the metastable N+(1D) into the primary ion

% beam to observe the effect of this species on the cross section. Although
a number of different gases containing N atoms were used to produce the N+
beam, no evidence of the metastable could be found. Since several tech-
niques were unsuccessful in producing this gpecies ir the laboratory, we
conclude thut it is not easily formed. As a consequence, it is doubtful if

+
N (lD) is a very common species in the upper atmosphere.

Vibrational excitation of the neutral N2 reactant by thermal means
appeared to have no effect on the reaction cro3s section. This behavior
is expected since no levels are close enough to cause resonance by vibra-

tional excitation to onlv the first or second vibrational levels.

Excitation of the N2 by rf did, however, produce vibrational levels

that were high enough to enhance the reaction cross section at low ener-

gles. Figure 4 gives the cross section data for reaction 7 over the

energy range from 1 to 20 eV in the center of mass. Both the rf-on and
rf-off cases are illustrated. The rf-on data show a larger cross section
over the total energy range with the increase being the greatest for low

interaction energies. This implies that the vibrationally excited N, reacts

2
more readily in tne charge-exchange process. This is probably due to the

19
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high vibrational excitatiun in the N2, which brings the reaction closer to
resonance. The rf-on curve suggests that, for highly vibrationally excited
N,, a finite cross section for the reaction may exist at thermal energies.

2

In their study, Maier and Murad(lﬁ) suggest that the second channel
for reaction, which appears at about 3.5 eV in the center of mass (Figure 4),
+
. 2
test this supposition, the reaction

may be due to formation of the N, product in the A or B excited states. To

N o+ Ar o N+ AL : (8)

was studied. In this case, Ar replaces the N_, as the neutral reactant.

Since the ionization potential of argon (15.72 eV) is similar to that for
N, (15.58 eV), a similar reaction threshold can be expected, although the
agsolute magnitude of the cross section with argon may be smaller since the
reaction is about 0.2 eV more endothermic. The cross section fur reac-
tion 8 is given in Figure 4 (note the absolute values have been multiplied
by a factor of 5 to make the scales comparable). The interesting result
of this study is that the onset of the peak for reaction 7 is at about

the same energy as that for reaction 8. If a similar mechanism is acting
in both cases, it is doubtful if the peak in reaction 7 results frou
formation of the A or B state of N;, since similar states do not exist for
Ar+. Consequently, an alternative explanation for the peak is that the
peak may result from formation of the neutral N product in the excited 2D
state. For reaction 7, this process would be expected to have a threshold

-~
-

(4]

A 7 - 1 o A Tl ~ Nemn manmen mceem a~d 32
about 3.4 C‘-, which dis whals we shgenvied. i€ WOTE pronduncea ai

between the Ar and N2 data at higher interaction energies (above 10 eV in

Figure 1) may be due to the effects of the ion-molecule reaction reported

for reaction 7 by Maier and Murad.(la)

3.3 REACTIONS OF N' WITH o,

The present program included studies of the effects of internal energy

+
in the reactants on the following processes involving N and 02:

22




. N++02+0+N+0+ 9)
E L
3 + +
! i N + 02 +NO + 0 (10)
E
S + +
k N+02+N+02 (11)

] The state of excitation of the reactant 02 molecule was altered by passing the
: gas through an rf discharge. The results with this discharge method were
compared with those for no discharge. For all tbkree of the above reactioms,

u no effect due to discharge-induced excitation in the 02 could be seen on

the reaction cross secticns. As discussed above, we attempted to produce a
+
beam of N with excited states present. Thus far, we have been unable to

+
detect the presence of any excited N species.

+
The results for the production of O are 1llustrated in Figure 5.
Tabular data are given in Table 4. Note that, in the center-of-mass system,

the cross section for the production of O+ is very small below 1.5 eV,

rises slowly to about 4 eV, and then begins to rise rapidly to a peak at

about 10 eV. If the productinn of 0+ resulted from an ion-molecule reac-
tion in which NO was the other product, the overall process would be exo-
thermic bv approximately 2.3 eV for all products in the ground state. Siace
the cross section appears to be very small at low energies, this does not
seem a likely channel for the reaction. Reaction 9, a dissociative charge-
transfer process, is endothermic by 4.2 eV. Since our cross-section curve
increases sharply above this eneigy, we postulate that, above 4.2 eV, reac-
o

o -~ - —d - -~ he o mm I, - B -
ticn 9 is5 the pri ig O tné proauciasin O

Cross-section curves for reactions 10 and 11 are ziven in Figure 6;
tabular data for these reactions are given in Tables 5 and 6, respectively.
For both these reactions, measured values were obtained at lower interac-

(3)

tion energies than previously reported. As with reaction 9, these

cross sections are not affected by the introduction of excited states in

the 02 beams. The deposition of the excess energy in these reactions is also
of interest. For reaction 10, it is energetically possible to form NO in an

excited state:

23
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MEASURED CROSS SECTIONS FOR THE REACTION N+ + 0, + 0+ + PRODUCTS

TABLE 4

2

(Center of Mass and Laboratory Erergies are Given)

CM ENZRGY

1.39
2.08
2.78
3.48
q-17
44,37
557
6.26
6.9€
Je35
S.74
1C.43
11.13
12.52
13.91
15.3C
1739
2087
274583
34.78

CROSS ZECTION

3.30247C-17
4,452452-17
$+1783£1-17
S.C41545-17
5.332e57-17
647C75213-17
3.,058873-17
1.C51596-16

«216523-16
1.197623-16
1.2339593-1¢
1,222CC0C-1L
1.220414-16
1.243C58-16
1.228424-16
1.114723-16€
1.116015-1¢€
1.1C3333-1¢€
9,.,582357-17
7e447742-17

[Reprodurad Trom——mmn

best availabl

e

SO

25

LAB ENERGY

2.C0
300
4.00
530
t«C0O
7C3
3.C0
3.00
1C.CO
12.CC
14.00
15%.30
16 .00
18.30
20.00
22.C03
25.00
3Ce.CC
GeCO

C.CC
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TABLE 5

MEASURED CROSS SECTIONS FOR THE REACTION N+ + 02 -+ NO+ +0

(Center of Mass and Laboratory Energies are Given)

CM ENERGY CROSS SECTION LAB ENERGY
35 3.817911-16 «50
42 3.54127C~16 o0
42 3.41C171--16 «7C
«56 3.233833-1¢6 - 80
+7C 3.292770-16 1.00
«83 3.199635-1¢ 1.20
«37 3.210252-1¢ 1l.40

1.18 2.92€599~-16 1.70
1.32 24874176-16 1.90
1.39 3.338658-16 2.00
l1.46 2.8543D03-1¢ 210
l.74 24873472~-16 2.50
1.95 2.818CC4-1E 2.80
2.09 3.062579-1¢t 2.C0
243 2.3G22E5C~36 3.50
2.78 3.03218C-1¢ 4,00
3.13 2.358197-1€ «£0
3.48 3.311178-1c¢ 533
383 2+3EHY4EE-16 £.Z0
he17 2.945238-16 6.C3
4,52 2.395c44~16 6.50
4.87 2.752C21-16 7eCC
5.22 2.757627-16 7.3C
5457 2.458636-10 0
5091 2.529303-16 8.30
6.26 2022554133 2.CC
6.61 2432447C-16 9.50
6.96 1.322576~1E 12.CC
7465 1.724517-1¢ 11.20
Be35 157353k -it iz.00
3.04 1.598388-1i¢ 13.C0
9,74 1l.3955656-10 14.00
1C.43 1.275112-16 15.00
11.13 1.185548-16 16.900
11.83 1.24591¢€-16 17.30
12.52 1.001082-1¢ 1850
13.22 1.082525-16 13.CC
13.91 3.303<75-17 20.0C
15.3C 3.635726-17 22.C0
17.383 7.8375CC-17 25.0C
20, 87 6.458C€E4-17 3C.C0
22.3€ 6.830645-17 33.CC
24,435 6.322421-17 3S.C0
27.83 5.328372-17 47.06
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TABLE 6

MEASURED CROSS SECTIONS FOR THE REACTION N+ + 02 + N+ 0;

(Center of Mass and Laboratory Energies are Given)

Cli ENERGY CROSS SECTION +AB ENERGY
42 1.433484-15% .60
«49 1.426070~-15 «70
«56 1.376669-15 «80
«63 1.303575-15 «90
<70 1.321385-15 1.00
«83 1.351571-15 1.20

! le.486 1.38%4515-15 2.10
3 1.81 1.370769-15 2460
2409 1.473345~-15 3.00
2.30C 1.383922-1¢ 3.30
2.43 1.4472€8-15 3.50

2.78 1.462154-15 4.C0 X
3.48 l.644788~-1% 5.00
4.17 1.583348-15 6.C0
$e57 1.676445~-15 8.00
6.96 1.734C53-1% 10.00
3.35 1.7391855-15 12.00
10.43 1.826219-15 15.00
13.91 1.92969C~-15 20.0C0
17.33 1.85822C~-15 25400
2C.37 1.863529-15 30.C0
27.83 1.735550~15 40.90
34.78 1.783684-15 s50.00
41.74 24315837-15 60.50
48.,7C 2.005171-15 7C.CO
5£.65 1.954751-1i5 33.00
£7.08 135 8202 £ 220 D8
69.57 2.C330€6~15 10GC.CO
23.48 1.385294-15 127.00
104,35 1.3G2081-15 152.30
128.22 1.825122-15 18C.CO
132,13 1.363773-1% 23C.00
153.CH 1.791858-15 22C.C0
173.91 1.815747-1¢ 25C.20
184.7C 1.69737G-15 28C.23
2C3,7C 1.923336-15 303.00
242,482 1.81C717-15 Z5C.CC
278.,2¢€ 1.3C3CCC-1% 407.C3
313.C4 1.778C72-1°¢ 45C.0C
347,835 le742425-15 50C.C0
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+.3 3.- + 3+ 3
N ( Po) + 02(X Zg) + NO (a’L )v-l + 0( Po)

This process is nearly energy-resonant and may well be the favored path
since it does not require the 6-eV exothermicity of the reaction path lead-

ing to ground-state products to be transformed into kinetic energy.

The charge-transfer reaction 11, exhibits a large cross section

over the entire energy range studied. Previous publications(z’ls)

show
that such behavior in charge-transfer processes is indicative of a near-
resonant reaction path, For reaction ll, near-resonance can be obtained

by a mechanism such as
+.3 3.- 2 + .2
N (P ) +0,(X zg) +> N(D) +0,(X ng) + 0.09 eV

Figure 6 also includes the recent data of Johnson, Brown, and
Biondi,(le) who have studied reactions 10 and 11 using drift-tube mass
spectrometer techniques. They obtained a total rate constant for both re-

actions of 5 x 10-10

3
cm /sec over the entire range from thermal to 1 eV.
Comparison of the sum of our two reaction cross sections with the cross sec-
tion obtained from their rate coefficients in the range of overlap shows

good agreement.

3.4 CHARCE TRANSFER FOM N; 10 0,

In earlier studies of the charga-transter reaction

+ +
+
N2 02 > NZ + 02 (12)
in our laboratory,\3) the effects of vibrational excitation of the 02 on
the reaction cross section was not examined.
In a previous report,(l3) we described a reinvestigation of this reac-

tion in which special attention was given to the change in cross section as
+
2
The results of this study are given in Figure 7. Two cases are represented:

a function of the state of vibrational excitation of the N, primary ion.
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(1) very low electron energies (16.9 eV) in the primary ion source, and

(2) higher electron energies (40 e¢V). A brief discussion of these results
is given to assist in interpreting the newer resultc in which the 02 is
vibrationally excited. Comparison of the two N; curves in Figure 7 reveals
that the results obtained for high ion energies (above 50 eV) are similar.
Below 50 eV, however, the cross section for N; ions with very little vibra-~
tional excitation (those ions forued by 16.9-éV electrons) is less than
that for ions with appreciable vibrational energy. Franck~Condon calcula-
tions indicated that, below the onset of the N;(Aznu) state (v16.9 eV), all
direct ionization of N, produces ions in the zeroth and first vibrational

2
levels of the ionic ground state.

