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A modulated retarding-potential-difference technique has been used to define the energy
width of an electron beam located in the source region of a time-of-flight mass spectrometer.
Negative ions with energies in the region 0-3 eV are produced by dissociative electron at-
tachment to gas molecules in this source and are permitted to react for a controlled continu-
ously variable length of time with neutral molecules to-produce secondary negative-ion prod-
ucts. From the observed time development of the reactions, the reaction rate constant may
be obtained, and the cross section then calculated if the primary-ion velocity is known. Re-
sults are presented for the reactions 0 +N02-NO&+0, H +H20-OH +H2, and D +D20
-OD +D2 at a number of primary ion energies, and for the reactions 0 +N20 —NO +NO,
HCOO +SF6 SF5 + (HCOOF), and SF6+HC1 F)Cl + (SF4H) at single energy points.

I. INTRODUCTION

It has proved difficult to measure ion-molecule
or charge-exchange cross sections as functions
of the primary-ion energy in the region below a
few eV. Drift-tube techniques' are confined in
practice to energies & 0. 1 eV and yield cross sec-
tions averaged over a range of ion energies. The
flowing afterglow technique' is limited to thermal

energies and collisional heating of the target neu-
trals. The components of the afterglow may make it
difficult to compare directly rate constants ob-
tained in this way with those from beam methods.
The latter' have yielded most of the information
which exists on the variation of cross sections
with energy but are confined4 to the energy region
above a few eV because of difficulties in obtaining
adequate energy resolution and beam intensity at
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low beam energies. The merging-beams tech-
nique' offers a solution to the problem in principle,
but in this method, it is necessary to obtain a neu-
tral beam at relatively high laboratory energy (a,

few keV) for merging with the charged beam at
comparable energy. Since the neutrals are usually
produced by accelerating a charged beam to the
required energy E and then passing it through a
neutralizing gas cell, the formation of a compo-
nent of excited neutrals is quite likely. There is
good evidence' that reaction cross sections are
strongly dependent on the state of excitation of the
reactants.

Many charge-exchange and ion-molecule reac-
tions have been observed in studies in which the
ion source region of a mass spectrometer has
been used as the reaction chamber. ' In most of
this work, the phenomenological cross section Q
of the reaction has been obtained as a function of
the electric field V/d required to repel the ions
into the mass analysis system. ' The microscopic
cross section o is related to Q through

Perhaps the chief criticism which can be made of
this method lies in the fact that o, not Q is the
quantity of interest for comparison with available
theory.

It is the purpose of this paper to present some
measurements of negative-ion reaction rates k
and cross sections cr which have been made in the
energy region from 0 to 3 eV by a mass spectrom-
eter method which avoids most of the difficulties
mentioned above.

II. EXPERIMENTAL METHOD

A. Sketch of Method

A preliminary account of the method has been
published. ' Dillard and Franklin' and Dillard,
Franklin, and Seitz" have independently described
some similar work but have not reported any mea-
surements of o as a function of E.

The reactions proceed in the source region of a
Bendix Model 14-206 time-of-flight mass spectrom-
eter. This apparatus, including the retarding-
potential-difference (RPD) electron-beam ionizer
has been described in detail elsewhere. " Primary
negative ions A- were produced by dissociative
electron attachment to the target gas molecules
AB

e+AB-A +B,

which results in A acquiring the most probable
energy

Z (X )=(1-P)[Z -(D -E&)], (3)

where P is the ratio of the mass of A to the mass
of AB, Ee is the electron beam energy, D the dis-
sociation energy of the A-B bond, and EA the elec-
tron affinity of A. Because of the normal range
of electron affinities and bond strengths and the
values of Ez at which dissociative attachment res-
onances are found, "E,falls in the region between
0 and 3 eV. Equation (3) does not hold if either of
the fragments A or B are rotationally, vibration-
ally, or electronically excited. In this case, sep-
arate measurements must be made to obtain E,.
To date, the most comprehensive and accurate
data have been obtained from measurements of
ion current against retarding voltage from which
the derivative yields the ion energy distribution, "
though Franklin, Hierl, and Khan'" have also de-
scribed a time-of-flight method which yields the
component of ion kinetic energy along the axis of
the flight tube.