The probable reason for the difference in the two curves shown in
Figure 7 is that, if sufficient energy is available internally in the N;
ion, formation of the OZ(aAHu) state is possible. This process, which is
nearly resonant, can be represented as

+,.2 4

3 - 1+ +, 4
Nz(x zg’v=3’4) + oz(x zg’v=0) > Nz(x zg’v=0) + oz(a Hu) (13)

The importance of the vibrational excitation of the N;

transfer is further demonstrated by examining the primary ion-source elec-

in the charge

tron~energy dependence of ihe cross section for 10~eV N; ions on 02. This
dependence (Figure 8) indicates that the cross section for the process
changes rapidly for electron energies between 16 and 19 eV. At these en-
ergies, higher vibrational levels of the ground ionic state are probably

being filled by cascade from the N;(A‘Hu) gtate,

The results of the experiments in which vibrational energy was added

to the neutrai 02 also showed ar increase in cross section. Figure 9 is a

plot of the data for cold and hot O Tabular data are given in Tables 7

2.
and 8, respectively. Note that, for both resctions, the vibrational exci-
tation of the N; was kept low (v = 0,1) by the use of 16.9-eV electrons to

form the ion. The effect in the present case, therefore, is that due to

vibrationally excited O, alone. For these experiment, the O, gas was heated

2 2
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MEAS” AED CROSS SECTIONS

WHEN THE OZIS

1.6C
1.87
213
2.4C
2467
3.2
2,73
4427
4.3C
5433
€etC
T U7
8.3C

[ ¢

® v

9.5C
1T .E7
1.72
13.323
1€.0C
13.€7
21.32
2€. €7
324C
37.33
42.c7
43.0C
53632
4650
133.32
167.CC
186.b7
213433
2EE.EL7

TABLE 7

FOR THE REACTION N} + 07 > Ny + 0
NOT VIBRATIONALLY EXCITED “

CROSS5 SECTION

7.331371-17
9,328161-17
3.819C0Gu4-17
«21ES37-10
1.143727-16

$31 9755-1€
1.5I45583-16
1.575274-1¢8
1.642€93-16
1.523314-16
1.415544-16
1.313301-1€
1.1267817-16
1.03%5354~16
3413THEC-1T7
7.412435-17
5,9C7262-41
5.524355-17
6.0C0633-17
6.22353C-17
7.327HEG-LT
1.323355-10
2.125174-1€
2.45313238-10
2.375433-16
3.425421-1i0
3.6C4567-1F
3.453055-i¢
3.523872-15
3.,2304C3-16
5.C53421-16b
2.3CCCCG-10

2.5€9C73-16

Reproduced from
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(Center of of Mass and Laboratory Energies are Given)

LAB ENERGY

3.00
3.50
4.00
4.50
5.C0
6.0C
7.G0
8.00
9.00
10.00
12.00
14.00
15.00
16.00
18.00
20.00
22.C0
25.00
30.CU
35.C0
40.0C
50.00
6C.00
7G.00
8C.00
90.00
10C.CC
120.00
25C.00
305.30
350.00
40N.00
50C.CL
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TABLE 8

MEASURED CROSS SECTIONS FOR THE REACTION N; + 03 + N, + 0?
WHEN THE 02 IS VIBPATIONALLY EXCITED '

(Center of Mass and Laboratory Energies are Given)

CM ENERCY CROSS SECTION LAB ENERGY
1.C7 2.761325-16 2.0C
1.33 . 24175822-16 2.50
1.6C 2.601226-16 3.00
2.13 2.754557-16 4.30
2467 2.9067248-16 5.C0O
3.2C 2.710317-16 6.00
J.72 2.919115-1¢€ 7.C0
4,27 2.383629~1€ 8.C0
4.8C 2.5631€62-16 9.C0
5433 2.270422-16 18.00
6.40 2.4974E5-16 12.CC
3.CC 2.341373-16 13.70
2.6C 2.6EC651-16 %.C0

10.67 1.86245€E-16 20.C0
13.33 2+322023-16 25.C0
16.0C 2.373€£24-15 33.C0
21.33 2.913115-16 4C.CO
26.67 4.,032987-16 5C.00
32.0C 4.,257C42-16 60.C0
37.32 4.651597-16 73.C0
42.67 6.0122€C-16 8 .20
48.CC 7T.1%2€71-156 AJ.CLC
53.22 6.202187-16 103.0C
0%.GC 7.05ZC73-1b iZ2C.38
133.33 6.534251-16 259.3¢C
149.32 €.93C2C3-1¢ 28G.00
1eC.CC 5.3212C3-1¢ 303.C0
18€.67 5.757142-16 35C.0C
213.33 4,6C3CCC-Zb 40C0.00
266.67 " e63742C-16 50C.00

Reproduced from }
bez available copy.

35




to apﬁroximately 1600°K in an iridium furnace (no dissociation of the 02

occurs at this temperature).

Examination of Figure 9 shows that there is an increase in the charge~

; transfer cross section for vibrationally excited O, over the total energy

2
; range studied. The reason for the change is probably identical to that for
; adding vibraticnal energy to ihe N; ions. The heated 02 gas has some parti-

cles in high enough vibrational levels that the reaction becomes near-

resonant for formation of the 0;

in the excited (aanu) state. This reaction

can be written as

+,.2 + ‘ 3.~
N, (X +0,(T. 01,2

+ +, 4
Rk 1t ) 5 Nz(xlzg) +03(a'n) (14)

Vibrational excitation of the 02 may be more effective than similar excita-
tion in N; (compare Figures 7 and 9) because the 02 excitation not only de-
creagses the energy defect of the reaction, but also improves the Franck-

Condon overlap between the ground-neutral and excited-ion states.

3.5 CHARGE TRANSFER BETWEEN H+ AND O

The charge-transfer reaction

Wro>H+0" (15)

i

was studied to evaluate the operation o our O atom sources and for use in

determining the degree of di=mencizstion pregent in the O Leaw arising from
either rf or thermal dissociation. Reaction 15 is particularly suited
for these tasks because it is accidentally resonant, making it easy to

study. Furthermore, cross sectione for this reaction at both thermal(l7)

(18)

and high ernergies have been derived from earlier studies. These
earlier meacs.rements allow comparison of our results with others to check

our degree of dissociation.

Care mist be taken when using reaction 15 for oro.ing che O atom heam

since the competing endothermic reactions

H++02~>H+0+0+ (16)
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and

i+ 0, » OH + ot a7
can appreciably affect the measured cross-section curve. The first of these
competing reactions can only occur with the absorption of 5.1 eV of kinetic

energy from the system, while the second requires only 0.7 eV,

Our investigations using the O atom beam produced by thermal dissocia-
tion of 02 show that the cross section for reaction 15 is larger than
that of reaction 16, and that any effects from this reaction can easily
be subtracted from the overall curve measured for production of 0+.
Figure 10 is a plot of the cross sections for reactions 15 and 16.
Reaction 17 was found to be insignificant. All the data ghown in
Figure 10 were obtained using the thermal dissociation method. The
degree of dissociation was approximately 20%. Tabular data for reaction

15 are given in Table 9.

Using the rf discharge technique met with less success. Both 02 and
CO2 were used in attempts to produce O atoms, Although higher beam densi-
ties were nbtained using this technique, interpretation of the data proved

difficult perhaps because of the presence of metastable species in the beam.

Our success in measuring cross sactions for the reaction of Equation 15
using O atoms produced by thermal dissociation has allowed us to attempt
measurements of other reactions involving O atoms. The following subsection

gives a report on one of these processes.

3.6 REACTION OF N; WITH O TO GIVE NO™

The ion-molecule reaction

N;+0+NO++N (18)

has been studied in the energy range from 1 to 4 eV in the laboratory system,
Two difficulties were encountered during the measurements. The first was the

low density of O atoms in the beam coming from the iridium furr.ce, The
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TABLE 9
MEASURED CROSS SECTION FOR THE REACTION H+ +0->H+ O+

(Ceuncer of Mass and Laboratory Energies are Given)

CM INERCY CROSS ZECTION LAB ENERGY
1.38 1.153CCC-15 2.00
2435 1.,14CCTG-15 2.50
2632 1.17G5C0-15 3.00
3.7€ 1.19C200-1% 4.CO
4.71 1.14C0C0-15 5.C0
£eb65 1.1223C2C3-15 6.00
5652 1.17C3CC+15 T.C0
753 1.2732CC5-15 8.C0
8.47 1.312CCCC-15 S.00
.41 1.152€C0C-15 10.06

11023 1.20CCC "1.) 12000
14432 b IS iy (e d 15 15.30
1€.34 1.2C72CCC~ 18.C0O
13.32 1.15:5?0-;5 20.00
23652 1.232CC3-13 25.00
23424 1. l-CLC? lL 3C.C0
27.6F 1.142CCC~15 4c.CO
47.CE 1.5%0028—15 5C.00
5Sel7 l.0202CL- 6C.00
€E5.88 1.030CCC~- lq 73.23
75422 1.0232CC-15 8C.CO
S4.12 Le(L2TCL~-1Z 10C.0C
112,358 leUcsutt-15 120.C0
i141.18 1.812CTC-15 150.30
188.24 9.71GCC3-16 200.C0
235,22 3.,302C00C-1¢ 250.00
282,25 9.CCOLCT-1i5 30C.C3
STE 47 9.C3CCCC~10o 4800.C0
47C.5¢ 9.CC3CCa-i06 50C.CO




second difficulty was noise associated with having the mass of the primary

ion beam (28 amu) close to that of secondary ions (30 amu). The resolution
of the secondary mass spec-rometer employed for the study was sufficient to
completely separate the mass 28 peak from the mass 30 peak; nevertheless, a
certain amount of dc noise resulting from scattering of the primary mass 28

peak appeared at mass 30. (Note that the magnitude of the product 30 peak

is several orders of magnitude less than that of the primary beam at mass 28,)

Figure 11 gives the results obtained for the reaction of Equation 18,
The results are compared to a 1/v dependence, where v is the velocity of the
center of mass. The fit to a 1/v dependence is fair, indicating that the

(9)

reaction may proceed by an ion-dipole mechanism,

The cross section for the reaction of Equation 18 is smaller than might
be expected for an exothermic ion-molecule reaction. This small cross sec-
tion may indicate that the products of the reaction cannot easily absorb the
excess energy in the reaction (13.0 eV).

Previous measurements of a thermal energy coefficient for the reaction
of Equation 18 were performed. Ferguson gg_gl,(lg) obtained k = 2,5 x 10-10
cm3/sec at 300°K. Extension of our measured data using the 1/v fit shown in
Figure 11 results in a rate coefficient of about 1/6 of that reported by

Ferguson et al, at the same energy.

Work on reactions involving O atoms is continuing.
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Formation of Magnesium Ions by Charge Transfer*

J. A. Rutuerrorp, R. t. Matmis, B. R. TurNer, ann D. A, Vroou
Gulf Radiation Teclmology, A Division of Gulf Inergy and Invironmental Sysiems, Incorporated, San Diego, California 92112
(Received 135 January t97t)

The charge transfer cross sections fnr several inns in coltision with atoms of magnesium to fnrm Mg*
have been measured in the encrgy range 1-500 eV. The ions OF, N*, N;*, NO*, 0,*, 1.0°, H,0%, N,O*,
aod Mpg* have been used. The results obtained are analyzed by considering the possibility of
resonant or near resonant processes being responsible fnr the large cross sections obitained fnr most processes.
When the possibility of resonance type mechanisms does nol exist, the cross sections are found to be con-
siderably smalier. ‘Fhe cffect of melastable slates present to the primary ion beam on the charge
wransfer cross section is examined. tatrapotalinn of the measured cross seclions 1o 1hermal energies has

also been performed.

I. INTRODUCTION

Considerable effort has heen devoted to the study of
symmetric resonant charge transfer processes in recent
years. These studies were, for a large parl, prompted
liy the sceveral theories for resonant charge transfer
such as those of Bates,' of Rapp and Francis,? and of
Firsov.? More recently, it has been shown that the
cross section for asymmetric resonant charge transfer

Preceding page blank

may have a magnitnde and energy dependence similar
to those found for the symmetric case® In snch cases,
it appears that while other reaction channels are often
possible, the greatest contribution to the total cross
section comes from tne channel which results in
closest energy resonance between the reactant and
product states.

The reactions studied here represent a further test
of the above hypothesis since several different reac-
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tions involving the same neutral species are considered.
Furthermore, cases where no resonance and near reso-
nance exist are present.

The cross sections obtained also have a practical ap-
plication with regard to understanding the ionosphere
since magnesium is known from rocket studies®® to be
among the more prevalent metallic ions in the altitude
region ranging from 83 to 112 km. Two properties of
these ions result in an atmospheric behavior different
from that of the more common Os* and NO*. Firstly,
they arc atomic and hence are not removed by dis-
sociative recombination; secondly, they have ionization
potentials below those of all the common atmospheric
constituents, and there are, therefore, no neutral
species with a significant number density with which
these ions may undergo chagre transfer. The metallic
ions formed in the ionosphere are therefore expected to
be long lived.

II. EXPERIMENTAL

Although the apparatus has been described pre-
viously,”® it was felt that the experiment reported
here differs sufficiently from past work to warrant a
complete description of the machine and a discussion
of the experimental procedure.

A. Primary and Secondary Ion Systems

A schematic of the apparatus is shown in Fig. 1.
The primary ions arc extracted from an electron
bombardment source and mass analyzed at an encrgy
of 75 ¢V in a 180° magnetic mass spectrometer. After
mass analysis, the ions pass through an aperture in an
iron plate that shiclds the magnetic field of the mass
analyzer from the succeeding regions of the apparatus.
They are then retarded or accelerated to the desired
collision encrgy. The ions next pass through a field-
frec region before interscoting with the neutral beam.
Collimating aperatures ensurc that, from purely
geometrical considerations, al! primary ions pass

ELECTROSTATIC
QUADRUPOLE LENS apparatus.

ELECTRON
MULTIPLIER

10N AMALYZER

F16. 1. Crossed icn and nculral heam

DEFLECTION PLATES

through the modulated neutral beam (modulated at
100 Hz by mechanical chopping). Secondary ions re-
sulting from collisions between the primary ions and
neutrals are extracted along the direction of the
primary ion beam by an electric field of approxi-
mately 2 V/cm. The ious then enter an electric field
where their energy is increased to 1650 eV. Penetration
of this accelerating field into the interaction region is
reduczd by use of a double grid structure. After ac-
~eleration, the ions pass through an clectrostatic
yuadrupole lens® which forms the entrance slit for the
60° sector magnetic mass spectrometer. The selected
ions impinge on the first dynode of a 14-stage CuBe
electron multiplier. For magnesium, the most abundant
isotope at mass 24 was used when making measure-
ments. The cross sections have been corrected for the
isotope effect created by collecting only the 78.6% of
the magnesium beam which has mass of 24 amu.
The output from the multiplier passes successively
through a preamplifier, a 100-Hz narrow-band ampli-
fier, phase-sensitive detector and is then integrated.
The output is presented on a chart recorder.

‘The primary ion beam intensity is mecasured at the
interaction region with a F~zuday cup vhich can be
moved into the collision region when d~=i;ed. The pri-
mary ion encrgy is determined from retarding po-
tential measurements. All surfaces at the interaction
region and the Faraday cup arc coated with a collidal
graphite in alcohol, and the interaction region is nor-
mally maintained at a temperature of 120°C to mini-
mize surface charging.

Because interest in the present work extends down
to small collision encrgics, it was necessary to usc only
wecak extraction fields at th- collision region. As a
result, the sccondary ions were not coliected with
1009, cfficiency. To obtain absolute cross sections for
production of various secondary ions, it was neccessary,
therefore, to determine their over-all detection effi-
cicncy. This latter considcration is governed by a
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number of factors including the multiplier gain and
the cfficiency of transmission of the secondary ions
from the interaction region to the multiplier.

The gain of the multiplier-amplifier-recorder system
is measured by modulating the primary ions prior to
their entering the collision region. The ion current
signal is first measured with the movable Faraday cup
and then, after traversing the sccondary mass spec-
trometer multiplier amplifier system, by the recorder,
Transmission of the primary ion through the second
miss spectrometer was observed to be 929, In Table
[ the system gain for several species of ion impinging
upon the multiplier is shown,

The major experimental uncertainty is associated
with the collection cfficiency for the secondary ions.

Tanur I. System pain for several incident ions.*

Ton mass  lon species System gain

1 H+ 1.0X10+13

2 Hy* 1.4x 101

4 He* 1.4X10%13
12 ct 1.5 10+
14 N+ 1.8 1048
16 ot 1.6 1018
18 H,O* 1.7x10%8
23 Na* 7.7X10+1
24 Mgt 8.7 10+
28 Ng* 1.0X 10+
28 cot 1.1 10*8
3o No+ 1.0X 10+
32 o™y 1.0 1042
39 K+ 5.7x102
40 Art 6.0X10+12
40 Cat 4.7 10t
44 CO.* 6,710+

* For an ion energy of 2365 V impinging on the multiplier.

The uncertainty arises because collection ficlds suffi-
ciently large to ensure total collection of the secondary
ions cannot be employed due to the influence these
fields would exert on the motion of low-energy primary
tons. While measurements of the variation of collection
efficiency with the strength of the extraction ficld may
rcadily be made at high primary ion cnergies, these
results are not necessarily relevant to the low-energy
regime, where the dynamics of the Mgt production
may be different. Tnterpretation of the present data
obtained using weak collection ficlds is therefore based
on the assumption that at energics above a few electron
volts, the Mg* ions are produced by simple electron
transfer in collisions involving little momentum
transfer and that as a result, the collection efficiency iu
independent of both the nature and cnergy of the
primary ions. Tt is implicit in this assumption that the
energy defect in the reaction is small, since energy not
cxpended in excitation of the products must appear as

TanLr. IL Collection efficiency of secondary fons produced by
charge exchango at interaction region,

Secondary fon
Cross section® collection
Reactants (10-18 cm?¥) efficiencies® (%)
Ng*:N, 29.0 80
0t:0y 15.5 68
N+:0, 16.5 74

® The primary lons were produced by bombardment with 40.eV electrone,
The lon energy used for these measurements was 400 eV.

b Apsuming cross sections listed (taken sx most representative of those
reported {n the literature).

kinetic energy and therefore would influence the collec-
tion efficiency.

A number of charge transfer reactions for which
absolute cross sections had been previously determined
were tabhulated. Using the same experimental conditions
and the detection efficiencies deduced from measure-
ments of the primary beam, as well as the same signal
strengths and detector sensitivity, the collection
cfficiency of our instrument is obtained by comparing
our measured cross sections with the best tabulated
values. The efficiencies so obtained, and illustrated in
Table II, varied by 20%; this may represent a real
variation in the collection efficiency or simply reflect
the discrepancies in the published cross-section values.
In the present work, a collection efficiency of 759, is
used in the evaluation of the cross sections from
measuremonts of the neutral beam density, the pri-
mary ion beam intensity, the dimensions of the neutral
beam at the interaction zone, the system gain, and
the recorded signal.

An over-all analysis of all possible systematic crrors
has been performed. From this study, a possible error
of 4309, is placed on the absolute charge transfer
cross sections for the higher reaction energies. This
error may increase to as much as a factor 2 at the lowest
impact cnergies.
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F10. 2. Neutral beam Knudsen cell furnace.
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B. Neutral Beam Formation and Measurement

The neutral atom beams originate in a heated mo-
lecular effusion source (a Knudsen cell). A sketch of
this cylindrically shaped furnace is shown in Fig. 2.
Tantalum was used for the construction of the Knudsen
cell. The cavity is surrounded by %-in. walls and is
heated with a tantalum wire filament which passes
through five evenly spaced holes. The heater wires
are insulated by hollow alumina tubing. A 1lid of
tantalum is held tightly in place by screws. The tem-
perature is measured with a chromel alumel thermo-
couple mounted inside the furnace wall. The chromel
alumel thermocouple was shown through repeated
tests to be reproducible even after having been re-
moved and replaced.

The cosine law of molecular effsion' was applied
to determine the heain density knowing the equilibnum
vapor pressure of the magnesium in the Knudsen cell
at a particular temperature. The number density, n,
in the beam at the interaction region is then computed
under elfusive flow condition to be

n=~Nw/4xr*, (1)

where N\ is the number density .u the furnace, a is the
area of the aperture in the furnace, and r is the distance
fror: the aperature to the inferaction region.

The vapor pressure of magnesium is greater than 1
toir before its melting point is rcached. As a conse-
quence, sufficient pressure conld be obtained in the
Knudsen cell without melting the solid. Magnesium
reacts slowly with air, 2lowing the problem of oxida-
tion to be kept to a minimun..

Calculation of the beam density with Eq. (1) has
been used for the preliminary analysis of the data.
One difficulty associated with this method is th.* the
temperature must be quife accurately known as the
pressure is 2 sensitive function of the temperature. A
sniall temperature gradient between the location of the

thermocouple a: d the inside of the chamber could
result in a large crror in the calculated beam density
and thus the cross section. In addition to this, any
temperature gradient in the volume of the furnace
containing the metal vapor would result in a corre-
sponding uncertainty in the furnace pressure and thus
in the neutral beam density.

To ensure that our temperature measurements were
accurate and that our oven bchaved correctly, a
complimentary technique was employed. This method
utilized neutron activation analysis to determine the
number of atoms deposited into the collector by the
neutral beam in a known time period. In the initial
attempts to collect the atom beam, a small poly-
ethylene cylinder, was used. It was found that the
magnesium atoms did not stick in this collector hut
scattered away. To overcome this prohlem, a collector
consisting of a polyethylene bag attached te the end
of the polyethylene cylinder was uscd. This assembly
was located so that all the beam passing through
the collision region entered the collector. Commcrcially
available “Baggies” were choscn as the type of poly-
ethylene bags since they were found to be both free of
contamination and thin walled. After the deposition of
approximately 100 gg of magnesium, the bag was re-
moved and sent to Gulf Radiation Technology Neutron
Activation Analysis Facility for mcasurement. This
method gave results in close agre~ment with the density
calculated from the molecular effusion considerations.
It is interesting that even ithough magnesium is a
condensible beam, several reflections were required
before total sticking to a room-temperatnre surface
could be achieved.

III. RESULTS

The cross sections for charge transfer between
neutral magnesium and the nine ions investigated were
determined over the c¢nergy range 1 500 eV. These
cross sections are presented here in graphical form
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TasLE IIl. Recombination energies and relevant energies of reactants and products cited in the text.*

Excited neutral states and Ground ionic state and Ion state and energy above
energy above ground state ionization potential ionic ground state
Species and ground state (eV) (eV) {(eV)
Mg(3st, 150 (352Sin), 7.644 (3p,%Pip), 4.419
Ne(X'Z,%) e (B 32,7 )0, 8.164 (X 3Z2,") 1, 15.580 (X *2,*}ps,0.270

(BM1,)r, 7.353
(B31,) s, 7.987

N(2p, :5:0%) (2p%,*D1%), 2 382 (29%,%P,), 14.352
0:(X 32,7 )10 (X *M1) s, 12.063 (a *11.) 0, 4.038

& \tomic level: oblained from C. Moore, Natl. Bur. Std (U, S.)Circ. 467, The Rand Cormoration. Rewearch Memorandum, K. M.. S201.ARPA, March

Vol. 1(1949). Molecutar level< obtained from F. R. Gilmore. “"Bad. Enetgy 1967.
Level and Equilibrium Data for Atmogderic Atoms and Molecules.”™
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since this type of rep'esentation aids the discussion of
the data. In general, the reactions have been grouped
such that processes which exhibit similar structure
and which have comparable cross sections appear in
the same figure.

Figure 3 gives the cross section for chargs transfer
for Ny* and N* ions incident on neutrz. magnesium.
The symmetric resonant reaction Mg*-Mg is also shown
for comparison.

The cross sections for three other ions (NyO*, H,0%,
and NO*) incident on Mg are shown in Fig. 4. Like
the previous three reactions, these processes have a
large cross section. The smallest cross section observed
was that for O* on magnesium. The results for H;O*
are given in Fig. 5. '

Figure 6 illustrates the variation in cross section for
charge transfer between Oyt and magnesium as the
number of excited states present in the primary ion

36 40

bepm is varied. Data of this type are obtained by chang-
ing the energy of the electrons in the primary ion
source and measuring the charge transfer cross section
at a fixed ion-impact energy (in this case 10-eV tons).
When the electron energy is such that no electronically
excited ion states can be formed in the Oyt beam (less
than 16 eV), the cross section for charge transfer is
seen to be considerably lower than when excited states
are present (electron energies greater than 16 eV).
Similar studies involving both O* and NO*, which
have metastable ionic states, showed little dependence
of the cross section on primary ton source electron
energy. From this we can conclude that the cross sec-
tions for charge exchange must be similar for both
the ground and metastable ionic states.

The cross sections for charge exchange between the
ground state of Oy* and the metastable Oy* state with
Mg are shown in Fig. 7. The curve for the ground
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a
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°
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—- a F1c. 7. Charge-transfer cross sections
g a 8 a involving excitation for Oy* ions with
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state is obtained using ions formed with 16-eV electrons.
The curve for the composite beam of ground and
metastable ions i1s obtained using 40-eV electrons in
the ion source. In order to determine the cross section
for the excited state, the ratio of the ground to meta-
stable state concentration in the beam must be known.
This ratio is determined in a separate experiment using
a technique previously developed in this laboratory,'?
which showed that for 40-eV clectrons impacting on
0y, 329, of the ions formed are in metastable states.

IV. DISCUSSION

fn attempting to interpret the results obtained for
the charge transfer reactions, the major difhiculty acises
in accounting for the excess energy released. In the
discussion of the results given below an attempt has
been made to correlate the magnitude of the charge
transfer cross section with the formation of excited
states of the products of the collision. The resultant
processes should be considered as only possible mecha-
nisms. Recombination energies and cnergy levels
quoted in the discussion below are given in Table 111

In the symmetric charge transfer process between
Mg and Mg*, exact resonance must exist and as a
consequence a large cross section would be expected.
In Fig. 3, the results for this process show that the
cross section is indeed large. The slope of the curve is
similar to that predised by Rapp and Francis? but the
magnitude of the cross section is twice the predicted
results. Previous resonant charge transfer measure-
nmients for Li*4Li® and Cs*+Cs™ have also been
found to give cross sections larger than predicted by
the theory.

The magnitudes of the cross sections for the reaction
of Ny* and N+ on Mg are both similar to that for the
symmetric case. Such a result is indicative of a near
resonance mechanism for the reaction which would
probably leave the N2 or N in an excited state. Two
possible nearly resonant routes for electron capture
to form excited N, states are

Nt (X 2247) a1 + Mg(352,150) N2 (B 32.) o0

+Mgt(3s,2512) +AE(0.042 V)
and

Nt (X 12,4} eo+ Mg (352, 'Se) —N2( B *11,) s
+Mg* (35, 2S12) — AE(0.051 eV).

The possible mechanisms available for the reaction
of N* with Mg are less complex since fewer possible
states of the product N atom exist in the energy regime
of interest. One possible mechanism which is nearly
resonant is

N*(*Ps) + Mg(3s, 154) N (*Dy*)
+Mg*(3p, *P\x°) + AE(0.087 ¢V).
This reaction results in both products being left in

excited states. It is interesting to note that if the N
neutral formed is in the excited (2D;°) state the energy
released in the neutralization nrocess is 12.15 ¢V. This
energy is very similar to the ionization potential 0,
and the reaction of Oyt on Mg might therefore be
expected to be similar to that given above. This reac-
tion will be discussed below.

The cross sections for charge exchange of N,O*,
H,O*, and NO* in collisions with magnesium can be
seen in Fig. 4 to be smoothly increasing with decreasing
ion caergy. Comparison of these results with those for
N.* and N* in Fig. 3 shows that the cross sections are
of the same order of magnitude, indicating that pro-
cesses having a small energy defect may again pre-
dominate. For the cases of NO* and H,0*, possible
reactions are difficult to determine because of the lack
of spectroscopic information available on the location
of the excited states of these species.