The primary negative ions A were produced by
a pulse of electrons of duration set from 50 nsec
to-1 p, sec depending on the rate of the reaction
being studied. The gate pulse width should be
kept short compared to the "period" (nk) ' of the
reaction [see Eq. (4)]. After this short produc-
tion pulse, the primary ions were free to react
with whatever target gas molecules were
present, for a time period of t sec, until a fast
rising extraction pulse was applied to terminate
the reaction and repel both primary and product
ions into the flight tube. The 200-V/cm extraction
pulse rose to half-maximum in - 3 nsec. The
source region of the mass spectrometer was kept
field free during production of the primary ions
by electron impact as well as during the reaction
time t.

During the reaction time, before the primary
ions begin to leave the interaction region, because
of their initial kinetic energy the variation of the
secondary-ion current [is] with reaction time t
is given by

[i] =[i] (1 —e ),s g pt=O (4)

where [is] t is the product-ion current at time t,
[i~]t 0 is the primary-ion current at time t = 0,
n xs the number density of the target gas molecules,
and 4 is the rate constant of the reaction at a given
primary-ion energy E. The slope of a plot of
—ln(1- [is]t/[ip]t 0) against t is equal to nk.
Therefore, if the target gas pressure is known, k
may be obtained, and since

k =Ov

0 may be calculated if v, the primary-ion velocity,
is known [e.g. , from Eq. (3)]. Production of pri-
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FIG. 1. Schematic diagram of the retarding-potential-
difference electron gun and ion source.

mary ions from a number of dissociative attach-
ment resonances yields information on the varia-
tion of o with E.

The effect of the extraction pulse on the mea-
sured rate constants has been considered pre-
viously' and is thought to be negligible in the work
reported here.

B. Ion Energy Resolution

The ion energy resolution is largely determined
by the electron beam energy resolution. Quasi-
monoenergetic electrons were obtained by applica-
tion of the RPD technique of Fox, Hickam, Grove,
and Kjeldaas. " For most of the measurements
reported here, a modulated retarding voltage, a
sine wave, or square wave of amplitude 0. 1 or
0. 2 V at a frequency of 22 Hz, was applied to the
retarder grid 3 of the electron gun shown in Fig. 1
in place of the usual constant difference voltage.
Electrons within this modulated band produced
correspondingly modulated primary ions by dis-
sociative attachment and these through ion-mole-
cule reactions or charge exchanges produced in turn
a modulated component in the secondary-ion cur-
rent. The ion current corresponding to a given
mass was obtained by a.pplying a, fast (-40 nsec)
pickoff gate pulse, to one of the collector anodes
of the electron multiplier detector located at the
end of the flight tube. This current was amplified
and the modulated component recovered by phase
sensitive detection and demodulation by a PAR
model HR-8 lock-in amplifier which also provided
the initial electron-beam modulation signal. The
demodulated-ion current could be displayed on an
X-Y recorder as a function of the electron energy
by means of a continuously driven potentiometer
which supplied both the X axis of the X-Y recorder
and the electron energy bias.

Electron energy resolution of 0. 1 eV as mea-
sured by the width of the SF, peak at zero elec-

tron energy or by the rising edge of the Cl /HCl
vertical onset dissociative attachment resonance
near 0. 8 eV could be obtained in this way. How-

ever, this resolution could not always be utilized
because of the necessity of producing enough pri-
mary ions for the secondary currents to be de-
tected.