The reaction of NO* with magnesium may be of
importance in the upper atmosphere because of the large
concentration of NO*. As for the reactions discussed
above, charge exchange between Mg and NO* is exo-
thermic, in this case by 1.61 eV. Electronic levels that
will allow near resonance do not exist in cither the
product ion or neutral, and vibrational excitation of the
neutral NO ground state may therefore be expected.
Since the internuclear distance in NO* is less than in
NO, the Franck-Condon transition zone for processes
leading to production of NO from NO* overlaps many
vibrational levels of the neutral product. Such a con-
figuration favors the formation of products witk con-
siderable vibration excitation.

The recombination energy for H;O* is about 7 eV}
and as a consequence this process would b~ endo-
thermic for ground-state ions. Figure 5 shows that the
measured cross section is both appreciable and exhibits
the shape expected for a near resonant process. This
observation can be justified by either the presence of
excited ions in the primary beam or a slightly higher
recombination energy for the H;O*.

The case of O* on Mg differs from that for the other
atomic ion, N*, in that no energy level combination
in thc secondary neutral or ion will allow near resonance.
This fact probably accounts for the low mcasured cross
section. (Data with poor signal-to-noise ratio suggest
a cross-section value of less than 20X 10-% ¢cm?.)

The results for Oy* on Mg, seen in Fig. 7, again
indicate that near resonant processes may be important.
The cross sections for both the ground and excited
states show a rapid increase with decreasing ion
energy. If the Oy* ground-state species recombines to
give Oz in the ground state, the recombination energy
is nearly equal to that for recombination of N* ground
state to form N(?Dyp?). This suggests that the mecha-
nisms for the Oy* ground state recombination could be

Oyt (X *11,) +Mg(3s%, '50) —0y (X *Z,)
+Mg*(3p,2Pin) + AE(0.0eV).
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Tazvrx IV. Calculated crues sections and rate corZicients.

300K 600°K 1200°K
Cross Rate Cross Rate Cross Rate
section  coefficient section  coefficient section  cocfhcient
X 10 X o Xtom X100 Xt X100
Reaction [ cm®/sec cm* cm?/sec om? om?/sec
Mg*+Mg 63.2 51.0 56.0 63.9 50.2 81.0
N*4+Mg t4.3 t2.2 14.4 17.3 14.1 4.0
Oy*(composile) +Mg 27.4 20.t 2t.5 2.4 t7.7 26.0
Oy (X 3,7 )+ Mg 16.8 t2.3- 13.2 t3.8 11.1 16.3
Ny*+Mg* 10.7 7.24 1t.3 10.8 12.1 16.3
NO*+Mg t0.8 8.tt 12.7 t3.4 13.6 2.4
N,O*4+Mg 13.4 2t.7 31.8 31.1 31.3 43.2

* The reliability of the N:* + Mg extrapolation is not as high as for the other reactions shown.

For the excited oxygen molecular ion (6 ',),
sufficient excess energy exists to cause dissociation of
the resultant oxygen molecule. Since many dissociative
curves cxist through which such a process might pro-
ceed, this may be a probable mechanism, and could
help to explain why the excited state has a much larger
cross section for charge transfer than the ground state.

The charpe transfer processes described above may
be broken into two groups, thuse involving molecular
icns and those involving atomic ions. Consideration of
the results shows that all the molecular species give
cross sections for reaction whose energy dependence
exhibits the behavior that might be expected for
resonant or near resonant processes. Processes with a
small energy defect can easily be realized with molecular
specics because of the multitude of vibration rotation
levels which lie above every electronic state. From this
point of view, molecules can be considered as possessing
a near continuum of states available for reaction.

For the two atomic species studied, one case of
near resonant behavior and one case of nonrssonant
hehavior was ohecrved. N* charge exchange with Mg
has a large cross section and the mechanism proposed
for this rcuction shows that near resonance can be
obtained by assuming both the N and Mg* are formed
in excited states. For atomic oxygen no such combina-
tion of states cxists and the cross section for the
process is small.

It is interesting to note that low excited ionic states
exist for magnesium. The presence of such a low-lying
state allows the N* charge exchange to occur. Work
similar to that described for magnesium has been
done in our laboratory usiag sodium as the ncutral
target. In this case, the sodium ground-state ion, since
it is devoid of lonscly bound clectrons, has no low-lying
levels. As a consequence, near resonance cannot be
obtained for either N* or (3. Qur experiments have
shown that the cross scctions for N* and OF on Na

are small. These results will be the subject of a future
publication.

A. Extrapolation

Using our experimental technique, interaction ener-
gies of less than 1 eV are difficult to obtain. Neverthe-
less, considerable interest in reactions of this nature
lies in the energy range from thermal to 1 or 2 eV. In
order to obtain cross-section valucs in this region, an
extrapolation method deveioped in this laboratory has
been used.* This extrapolation method combines the
energy dependence of the Rapp-Franais! resorant
charge transfer theory with the energy depencence
of the Gioumousis-Stevenson® complex formation
model.

The general formula developed for the total charge
exchange cross section takes into account the proba-
bilities for charge exchange to occur both when a
complex is formed and when it is not, and also corrects
for nenrectilinear orbit when complex formation docs
not occur. The method can be formulated as follows.
The total charge exchange cross section ¢ will be given
by

o=fo: when 20,<0, (2)
or by
o=(f—4)or+0o; when 20,>0,. (3)

Here f is the fraction of collisions resulting in complex
formation which decays into the charge exchange
channel. ¢: is the Gioumousis Stevenson complex
formation model cross section and is represented by

or=x(2Pa/E)"™, (4)

in which ¢ is the electronic charge, a is the polariza-
Lility of the neutral, and E is the barycentric inter-
action energy. Also, o), given hy

(4] =¢|{:| + (01/4¢0)’]. (5)
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represents the Rapp-Francis resonant charge exchange
formula modified to take account of the curved orbits
of the reactants. The form of the Rapp-Francis
formula is

oo'*=A— B logE, (6)

where A and B are constants.

The extrapolation is carried out by fitting the
modified Rapp-Francis formula [Eq. (5)] to the
high-cnergy portion of the measured data, that is,
in the region where complex formation sheuld be
negligible. The calculated curve is then extended to
lower energies using the test given with Egs. (2)
and (3) to evaluatc when the measured data deviate
from the form of Eq. (5). In this manner the con-
tribution of complex formation is determined and the
calculated curve can be extended to energies below
thosc measured. A computer program has been de-
veloped to perform the calculations.

The extrapolation technique was developed by
assuming that the relative abundance of the various
products emerging from the capture-formed complex
is independent of the relative kinctic energy of the
reactants; that is, f remains constant. If this condition
is not met, the technique will not give valid rate
coefficients at near thermal cnergies. In gencral,
whether or not the extrapolation technique is valid can
be tcen by observing if the calculated cross-section
curve fits the experimental data to the lowest encrgy
of measurement. In the present studies, the extrap-
olation is found to be valid for all systems mcasured
except H;Ot and HO* on magnesium.

Table IV gives the results obtained for the ex-
trapolation of the N+, N,*, NO*, and NsO* to thermal

energies. Cross sections and rate constants are given
for three temperatures.
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Laboratory measurements indicate that the metastable ions of O* in reaction with Nj in t.e low-energy
range (14 eV) react to form principally Ny*, while the ion-molecule reaction to form NO* has & very small
probability. The ground-state O* ion reacts mainly to form NO*. The abundance of metastable O* D ions
was determined using the observation that O*(*D)+N, has a small cross section for forming NO*. The ion
energy dependence for both reactions has been measured within the energy range 1.0-500 eV.

The ion-molecule reaction most widely dealt with
by aeronomists has been that involving Ot in cclli-
sion with N, to form NQO*. The effect of excited
states of O* on the rate of this reaction has been
open to question. Dalgarno' has pointed out that in
the F region O*(*D) ions are lost principally by col-
lisions with neutral Op and N;. An indication that
the excited states may not be of importance in the
formation of NO* was reported by Stebbings e/ al?
who noted there was little change in the cross sec-
tion for Ot4+Ny—NO*+N when excited states of O*
ions were introduced into the beam. The results re-
ported here will show that the cross section for the
reaction involving the excited atomic ion [O+(*D)+
N—NO*+N] is in fact very small. Furthermore, we
will indicate that the principal channel for these
reactants resuits tn production of N;* which is prob-
ably formed in the (A4 AI,, r=1) state.

The apparatus employed for the cross-section mea-
surements has been described previously.? In this
instrument, the primary ions are formed in an elec-
tron bombardment ion source, the electron energy of
which can be carefully controtled. These ions are ex-
tracted from the source, mass analyzed, and acceler-
ated or retarded to the desired energy. This ion beam
then crosses a modulated neutral beam (modulated
at 100 Hz), in this case N;. The products of collisions
between the ion and neutral beams are extracted along
the direction of the primary ion beam, accelerated,
focussed. and mass analyzed in a second mass spec-
trometer. The selected ions are then detected using
an electron multiplier coupled with lock-in amplifier
techniques.

The neutral beam is formed by effusion from a
room-temperature orifice and modulated by mechan-
ical chopping. The neutral beam density is determined
by measuring the pressure in the neutral source with
a differential pressure manometer and calculating the
effusion from this source under known geometrical
conditions.

The ratio of the metastable electronic states to the
ground state can be varied by careful control of the
cnergy of the ionizing electrons in the primary ion
source. When ihe clectron energy i. below the thresh-
old for cxcited-state formation, no excited states can
be formed and the resuitant beam will be composed

entirely of ground-state ions. As the ionizing electron
energy is increased metastable ions will appear in
the beam.
Two reactions have been studied in detail here.
These are
O*4+N;—NO*+N (1)
and

O*+N—0+N:*. (2)

The effects of metastable O* ions in the primary ion
beam can be seen for Reaction 1) from Fig. 1. Here
the relative probability for forming NO* in collisions

149 ev 101S
0' +%;—~NO"+ N

HELIUM CXYGEN
MIXTURE

o irelative cross seclion) B

6 1 1 1 1 L 1 I L
20 2 24 26 28 30 2 3 36
SOURCE ELECTRON ENERGY {ev)

FiG. t. Graphicr] representation of the decrease in the relative
cross section for formation of NO* jons from O* impinging on
N: as a function of the ion source cleciron energy. The ion-
neutral inleraction energy is 14 ¢V. The open circles represent
the case for pure (1 in the source while the open triangles rep-
resent the case jor an Uy, He mixture.

between OF and N, is plotted as a function of the
electron energy used to form the O* ion. Two cases
are shown: one where pure oxygen is used in the ion
source and the other where the source contained 17,
0, in pure helium. The latter case nas been included
since it gives an enhancement in the number of meta-
stable O* ions in the beam and therefore better illus-
trates our conclusions. This enhancement arises hecause
helium ions formed in the source will undergo a dis-
sociative charge-transfer process with Oy to yield the
metastable O*(2D). Note that the NO* data in Fig. 1
have been normalized to a value of 10 at 21 eV. This
is below the threshold of 22 eV required for produc-
tion of O*(*D) from molecular oxygen if the forma
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tion of O*(*D) from pair production is neglected. |,
This latter process is known to have a small cross TSRS VRS —
section. Examination of the curves shows that for |  '4®™WO% ., ° °
the formation of NO*, the relative cross section O7+Nz= 04N, o ]
normalized on the total O* current starts to decrease | o "EaTuRe
E o
TAanLE [. Cross section for 0%+ N—~NO*+N. o ¢ ° 4
== T e a088 s °
Laboratory Center-of-mase Cross section s 2 o a0 PURE OXYGEN _
energy kinetic energy (units of b s a
(eV) (eV) 1074 e, Sl
R 2 o328 d
1.2 0.76 1.3 g_ﬁﬁi}“%, T O N
1.4 0.89 1.2 0 22 24 26 28 30 32 34 % 38 X
e .95 15 SOURCE ELECTRON ENERGY {eV)
1.7 1.08 1.6 Fi16. 2. Observed cross section for the charge-transfer reaction
2.0 1.27 1.5 O*+4-Ny—0+N;* as a function for the ion source electron energy.
2.2 1.40 1.7 The ion-neutral interaction energy is 14 eV. The open triangles
2.5 1.59 1.8 represent the case for pure O in the source while the open circles
represent the case for an O;/He mixture.
2.7 1.72 2.0
3.0 1.9 2.1
3.2 2.04 2.2 excited state not being formed in significant concen-
i(s) i:‘; ig tration until above the ionization threshold for helil{m.
45 2 36 29 The electron energy dependence for the reaction
50 3.18 3.0 O*+Nr—O+N,* is given in Fig. 2. The cross sec-
6.0 3.82 3.4 tion shown in this figure {the observed cross section)
7.0 4.45 3.6 is obtained using the total O* current. An effect op-
8.0 5.09 4.0 posite to that seen in Fig. 1 is observed here. In the
2.0 5.73 38 curve for pure O; it is noted that the observed cross
10.0 6.36 4.3 section for forming Ny* is very small for electron
11.0 7.00 4.6 energies below the O*(:D) threshold and then in-
'2'9 .64 4.2 creases as the number of excited states is increased.
:i(; :g: :; The effect is the same for thc-ox.yger.rhclium rpix-
T 955 4.0 tures below the threshold for ionization of helium
16.0 10.18 38 but is more pronounced above this point as morc
17.0 10.82 3.5 excited states are then present. It must be noted
18.0 11.45 3.2 that all the data shown in the figures are for a fixed
19.0 12.09 2.7 ion-neutral interaction encrgy of 14 eV and illusirate
20.0 12.73 2.2 the change which this vross section undergoes as the
21.0 13.36 1.8 number of excited states in the beam is varied. An
22.0 14.00 1.5
23.0 14.64 1.3
24.0 15.27 1.0
25.0 15.91 0.80 ‘of'_o‘l T T T T T T T
26.0 16.55 0.65 o J
2.0 17.18 0.5 * o, Bracae BEEm POl
2.0 17.82 0.44 301- = o plo y
30.0 19.09 0.34
32.0 .36 0.2 % ® coo ® 0° Folen,— 04N}
340 21.64 0.15 201 ]
5.0 22.27 0.15 TQ
cmmimms nl . msrmmate———e | i
in the case of pure oxyvgen above the threshold for
O*(*D) indicating that the presence of this excited a N N ). e § \
slale denleles the numher of ground state particles os 1 2 s 10 20 “w 100 200 500
available for reaction. This same resnlt is scen for 10N ENERCY [ev)
the helium osvgen mixture excepl that the effect IS o 3 Charge iransfer cras sechion for 7GDI4 N, +0+ \.

nol seen until shighty higher in energy duc 1o the

as a funclion of 1he 1on cnergy an the labaratery - den.
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interaction energy of 14 eV was chosen because the
ion-molecule cross-section curve peaks at this value.

Examination of the figures allows the following con-
clusions to be drawn:

0*(*S)+N—~NO*+N, ()
O*(*5)+N0+Nyt, (4)
O*+(*D)+N—O0+N;*. )

That is, Fig. 1 shows that NO* is formed below the
threshold for excited OF ions [Reaction (3)]. Simi-
larly, Fig. 2 shows that below the O*(*D) threshold
very little Ny* is formed [Reaction (4)], but above
the onset of the excited state, Ny* is readily iormed
[Reaction (5)]. Using the above information coupled
with previously obtained results, we will show that

O0*(3D)4+Ng>NO* N, (6)

Assume that the cross section for this process is small
compared to that for Reaction (3). Now since the
observed cross section o for any process can be writ-
‘'n as

o= Zaufn, (7)

where @, is the cross section for reactant ions in state #
present in fractional abundance f., we can write our
total cross section for formation of NO* as

a=as f{'S,'f'U(’D; f!!D.-- (8)

Now since we have assumed that o2p,Kods), the
presence of this species in the total O* beam can be
shown to lower the observed cross section by a per-
centage equal to its fractional abundance. Examina-
tion of Fig. 1 therefore indicales for clectrons of 40 eV,
that the excited-state concentration is 209, of the
total heam for pure O, and 37.39%, for the oxygen/
helium mixture. As discusserd ahove, Fig. 2 shows that
the charge-transfer process between OF ions and N,
goes primasily with the cxcited state [Reactions (4)
and 15)7. Using the fractional abundances determined
above, it is therefore possible to correct the observed
cross sections for Reactions (3) obtained using the
total O* beam intensity. For Reaction (3) [O0+(2D)+
N: O4N; T we ger. for 14-¢V ions colliding with
the neutral partiele. a cross section of 20.5X 107 ¢m?
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for the pure Oy case and a cross section of 30.6X
10-% cm? for the Og/helium mixture.

Using a totally different technique developed pre-
viously in this laboratory,* we have determined the
fractional abundance of O+(2D) from the attenuation
of an O* beam in another gas to be 24%,. This value
was obtained using 40-eV electron energy in pure Os.
Using this value for the fractional abundance, we
have obtained a cross section for Reaction (5) at
14 eV of 26.8X10-'* cm?. The difference between this
value and those determined above is within experi-
mental error and therefore indicates that our assump-
tion of a small cross section for Reaction (6) is valid.

Using the above-determined fractional abundances,
it is possible to obtain cross-section curves for the
scparate ion states for each reaction that is found
to proceed with large probability. The charge ex-
change cross section leading to production of Nj* is
given in Fig. 3. The values given by this figure are
slightly iower at low energies than those reported
previously.? Cross sections for the ion-molecule re-
action producing NO* are given in Table 1.

Examination of Fig. 3 shows that the cross section
for the reaction of O*(2D) with N, remains large
down to the lowest interaction ¢nergy studied. The
cnergy a-.ilable in charge transfer with O*(2D) is
16.1 eV. 'Lhis energy is almost exactly that required
for formation of the Nyt in the (4 21, v=1) state.
This reaction is therefore a source of excited N;* ions
in the F region where the O concentration is high.
Decay of the Ny*(A4 'Ml.) state produces Meinel ra-
diation. A discussion of how this reaction may lead
to an enhancement of the Meinel radiation ohscrved
from airglow has been given by Wallace and Broad-
foot.’

* Work supported by 1he Defense Nuclear Agency under
Conlract D;\gAOI-é‘)-C-M.

! A. Dalgarno and M. B. McElroy, Planetary Space Sci. 11, 727
(1963).

*R. F. Sicbbings, B. R. Turner, and J. A. Rulherford, J.
Geophys. Res. 71, 771 (1966)

2 3. A. Rutheriord, R. . Malhis, . K. turner, and D. \.
Vroom, J. Chem. Phys. 55, 3785 (1971).

¢B. R. Tumer, J. A. Rutherford, and D. M. J. Complon, J.
Chem. thys. 48, 1602 (1968).

L. Wallace and A. L. Broadfool, Manctary Space Sci. 17, 975
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Cross seclions have been measured in the energy range 1-500 eV for the charge transfer of several ions
wilh neutral sodium. The ions studied are O*, N*, Ny*, NO*, Oy*, H;0*, H,0*, N;O*, and Na+. The mag-
nitude of these cross sections can be related to the availabilily of reaction paths which have a small iuternal
energy defecl. The smaller 1ne energy defect the larger the cross section. Where possible 1he messured
cros» sections have been extrapolated 10 thermal energy. Comparison is made with other experiments.

I. INTRODUCTION

Sodium io... have been shown in rocket studies to be
one of the more prevalent metallic species in the upper
atmosphere.! Since this ion is monatomic, recombination
is slow. In addition its ionization potential (5.138 eV)
is significantly below that of the more common at-
mospheric species, and it cannot therefore be readily
destroyed by charge transfer. As a consequence,
metallic ions of this type may be expected to be long
lived in the upper atmosphere. Information on charge
transfer reactions leading to formation of sodium ions
from the neutral species may therefore be important
to an understanding of atmospheric deionization.

The results presented in this paper represent the
second part of an experimental program in which
asymmetric charge transfer processes leading to produc-
tion of metallic ions are being studied. In cases where the
ionization potential of the metal is lower than or equal
to that required to form the primary ion, charge
transfer to the ground state will be either exothermic or
resonant In the first publication in this series® it was
shown that even though several exothermic channels for
reaction may be open at all interaction energies, the
greatest contribution to the total cross section comes
from the channel which results in closest energy
resonance between reactant and product states.
Similarly, if no channel allows near-energy resonance,
then the charge transfer cross section is found to be
small. The results to be presented here lead to the same

conclusions,

II. EXPERIMENTAL

A detailed description of the crossed beam apparatus
employed for the charge transfer measurements between
ions and metal vapors has been given previsusly.?

The neutral beam is generated in a resistively heated
Knudsen cell. The major difficulty encountered in these
experinients is the determination of the neutr:l beam
density. Two methods were employed. First, the density
was calculated from the system geometry, the size of the
port of egress in the Knudsen cell, the temperature of
the cell, and the vapor pressure of sodium.? This
technique has been employed in our previous experi-
ment and demands accurate values fir the vapor
pressures as a function of temperature. The second

method involved running the neutral beam for a known
time and collecting all the sodium which passes through
the collision region in a liquid nitrogen cooled vessei
(liquid nitrogen cooling was required to ensure com-
plete collection). The amount deposited was then
determined using activation analysis.? For sodium the
beam densi-ies calculated from the two methods did not
agree, the neutron activation analysis gave the higher
density. This difference (a factor of 2) was attributed to
inaccuracy in determination of the sodium vapor
pressure due to oxide layer coniamination in either our
cell or that used to determine the published vapor
pressure. The beam densities used here are therefore
those determined by activation analysis.

The possible error which may exist in our absolute
cross sections is greater than in the previously reported
Mg results and arises due to uncertainty in the neutral
beam density. For these experiments we estimate that
our values may be in error by as much as 409, at high
energy, increasing to 609, at the lowest energies. It
should be noted that this is an error in the absolute
magnitude. The reproducibility in the measured energy
dependence was better than 15%,.

Im. RESULTS

Charge transfer cross sections for reactions between
nine ions and neutral sodium have been measured in the
energy range 1-500 ¢V. The cross sections are presented
in graphical form since this representation aids the
interpretation and discussion of the data. Processes
which exhibit similar structure and which have similar
cross sections have been grouped, where possible, in the
same figure.

The resonant charge transfer cross section for sodium
ions on sodium is given in Fig. 1 iogcther with the data
for H;0*, HyO*, and N,O*. All of the processes have
cross sections, which are similar in magnitude and which
show an increase in cross section with decreasing energy
down to the lowest measured energies. The results for
the symmetric resonant process, Na*+ Na, could not be
determined below about 30 eV primary ion energy as
separation of the fast primary from the slow secondary
ions could not be achieved at lower enieres.

Figure 2 gives the charge transfer cross sections for
N;* and NO* ions impinging on neutral sodium. Here

‘854
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Fic. 1. Charge transfer cross sections for Na*t, H;0*, H,O*,
and NyO* ions impinging on neutral Na as a function of the
energy of the incident ion.

again the cross sections increase with decreasing ion
energy. The magnitude of the cross sections for these
two ions on neutral sodium are, however, considerably
smaller than those for the three polyatomic species
shown in Fig. 1. Possible reasons for this difference will
be given in the following section.

As in the case of the magnesium results reported
earlier,! the possible effects of metastable species in the
primary ion beam were investigated. Figure 3 shows the
variation in the charge transfer cross section for 50 eV
Os* impinging on Na as the electron energy in the ion
source was varied. For electron energies of Jess than
16 eV, no excited electronic states can exist in the beam
and the cross sections measured are for the Oy* (X 1I,)
ground state. Increasing the energy above 16 eV
introduces some excited states and the cross section
for Nat+ production can be seen to increase. Above
about 30 eV the ratio of ground to metastable ion states
remains nearly constant, and the cross section therefore
becomes a constant with respect to the electron energy.
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Fic. 2. Charge transfer cross seclions for N,* and NO*
ions impinging on neutral N1 as a function of 1be energy of 1he
incidenl ion.

F16. 3. Dependence of the charge transfer cross section upon
the sou-<e electron energy for the reaction Oy*+Na—O,+Na*.
The Ox* had s kinetic energy of 100 eV.

By keeping the electron energy below 16 eV, the
cross section for the ground state O;* alone can be
determined. Using the data obtained from variation of
the primary ion source energy it is possible to obtain
cross sections for charge transfer from the metastable
states provided the ratio of ground to metastable states
is known. This information is obtained in a supple-
mentary experiment. The technique employed here was
developed previously in this laboratory.* The per-
centage of metastable states in a beam of O,* formed
with 40 eV electrons (the energy used to determine the
composite curve given in Fig. 4) was found to be 329,
Using this percentage, the composite curve, and the
information given in Fig. 3, the metastable state charge
transfer cross sections could be obtained. The results are
given together with the ground state curve in Fig. 4.

The NO* is also known to have a metastable state.
In these experiments, N:O was used to produce the NO*

T ¥ T v T T T T
140 | 2 07 {EXCITEQ) « Mo = Oz« No*
% © 0’ [COMPOSITE) « Mo = 0, « No*
120 F
O 07’ (GROUNO STATE )+ No ~Op +Ne®
a [,y
o t e A 4
€
“ &
-4
80 o e 8 4
= a
=3 ae
- o 0 a
ok 3 %00 o
%60 8
%
Oq s L,
40} o %o s
oo o 2
o= %0, o 1
w LT ROy 8
]
Oogn
0 1 1 1 L. & £ A U SUPI
' 2 H 10 20 0 00 200 500 1000

10N ENERGY (eV)

Fic. 4. Charge transfer cross seclions for different stalcs of
excilalion of the Oy* ions with Na as a funclion of 1he incident
ion energy. The cross seclion is shown for ground siale ,* ions,
for O,* ions in 1he mixture of stales (composile} which resulls
when 40 eV elecirons impinged on Oy 10 form the (4*, and for
1he excited staics alone.
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‘Tasrz 1. Recombination energies and relevant energies of reactants ar.d products cited in the text.»

Excited neutral states  Ground ionic state Ton state and energy
Species and and energy above and ionization above ionic ground
ground state ground state (eV) potential (eV) state (eV)
Na (35,%5:n) (2#%,'5), 5.138
Ns (X 'g,%) (w'Ad), 8.8 (X¥,%), 15.58
NO (X ) (a ‘M), ~4.7 (X124, 9.27
O (X 32,0 (B Z,7), 6.12 (X 11,), 12.06 (a*1,), 4.04
8 Atomic energy levels obtained from C. E. Moore, Natt. Bur. Std. Atoms and Molecules,” The Rand Co:;.. Research Memorandum

(U.S.) Circ. No. 487 (1949). Vol. 1. Molecular levels obtained from F.
R. Gilmore. " Basic Energy Level and Eguilibrium Data for Atmospheric

primary beam. Previous experiments in this laboratory
have shown that NO* ions produced from N:QO contain
a very low percentage of metastable ions.

Attempts were also made to measure the charge
transfer between the atomic ions O* and N* and atomic
sodium. The cross sections were found in both cases to
be very small. A possible exz!anation for the absence of
reaction will be given in the following section.

IV. DISCUSSION

All the charge transfer processes reported here are
exothermic or energy resonant for transfer of an
electron from the ground state of neutral sodium
into the lowest available state of the neutralized ion.
In interpreting the charge transfer results obtained,
an attempt has been made to account for the excess
energy available. In this regard a correlation between
the size of the cross section, its energy dependence,
and the final states of the products, has been made.
Recombination energies and atomic and molecular
energy levels used in the discussion are given in Table I.

The four largest cross sections measured for charge
e. hange with neutral sodium are given in Fig. 1.
Of these the largest process, over the energy range
considered. is the resonant charge transfer process Na
and Na*. The energy dependence of the other thrcc
cross sections is essentially that which would be pre-
dicted for mechanisms with small energy defects.?
With species such as H;O*, H;Ot, and N;O, it is not
possible to say in what final siates the polyatomic
species wil! be produced due to a lack of information
on these states. The possibility of the excess energy
residing as internal energy in the sodium icn produced
can be discounted as the lowest excited stat.. of Na*
lies :.pproximatcly 23 ¢V abuve the ground state.

The charge transfer cross section for Ny* on sodium,
shown in Fig. 2, is much smaller than that for Na with
the polyvatomic ivns. The excess encrgy available in
the reaction, 10.44 eV, is sufficient to dissociate the
N; imo two ground state nitrogen atoms. Another
possible mechanism involves formation o1 the N,
molecule in a highly excited st-te such as the w'A,.

RM-5201-ARPA, March 1967.

Either reaction path leads to a near-resonant mecha-
nism. Since the dissociation energy of Ni, 9.76 eV, is
very nearly equal to that available from the reaction,
10.44 eV, dissociation of the molecule would not be
expected to be probable without a largc shift in the
bond length of the neutral prior to forming the dis-
sociative state, i.e., the repulsive curves leading to the
dissociation limit at 9.76 ¢V will pass through the
Franck-Condon region at an energy greater than
10.44 eV. As a consequence, dissociation can only
occur tarough violation of the Fr.nck-Condon prin-
ciple. This violation of the ¥ranck-Condon principle
tends to favor the second mechanism outlined above
for the N:*+Na reaction. This process can be repre-
sented as

Nz* (X *Z¢*) smotNa(3s; 2517) = Na(w '4u) sero
+Na*(2p%,'50) +AE(0.02 eV).

The charge transfer cross section between NO*
and Na is also small, see Fig. 2. The excess energy, in
this case, 4.13 eV, is not sufficient to dissociate the
molecule and in fact lies about 0.6 eV, bclow the first
molecular excited state. The only possible :.action
mechanisms which lead to near resonance herc arc
ormation of the ground mo' -cular state in a high
vibrational level or formation of i“e a *Il excited state.
The latter process is endothermi by approximately
0.6 eV and also involves a large shift in internuclear
distance between the ionic state and .he final state.
The formation of the highly excited vibrational ground
state does not invoive as large a change in internuclear
distance and is therefore the more probahle reaction
mechanism.

In Fig. 4, the charge transfer cross sections for the
ground and excited oxygei. ions -re shiown. Again the
shape of both curves is cunsistent with a mechanism
having a small energy defect. The excess encrgy
available from reaction of sodium with both the ground
Oyt state, 6.92 eV, and the excited state 10.96 eV, is
sufficient to dissociate the resultant oxvgen molecules
{Dp=5.12 eV). For the ground state (O;* ion, the
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Tanrz I1. Calculated cross sections and rate coefficients.

3J00°K

600°K 1200°K

Croes section Rate coefficient

" Crosssection Rate coefficient

Crcas section  Rate coefhicienl

Reaction X108 cm® X 10% cm?/sec X10%cm* X 10™ cm?/sec X108 cm® X 10™ cm?/sec
Ny*+Na 24.5 18.9 13.9 15.2 8.33 12.8
Ot (X *,)+Na 18.5 13.8 13.1 13.9 9.78 14.7
Oit(a ') +Na 26.2 19.6 2.6 249 21.2 31.8
H,0*+Na 319 27.4 321 a1 31.4 54.1
N;O*+Na 28.7 20.2 271 26.9 25.2 35.6

dissociation products resulting from charge transfer
must both be in the ground state. This process can be
represented as

O:H(X f1,) +Na(3s, 2510) =20 (*P) 4+ Na(2p*,15,)
+1.80eV.

The two oxygen atoms would be expected to carry
away equal amounts of the excess energy.

For the metastable O;* more energy is available
and as a consequence the products of a dissociative
process may be in excited states. Oxygen atoms in the
excited 'D and 'S states as well as the ground *P state
are possible products. This density of reaction channels
is grealer than for the ground state process and may
explain the greater cross section for this species.

The charge exchange cross sections for O*+Na and
N*4Na are as stated above, very small, and no data
were obtained for these processes. This result may be
attributed to the lack of energy levels available in
either product to make near resonance possible. A
similar result was found previously for the reaction of
O* with magnesium.? For N* on magnesium, energy
levels allowing a near-resonance mechanism exist, and
the cross section was found to be significantly larger.

In general, when molecular speciec ar~ being con-
sidered, the possibility of near r<sonance will generally
exist for an exothermic prucess. The multitude of
bound electronic states vith their associated vibra-
tional and rotational levels coupled with dissociation
continuum makes near resonance possible for all
exothermic processes. This general conclusion is well
demonstrated here and in previously reported charge
transfer processes.?3

Other measurements of charge transfer cross sections
vetween atmospheric ions and sodium have been re-
ported. Henderson et al® have obtained results for
N;* and Oy* on sodium in the energy range 25-200 eV.
The energy dependence of their cross sections is
similar to ours, but the absolute values tend to be
about an order of magnitude lower. Peterson’ has also
measured Nj*-Na charge exchange. Once again, the
energy dependence is similar in the two experiments
but his absolute values are about a factor of 2 larger
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than ours. It should be noted that both Henderson
et al. and Peterson used hot wire detectors to obtain
their beam densities.

The results reported here have been obtained for
primary ion energies ranging from about 1 to 500 eV
energy. Much of the interest in charge transfer cross
sections between atmospheric ions and metallic species
is in the energy range from thermal to 1 or 2 eV. In
order to extend our measured charge transfer cross
sections to lower energies, an extrapolation technique
has been developed and has been desciibed fully in a
previous publication.®

One assumption inherent in the extrapolation pro-
cedure is that the relative abundances of the various
products emerging from the capture-formed complex
are independent of the relative kinetic energy of the
reactants. Failure of this criterion invalidates the
derived rate coefficients. In general, whether or not the
extrapolation technique is valid can be seen by ob-
serving if th~ calculated cross section fits the experi-
mental data to the lowest energies considered. A com-
puter program has been developed to perform the
calculations. Results for the five ion species which
were found to extrapolate are given in Table II. Both
cross sections and rate coeflicients are presented.

Thermal energy rate coefficients have been obtained
for charge tramsfer from Ni*, Gyf, and NO' 10 Na
by Farragher ¢! al? using a flowing afterglow technique.
For Ny* and (4* they obtained values of 5.8X 10~
cm?¥/sec and 6.7X10°° cm?/sec, respectively, while
for NO*, values of about an order of magnitude less were
obtair.ed. The value for Nyt and Os* are between a
factor of 2 and 3 lower than those given in Table II.
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FORMATION OF CALCIUM IONS BY CHARGE TRANSFER*
J. A. Rutherford, R. F. Mathis,* B. R. Turner, and D. A. Vroom

Gulf Radiation Technology
A Division of Gulf Energy & Environmental Systems
San Diego, California 92112

ABSTRACT

Charge transfer cross sections have been measured
in the energy range from 1 to 500 eV for nine common atmos-
pheric ions in collision with neutral calcium atoms. The
5 No', o), H,0", H30+,
N20+, and Ca+. In all cases the cruss sections are found

+ 4
ions studied are O , N, N

to be large indicating near resonant processes. Mechanisms
consistent with this observation are given. Extrapolation
of the measured cross sections to thermal energies has

also been carried out.

i il
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I. INTRODUCTION

The experiments discussed represent the third in a series of studies
undertaken to investigate the importance of charge transfer as a method
of producing metallic ions in processes related to aeronomy and the low

energy aspects of asymmetric charge transfer. Studies involving magnesiu:nl

and sodium2 have been reported previously.

Calcium is one of the more dominant metallic species present in the
upper atmosphere. Its presence has been observed in rocket experiments3
and in studies of optical emissions from the atmosphere. 45 The low
ionization potential of this species (6.113 eV) coupled with the fact that it
is atomic, make the normal processes for deionization in the atrn~sphere
{dissociative recombination and charge transfer) ineffective. As a con-
sequence, calcium ions will be long-lived and thernfore may have an
influence on the chemistry of the upper atmosphere greater than the con-

centration of this species would suggest.
II. EXPERIMENTAL

The experiments were performed using the tandem mass spectrometer
apparatus described in detail previously. 1 In this instrument, a modulated
neutral beam of the metallic species is interposed between two mass spectro-
meters. The first of these spectrometers produces the primary ion heam
while the second is used to analyze the products of reaction. The primary
ion source is constructed in such a manner that the energy of the electron

beam can be regulated with enough precision to allow control of the state
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of excitation of the ions in the beam.

The neutral beam was formed in a heated cell as described in
reference 1. The vapor pressure in the cell was generally of the order
50 microns. At the pressures used in the metal vapor cell, dimerization
of the metal atoms is not expected to be a problem. In sgpite of this,
during the course of the experimental investigations attempts were made
to see charge-~transfer to dimers in the beam. No evidence of such
species was found. As in the previous experiments, both activation
analysis and molecular effusion techniques were used to determine the

neutral beam density. For calcium, these two methods agreed to within

1%.

Other possible experimental errors have been discussed in reference 1.
The total errcr is expected to be similar here, that is + 30% at high impact

energies rising to a factor of £ 2 at the lowest energies.
II1. RESULTS

Charge transfer cross sections have been measured for collisions
between nine ions and neutral calcium in the energy range from 1 to 500 eV.
These cross sections are presented here in graphical form. Unless

otherwise noted, the primary ions were icrmed using 4U eV electrons.

In Fig. 1 are shown the charge transier cross sections for Ca+, H20+,
N20+ and N; incident on Ca atoms. The results for the symmetric Cat on
Ca are shown only for interaction e.iergies above 30 eV since the fast
primary and slow secondary calcium ions cannot be separated below this
energy.

Cross sections for H30+ and NO+ on Ca are given in Fig. 2 while those
for N+ and O+ are given in Fig. 3. It should be noted that the O+ cross

section is for the ground state of the primary ion only. A beam of pure
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ground state ot is obtained by keeping the electron energy in the primary
ion source belaw the threshold energy for formation of metastable states,
When the electron energy was raised above the threshold for metastable
state production, only a small charge in the charge transfer cross sections
was observed. The NO+ ion is also kr own to poscess metastable states.
In these experiments the concentration of metastables was kept low. As

a consequence, the cross section curve for NO+ on Ca in Fig. 2 may be
taken to be that for the ground state of the ion.

+
For O, a large effect due to metastable states was observed. In

2
Fig. 4 the results obtained for the charge transfer cross section at one
ion energy (100 eV) are given as a function of the number of metastable

ions in the beam. The number of metastables is varied by changing the

primary ion source electron energy. Below 16 eV, no metastable O;

ions may be formed and Fig. 4 shows a cross section oi about 55 x10-16 cm2.
As the electron energy is increased the cross section is seen to rise reach-
ing a limiting value above 30 eV. This rise is due to the metastables in

+
the beam. In Fig. 5 the charge transfer cross section for ground state O2
+
2
with energies less than 16 eV. The composite curve, also shown in Fig. 5
is obtained using 0; ions formed with 40 eV electrons. In order to obtain

the curve for the excited state alone it is necessary to have the ground state

on Ca is shown. This curve is obtained using O_ ions formed by ¢lectrons

cross section, the composite curve and the percentage of metastable ions
in the beam. This latter value is determined in a subsidiary experiment.

The cross section for the excited state alone is also shown in Fig. 5.

IV. DISCUSSION

Mechanisms postulated to explain the experimental results obtained

must in some manner account for all the energy released in the reaction.

?

Previous experiments in this series have shown that where excited
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states of the prcducts allow near resonant reactions, the cross section
for the process is largest at low energies and decreases as the energy
of the ions increases. When no excited states can give a resonant

condition, the cross section was found to be small.

For calcium, all the cross sections were found to be large and product
states giving resonant channels are therefore postulated to be the main
reaction paths. Table I contains the states of the reactant and products
used in the discussion together with their energies. The reaction paths
suggested below are to be considered only as possible explanations for

the results.

Figure 1 gives the results obtained for the symmetric charge transfer
process of Ca+ + Ca. This reaction must have exact energy resonant for
ground state Ca+ and as a consequence a large cross section could be
expected. The charge transfer cross sections for H30+, N20+ (Fig. 1)
and H30+ (Fig. 2) on Ca are of comparable size to the symmetric case.
The energy dependence and magnitude of these cross sections is that
which would be predicted for reaction channels having small energy defect.
For these polyatomic species it i3 difficult to ascertain what the states of
the products might be. For 1-120;r two possible mechanisms are suggested,
however. One of these involves production of the Ca.+ in an excited state

and the other leads to dissociation of the polyatomic molecule. These

reactions can be written as

O+ Ca+(58,2S ) +0.039 eV,

%

+ 1
H20 + Ca( So)-—H2

and

H20+ + Ca(lso)-—H +OH + Cat(as,%5,) +1.39 eV .

%

The excess energy in the last reaction could go into kinetic energy of the

neutral produc*s.
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The reaction of Ca with N20+ is probably dissociative in nature since
the exothermicity of the reaction (6. 78 eV) is much greater than the
dissociation energy (1. 68 eV}. The H3O+ reaction will also be dissociative
since this species exist only as an ion.

The charge transfer cross section for N; on calcium, shown in Fig. 1,
is somewhat smaller than that for the polyatomic species but is still large.

The excess energy available in this reaction (9.47 eV) can go to producing
N2 in an excited state. Several N2 states lie in the correct energy region.
Among these are the alﬂg, a'IE;, B’ 32; and the WIAu states. The

several reaction paths available may account for the large charge transfer

. + )
cross section for N2 on calcium.

The charge transfer cross cection for NO+ on calcium is smaller than
that for N; on calcium. Consideration of the energies of the possible
states available in the products shows that a near resonant channel exists
if the Ca+ is formed in the (4p, 2P§/2) state. This reaction may be written
as

notx!sh + Ca(lso)»NO(xzn) Seanins 29‘3’ .

The energies of the states involved are given in Table I. The fact that

) +0.003eV.

there is only one possille near resonant channel may account for this cross

. . + . .
section being smaller than that for the N case. Itis of interest to note that

2
ior this reaction, where only one reaction path may exist, the experimental
. . +
scatter in the data is less than for the case of N2 where many paths may

exist. Although no concrete evidence of how the presence of these different
paths leads to increased scatter in the results exists, one can postulate
that the different possible channels have different reaction probabilities
as a function of interaction energy thereby leading to structure in the curve.

This structure appears in our data as scatter.

+ . . .
For O in the ground state charge exchanging with calciun., the cross

. - . + .
section values are similar, at low energies, to those for the NO reaction.
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Here again a single reaction path, leading to very close energy resonance,
exists. The reaction is represented as

4_0

o' (*s% + Ca(ISo)—-O(3P) + Ca'(5p,2P.) + 0.001 eV .

3

In previous studies involving reactions of O+ with Mgl and Na2 the
charge transfer cross sections were small. In these forme r cases no
set of product states allowed a near resonant mechanism.

Near resonance also exists for the reaction of N* with calcium. In
this case the energy defect is larger than for the O+ reaction and this
inay be one of the factors which causes the N+ cross section to be smaller

than that for O+ at low energies. The reaction may be written as
+ +
N 3e) + Ca(lSo)—-N(4So) + cat(ag, 2F%) - 0.016 eV .

+

The results for O2 on Ca, seen in Fig. 5 again indicate that near
resonant processes may be important. For the ground state two near
resonant processes are given

G PO 1 3.- + 2
+ C: — ,) - 0.
OZ(X Hg) Ca( So) OZ(B Zu) + Ca ( S‘E) 0.1eV,

and

) +0.835eV .
i

Of these two the second is the more probable since the excess energy can

+,.,2 1 3 +,2
OZ(X [Ig) + Ca( So) 20("P)+ Ca ('S

easily be absorbed by the two ground state O atoms. For the excited
.I,.
state of O2 only a dissociative process is suggested. If both the O atoms

are produced in the ground state the reaction may b= written as
+ 4 i 3 +.2
Oz(a Hu) + Ca( So)—’ZO( P) + Ca ( Sé) +4.873 eV .

The excess energy here is great enough that one of the O atoms may be

2 . 1 : 1
produczd in an excited state such as "D or possibly even *S. It should
be noted that if dissociation does occur in these reactions, oxygen atoms

with kinetic energies well above ithermal are produced.

Using our experimental technique, interaction energies of less than
1 eV are difficult to obtain. In many applications the interest in charge
transfer reactions lies in the energy range from thermal to 1 or 2 eV.
In order to nbtain cross section values in this region, an extrapolation
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method developed in this laboratory has been used. 8 This technique
assumes that the relative abundance of the various products emerging
from the interaction compliex remains fixed. If this condition is not met,
the technique will not give valid rate coefficients near thermal ener gies.
In gener al, whether or not the extrapolation procedure is valid can be
seen by observing if the calculated cross section fits the experimental
data to the lowest energy of measurement. In this regard, we have
arbitrarily set an average limit on this deviation of + 10% for the fit of
the experimental and calculated cross sections at the lowest measured
energies. We also require that no deviations larger than this occur over
the intermediate energy range between the lowest energy points and the
high energy region where the calculation is normalized to the measurcd
cross sections. In the present studies, the extrapolation procedure is
found to be valid for all systems. The cross sections and rate coefficients

obtained for three different temperatures are given in Table II.
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FORMATION OF IRON IONS BY CHARGE TRANSFER*
J. A. Rutherford and D. A. Vroom

Gulf Radiation Technology
A Division of Gulf Energy & Env :ronmental Systems
San Diego, California 92112

ABSTRACT

Reactions of iron atoms with common atmospheric ions have been
studied in the energy range from 2 to 500 eV. The ‘2ns considered are
ut, o', n', N;, No', o;, }{20+ an H3O+. With the exception of one
proton transfer reaction, all of the processes studied involved charge
transfer. All but one of the charge transfer reactions were found to
have large cross sections over the total ener gy range and probably
proceed by near resonant energy paths. Where possible the measured

cross sections have been extrapolated to thermal energies.
INTRODUCTION

Iron is known to be an important minor constituent of the upper

atmosphere; its presence being accounted for by the ablation of
meteors. Even though this species is in low concentration, it can have
an important effect on the chemistry of the upper atmosphere. Its low
1onization potential (7. 870 eV)3 allows it to undergo charge exchange

with all common atmospheric ions. Iron ions, once formed in the

“This work was supported by the Defense Nuclear Agency under Contract
No. DASA01-69-C-0044.
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upper atmosphere, should have a long lifetime since radiative recombi-
nation (a process known to have small cross sections) is probably the

only significant loss mechanism.

The results reported here represent the fourth part in a series
of experiments to look at asymmetric charge transfer processes involving
metal atoms. Previous sections have dealt with reactions of magnesium,
sodium5 and calcium6 interacting with common atmospheric ions. These
previous studies have shown the importance of near resonant reaction
paths in low energy charge transfer. The results in this present publi-

cation support this observation.
EXPERIMENTAL

The apparatus and experimental techniques employed for measure-
ment of charge transfer processes between ions and metal vapor have
been described previously. & Briefly the apparatus consists of two mass
spectrometers operating in tandem. The modulated beam of metal vapor
is interposed between the two spectrometers. The first mass spectrometer
is used to analvze the primary ion beam while the second analyzes the
modulated beam of secondary ions produced by collisions between the

primary ion beam and the metal vapor.

The low vapor pressure of iron compared with the previously
studied metal vapors required a molecular effusion source capable of
withstanding high temperatures. This cell was constructed from a high
purity alumina crucible surrouiided by tungsten foil. Passage of current
through the foil served to heat the crucible. The temperature was monitored
using an optical pyrometer. Pure iron wire placed in the crucible was
used as the source cf iron vapor. Pressures of the order of 50 microns
were generally used in the heated crucible. The neutral beam was formed

by effusion of the iron vapor from a small hole in the side of the crucible.
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At tue pressures used in the metal vapor cell, dimerization of the metal
atoms is not expected to be a problem. In spite of this, during the course
of the experimental investigations, attempts were made to see charge-

transfer to dimers in the beam. No evidence of such species was found.

As in the previous metal atom studies,4-6 two methods were used
to obtain the neutral bearn density; molecular effusion calculations and
activation analysis. The errors in both methods are larger here than
in the previous studies. The molecular effusion method suffers from
errors in temperature measurement due to use Jf the optical pyrometer
while the neutron activation technique is troubled by trace quantities of
manganese. Errovs of up to + 30% can exist for both methods. The two
methods gave, however, iron beam densities that agreed to within 1. 5%.
The possibility of a larger systematic error in the absolute cross sections
than that reported for the other metal atoms data " exists here because
of the increased uncertainty in the neutral beam density. The maximum
possible error here is £50% at high impact energies increasing to as

much as a factor of 2.2 at the lowest energies.
RESULTS AND DISCUSSION

The cross sections for charge transfer, and in one case, proton
transfer, between neutral iron atorns and several ions were determined
over the energy range from 2 to 500 eV. An electron energy of 40 eV
was used to form the primary ions. These cross sections are presented
here in graphical form since this type of presentation aids in the

discussion of the data.

The cross sections for the charge transfer of neutral iron with the
+
ions H20+, 02, O+ and H+ are shown in Fig. 1, while those for charge

transfer with N;, NO+ and N+ are shown in Fig. 2. The charge transfer
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and proton transfer reactions involving H_ O are shown in Fig. 3.

3
The cross section curves shewn in Figs. 1 and 2 are all very

similar in that they show an increasa in maygnitude with decreasing ion

energy. This increase is similar for all seven species shown. In

addition to this, the absolute magnitudes of the cross section curves are

: all quite Jarge and do not snow a large variation from s:.ecies to species.

: - 2
: For example, at 10 eV all the cross sectioas lie between 10 and 35 xlO16 cm

while at 500 eV the total range of cross sections is between 5 and 30 x 10-16
: g i+ .

cm2. It is interesting to note in this regard, that H and O (see Fig. 1)

which have similar ionization potentials, have cross section curves that

are essentially the same.

i s .

The explanation for the similarity in the magnitude of the cross .

s

sections for all species in Fig. 1 and 2 probably arices due to the multi-

plicity of states in which the iron ion may be formed by the charge trans-
fer process. Previous studies of charge transfer with metal atoms in
this 1aboratory4-6 have shown that only for cases of very near resonance
are the cross sections large at low energies. That is, in cases where
formation of the product particles in specific states can result in a small

energy defect, the cross section is large. Iron, with its multitude of

excited ion states allows a near resonance situation to exist for all the
reactions shown in Figs. 1 and 2. Near resonance can, in some cases,
also arise when the resultant neutral particle is left in an excited state.
In our experiment, the state of excitation of the products could not be

determined.

. 3 . . +
The cross section curves for the reaction of iron with H30 (see

Fig. 3) differ from those discussed above. The charge transfer process
leading to production of the neutral product H20 and H can be seen from
the figure to reach a maximum at about 7 eV ion energy and then decrease

to lower energies. Such behavior is indicative of a non-resonant process.
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+
: The recombination energy of H20 is thought to be about 7 eV7 and the
reaction is therefcre endothermic by about 0.87 eV. The cross section

curve is therefore what would be expected in this case.

The proton-transfer cross section shown in Fig. 3 decreases

rapidly with increasing ion energy over the whole range considered. This

behavior is what would be expected for an exothermic ion-molecule
reaction. The excess energy for this reaction can come from the FeH+

‘: bond formed. As a consequence, when one considers both the charge
transfer and proton transfer processes, it can be seen that a large cross

+ . . .
section for destruction of H30 exist over the entire energy range stuadies.

The effects of long-lived excited states in the primary ion beam were

i - : : + 4+
investigated for cases where these species are known to exist (O , 02

e e e e T LT ]

t and NO+). In all cases very little change was observed in the cross section
curve when excited states were introduced into the primary ion beam. The
1 relative independence of the cross section on the state of excitation of

the incident ion is not surprising since the multitude of states available

in the iron ion makes near resonance possible for these species also.

Considerable interest in charge transfer cross sections for the energy

range from thermal to 1 or 2 eV exists. Our measurements cover only the
top end of the range. In order to obtain values for lower interaction energies
an extrapolation procedure has been developed. This procedure, which is
lescribed fuiiy in another publica.tion8 has been used to extend the-iron

charge transfer cross sections to lower energies.

The extrapolation procedure operates on the assumption that the
relative abundance of the various products emerging from the reaction
.tays constant over the total energy range from thermal to 500 eV. Failure
of this condition invalidates the rate coefficients obtaincd at low energies
from the calculation. In general, whether or not the extrapolation procedure

is valid can be seen by observing if the calculated cross section fits the
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experimental data to the lowest energy of measurement. In this regard,

we arbitrarily have set an average limit on this deviation of £10% for the

fit of the experimental and calculated cross sections over the lowest
measured energy points. We also require that no deviations larger

than this occur over the intermediate energy range between the lowest
energy points and the high energy region where the calculation is normalized
to the measured cross sections. Results for the charge transfer reactions
between iron and the ions studied for which the extrapolation is valid

are given in Table I. Both cross sections and rate coefficients are

given.
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NEGATIVE ION REACTIONS WITH NEUTRAL OZONE
J. A. Rutherford, B. R. Turner, and D. A. Vroom
Gulf Radiation Technology

A Division of Gulf Energy & Environmental Systems
San Diego, California 92112

ABSTRACT

Charge transfer reactions between O-, O;, OH  and NO; and
O3 have been studied to obtain cross sections for formation of O;.
The energy range of the ions extended from 1 eV - 500 eV. The
accepted value for the electron affinity of O3 has been checked by
looking at the above charge transfer process as well as F-, cl,
and CO..3 with 03. The results show that the electron affinity of O3

must be close to accepted value of approximately 2 eV. A further

result of this study is that the electron affinity of NO2 musi: be similar

to that of 03.

Preceding page blank

*This work was supported by the Defense Nuclear Agency under Contract
No. DASA01-69-C-0044.
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INTRODUCTION

Ozone is known to be an important constituent of the lower atmosphere
and, as a consequence, its chemistryis of interest. One aspect of the
problem is the conjecture that the negative ion of this species is an
important intermediate in the formation of long-lived negative ions in the
D region. ! Previous investigations of reactions of ions with this species
have been restricted to thermal energy studies with O and 0; using flowing
aftergiow techniques. 2 The study of negative ion reactions is always hampered
by the lack of knowledge of the electron affinity of many of the species. One
aspect of the present study has been to try and establish with more reliability
these important constants.

The present investigation has also pointed out the importance of near
resonance in low energy negative ion charge transfer processes. As in

previous studies™’

ucing positive ions the results obtained indicate that
unless a reaction charnnel which allows all the excess energy in the reaction

to be absourbed by the products the charge transfer cross section will be

small at iow energies.
APPARATUS

A detailed description of the apparatus in the configuration employed
for positive ion-neutral metal vapor charge transfer reactions has been

given in a previous publication.~ The reactions investigated here involve
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the formation of negative ions. In general the only apparatus changes
required for such studies are a reversal of the magnetic and electric fields
employed. The major experimental modification here was the construction
of an ozone generator capable of producing pure ozone and the installation
of a sample handling system which did not lead to decomposition of this
unstable species. The generation and handling system will be described

in detail after a brief outline of the apparatus.

The instrument consists of tandem mass spectrometers with the
neutral beam interposed at right angles. Primary ions are goaerated by
electron impact in the ion source of the first mass spectrometer, a 180-deg
magnetic sectcr. After mass analysis, the primary ions are accelerated
or retarded to the desired interaction energy and allowed to interact with
the neutral bearn. Product ions formed due to reaction belween the primary
ions and the neutral beam are extracted from the interaction region along
the direction of the primary beam by a weak electric field. Collection
efficiencies of about 70% are usually obtained. These ions are then
accelerated, focused and mass analyzed in a 60-deg magnetic sector, and
finally detected with a Be~Cu electron multiplier. The neutral beamn effuses
from a small hole in a room~-temperature iridium tube located in a separate-
ly pumped chamber of the apparatus. The beam passes from this source
chamber, through an intermediate chamber which serves to collimate the
beam and into the experimental region. There it is mechanically chopped

and allowed to interact with the primary ion beam. The modulation of the
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neutral beam allows selective amplification and phase-sensitive detection.

The neutral beam density is determined from the pressure of ozone
in the tube, and the geometry of the apparatus. The ozone pressure was
determined using a differential pressure measurcment. This method
which assures that the pressure measured is that at the point of effusion
from the tube, requires that the gas be pure. As is shown below, our beam
was composed of pure 03.

Ozone was produced using an electric discharge in a low-pressure flow
of pure oxygen. A schematic representation of the generation system which
is similar to that employed by Griggs and Ka.ye5 is given in Fig. 1. Pure
oxygen (Linde ultrahigh purity dry) at a pressure of about 0.1 Torr flowed
from a leak valve through a stainless steel tube and i-ito a liquid-nitrogen-
cooled glass U-tube. This U-tube had a collector protruding from the bottom
to accumulate the liquid ozone. The U-tube was connected to a silica-gel
filled ozone storage container, also constructed of glass. The connection
between the U-tube and the storage container is made using stainless steel
fittings. The ac potential required to produce the discharge in the U-tube
was applied using a neon sign transforme=> between this fitthng and ground
potential (stainless steel inlet tube and fitting used for connecting the U-tube
and inlet).

Ozone trapped at the bottom of the U-tube was allowed to collect until
a sufficient supply for a day's experiments was obtained. The discharge and

oxygen flow were then termirated and, after evacuation of system, the U-tube
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warmed to room temperature. During the warming p=riod, the ozsue
vaporized and transferred to the dry-ice=-cooled silica gel in the storage
conta,ined.6 The ozone was stored until needed in the cooled silica gel.
To obtain ozone at a pressure sufficient to produce an adequate beam in
the crossed beam apparatus, the silica gel was warmed slightly by re-
placing the dry ice with an alcohol slush bath. Ozone from the storage
container was allowed into the neutral beam source throygh a stainless
steel leak valve and stainless steel tube.

Care was taken to kee . impurities in the ozone beam to a minimum.
Apart from the use of pure O2 gas for formation of ozone, the generation
system including the silica gel storage vessel was pumped and outgassed
before the oxygen discharge was initiated. After sufficient ozone was
formed, the generator was again pumped to remove any excess 02. This
last operation was performed prior to transfer of the ozone to the silica gel.

To test the purity of the ozone prepared in this manner, the resultant
beam was probed using O; ions. The cross section for the reaction

O; + 03—»0- +0+ O2 was found to be small while the corresponding
fast slow slow fast
process 0; + 02---02 + O; is know to be large. Fast O; ions crossing

fast slow fast slow -
our ozone beam did not produce an appreciable quantity of slow O2 ions.

Since O2 is the most probable impurity in our ozone beam, the dearth of

O2 ions produced in the above reaction indicates an absence ol this species.
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RESULTS

Reactions of ozone with O, o;, OH No;, F, Cl, o,

and co;
have been investigated. Those processes which were found to have readily
measurable cross sections have been studied in detail while for those for
which the reaction probability is small, only upper limits on the cross
sections are given,

The ions for which reactions with ozone have been studied in detail

are O, 02, OH ™ and No; . In all cases the major reaction channel is
3

obtained for the first three of these reacticns are given in Fig., 2 while

non-dissociative charge transfer to form O The cross section data

those for NO; on ozone are presented in F.g. 3.

The symmetric charge transfer reaction 0; on O3 has only been

studied at high interaction ener gies. Experimental limitations, arising
from the inability of our secondary mass spectrometer to distinguish
between fast primary and slow secondary o., prevented low-energy

values being obtained. The resonant charge transfer cross section was

found to vary between 6 and 4x 10-16 c:m2 in the range between 150

and 400 eV.

The upper limits for charge transfer reacu..us of the ions F, Cl~

and CO; with ozone are given in Table I.

-~

The charge exchange cross section for the process o + N02-O + NO_

3 3 2

was remeasured here. The results which agree with our previous measure-

7 . . :
ments are given in Fig, 3.
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The nature of the errors present in our experiment have been dis-
3 3 . . .
cussed previously.~ The magnitude of the error in absolute cross sections

given here depend upon the species being studied. For O, O;, OH™ and

O; charge exchange with ozone, the possible error on the values reported

are +25% at impact energies above 30 eV and may increase to as much as

:
!
H
;
H
i
3
H
i
!

+40% at the lowest ion energies. For F, Cl~ and CO,

3 charge exchange

with ozone, only upper limits on the cross section are given. For these !
measurements the primary beams of F~, C1 and CO; used were small,
and no detectable signal could be found at only impact energy. The actual

. cross sections for these charge exchange processes may be much lower

than the upper limits given.

For NO‘; charge transfer with neutral ozone and the reverse reaction

of O; on N02, experimental difficulties were encountered due to the

similarity in mass of the primary and secondary ions (NO2 is 46 amu and

o 3 48 amu). la our apparatus, the secondary ions are extracted in the

same direction as the primary ions and both beams therefore enter the
secondary mass 3pectrometer. These two beams will have, in general,
different masses and different energies (i.e., the primary ions will have
the energy with which they passed through the collision region plus the

energy due to the accelerating lenses after the collision region, while the

secondary ions have only the energy due to the accelerating region). Under
these conditions .f the primar, ion has a masa similar to but slightly less

than that of the secondary ion, there will be a range of primary ion energies
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when both the primary ion and the secondary ions are in focus in the .
secondary mass spectrometer. Under these conditions the DC signal due

to the primary ion beam overloads the amplifier system to such an extent

that the secondary ion signal cannot be measured. This situation occurs

for the reaction of NO;' on 03 in the primary ion energy range from 10 to

100 eV. For O; on N02, a related but less severe problem occurs in

the ion energy range from 12 to 30 eV. Here, the resolution of the primary

mass spectrometer is such that above 12 eV a small amount of N02 is

present in the O; beam making measurement impossible up to an energy

of 30 eV where the secondary mass spzctrometer is able to separate the .

o Present in the

fast from tbe slow No;;' particles. The amount of NO

primary ion beam above 12 eV is large compared to the secondary ion signal

but is very small compared to the 03

and as a consequence does not interfere

with measurement of the O, charge transfer with NO

3 27

DISCUSSION

Table Ii lists the electron affinities used to calculate the energetics
of the reactions studied. The electron affinity of 03 is listed at 1.9 eV,
This value which was first obtained by Wood and D'Orazio8 is in good
agreement with the recent photodetachnient value of 2. 09 eV given b
Sinnott and Bea.ty9 but is lower than earlier accepted values which placed
this constant at about 3 eV. 42 The choice of approximately 2 for the

electron affinity of O_ can be justified by considering the magnitude of

3



. the charge transfer cross sections measured here for reactions where the
other comiponent has a known electron affinity.

A possible rezson for the uncertainty whick has existed and still in
some instances does exist concerning the value of the adiabatic electron
affinity of species such as 03 and NO2 may be that tri _.omic moleculizs
can undergo changes in geometry between the negative ion and neutral
ground state. A significant change in geometry can lead to a vertical
electron affinity which is appreciably higher than the adiabatic value since
wre product will be formed in a high vibrational level. In many cases,

. earlier experimental va'ues reported for electron affinities have been high
and have tended to become lower as measurements have improved. The
values for the molecular species listed in Table II are the currently accepted
values and, in general, tend to be lower than those reported in earlier
publications.

If changes in geometry take place when going from the neutral to

negative ion of such a molecule as O_, they would tend to lower the

3’

b oo Bt

symmetric charge transier cross section. The crnss section values measured

! for 0; on 03 here are lower than one would normally expect for symmetric

M

charge transfer between two atomic species where geometry is not a

- -15 214
consideration. H + H has a cross section of approximately 4x 10 cm
at 200 eV as opposed to approximately 4»10-16 cm2 for 0; on 03. The

structure of 03 ir. the gas phase is known with considerable accuracy the

0-0-0 bond angle being 116°47" £ 2'. 15 For the negative ion, the bond angle
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is less well known, the value being predicted to be 110° & 5° by Smiith. e

This prediction has been supported by the solid phase ESR reaults of

Tagaya and Takeshi. o The low value of the 0; on O3 cross section obtained

here may indicate the differerce in angle may be greater than 6° but may

also be the result of the fact that the 03 primary ion is formed in high

vibrational levels which would tend to make this cross section smaller than
one would expect for a resonant process.

Ir. Fig. 2, the data for the three species in Table II which have electron

affinities lower than that of O_, namely, O-, O2

3 and OH , are presented.

All three cross sections are large, the one for OH on O_ being the largest.

3
This latter case has the closest energy balance (see Table II). All three

reactions are exothermic and it is probable that the excess energy in the
reactions may be absorbed into vibrational energy of the products. For O;

on ozone the excess energy is approxamately 1.5 eV which is equal to the

03 bond energy (Do(Oz—O-) 1.5 eV). L Here the energy may be taken up

by vibrationally excitation of both the 02 and 03 products or partially by

formation of the 02 in the excited (alAg). This latter state lies 0.98 eV

above the neutral ground state.

For the reactions O + O_ and O_

3 9 + 03, thermal energy values of the

rate coefficients have been measured previously. 2 T’'he measured points are
included in our figure and a smooth interpolation of our data to these resulis
is shown. For OH  + 03, no thermal energy values has been determined.

The extension of our data was made using the extrapolation procedure
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the extrapolation pi'ocedure gave thermal energy rate constants

previously employed. 26 It is of interest to note that for O” + O_ and

02+O3

that were higher by approximately a factorof 2 compared to the measured

values .showr'x in the {izure.

The electron a.fﬁnitie:s of Ftard Cl are greater than that for O3
and as a consequence 'the processes are endothérmic. The cross sections .
for charge exchange yvith these sPecies: is wnerefore small as indicated

in Table I.

The reaction of NO; with O_ is of interest since the electron affinity

3

‘of NO2 is in doubt. Fehsenfeld et al. have established that the NO2 electron

‘affinity should be greater than 1.8 eV since the reaction
OH + NO;~NO_ + OH
-' 2 -2
. . . . 13
is known to proceed at thermal energies with a large rate coefficient.
Our results here indicate that the electron affinity of this species must
be close to that of ozone since both the forward and.revgrse negative
reactions with these two species are found to proceed (see Fig. 3) with
nearly equal cross section at the lowest energies measured.
In the above reactions, the cross sections are seen to be appreciable
when the reaction is exothermic. The largest cross section at low energies

is for the OH on O3 which has the smallest energy detcct. This result is -

?

consistent with previous positive ion charge transfer reactions which
show that if near energy resonance exists, the process proceeds with a

high probability.
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TABLE 1

Cross section upper limits for some negative ion
charge transfer reactions with ozone in the

impact energy range irom 1 to 10 eV.

3 Cross section
f upper limit
4 Reaction (cmZ)
F +0,—~F +O0. -17
1 - = -17
4 Cl +0—-~Cl +0O 2x 10
g 3 3
Y - =16
+ -
CO3 03 CO2 +0 + 03 2x 10
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Electron affinities of the atoms and molecules studied.

Bl N A A

3 Electron Affinity
% Spe:ies (e V)
E o) 1.478%
i F 3.5°
z . cl 3, 7°
E OH . 1.83¢
) o, 0.43d
NO, ~2.0¢
o, 1.9f

2R. S. Berry, J. E. Mackie, R. L. Taylor, and R. Lynci:.
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b"Bond Energies, Ionization Potentials and Electron Affinities, "
V. I. Vedeneyesv, L. V. Gurvich, V. N. Kondrat'yev, V. A,
Medvedev and Ye. L. Frankevich, eds., St. Marten's Press,
New York (1966).

L. M. Branscomb, Phys. Kev. 148, 11 (1966).

dR. Celotta, R. Bennett, J. Hall, J. Levine, and M. W,
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eThis work.
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