During the period between application of the elec-
tron gate pulse and depletion of the primary-ion
current by escape of ions from the interaction re-
gion or by significant loss through ion-molecule
reaction, the energy distribution of primary ions
is given by the convolution of the dissociative at-
tachment cross section cTds(Ee), the electron en-
ergy distribution N(Ee), and the energy spread due
to thermal motion of the molecules prior to attach-
ment. If the electron energy is set at the peak of
a dissociative attachment resonance, the product
of the first two factors results in a distribution nar-
rower than the electron energy distribution.
Figure 2 illustrates this for a broad electron en-
ergy distribution and the H /H, O dissociative at-
tachment resonance at 6. 5 eV electron energy.
The last factor has been considered by Chantry
and Schulz" who have shown that for the case of
dissociative attachment of monoenergetic electrons
to a diatomic molecule in which neither fragment
is produced in an electronically excited state, the
width at half-maximum of the negative-ion energy
distribution W», is given by

W,q, = (11Pt'TE,)"',

The electron gate pulse and the ion draw-out
pulse could be displayed simultaneously on an
oscilloscope and the time difference between them
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FIG. 2. Convolution of N(Ee) and (TDA(E&) for H /H20
from the 6.5-eV peak.

where ~ is the Boltzmann constant, T is the target
gas temperature, and E, is the most probable ion
energy as given in Eq. (3). For the production of
light ions from a relatively heavy parent (e. g. ,
H /H, O), this effect is quite small since P is small.

C. Reaction Time Measurement
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measured to an accuracy of better than 5 nsec if
necessary. %here the reaction time f. under con-
sideration is much greater than the width of the
electron gate pulse, a good estimate of t is ob-
tained by taking the interval between the center of
the gate pulse and the time the ion draw-out pulse
begins to rise. The effect of the finite time width
of the electron gate pulse on the shape of the ion
current versus reaction time curves may also be
allowed for by using the unfolding procedure de-
scribed in the Appendix. Figure 3 shows two ex-
perimental X- Y recorder traces of the cutoff of
the modulated component of the electron beam cur-
rent {as collected on the trap-electrode 6 of Fig. 1)
as the electron gate pulse is moved in to coincide
with the ion draw-out pulse. The sharpness of the
cutoff provided by the meshing of the draw-out
pulse and the square-electron beam gate pulse is
shown by the straight line dependence of the elec-
tron beam current. Differentiation of the curve
of Fig. 3 yields back the square-topped electron
gate pulse (of width 1. I p, see in this ease).

The position in time of the narrow (-40 nsec)
pickoff gate pulse, which is applied to the anode
of the electron multiplier to select the ion-current
corresponding to a given mass, can be driven elec-
tronically at a variety of speeds as a means of
scanning the mass spectrum. Two such linear
ramp circuits are incorporated in the apparatus.
In this work, one was usually used to monitor
either the primary- or secondary-ion current,
while the continuous time-drive feature of the
other was used to vary the reaction time t by
imposing a continuously varying delay between the
electron gate pulse and the ion draw-out pulse via
the delay trigger circuitry of a Rutherford type
3-16 pulse generator which supplied the electron
gate pulse. At the same time, the ramp voltage
generated by the same eireuit (necessary to pro-
vide the time variation of the pickoff pulse) is used
to drive the X axis of an X-Y recorder. Thus, by
simultaneously feeding the demodulated primary-
or secondary-ion current into the Y-deflection

circuit of the recorder traces of the ion currents
as functions of the reaction time are obtained.
Figure 4 shows 0 and NO, ion currents as func-
tions of the reaction time obtained in this way for
the reaction

0 /N02+ N02 N02 + 0 .

D. Gas-Pressure Measurement

Gas pressures in the differentially pumped
source region were measured by an MES Baratron
capacitance manometer with a 1-Torr head which
had been factory calibrated with a dead weight
tester. Pressures used were of the order of 10 '
Torr, corresponding to single collision conditions
in the source region. The pressures measured by
the manometer were checked against a wide-
throated calibrated ion gauge connected directly
into the source region and against reported ioniza-
tion cross sections for N, and 0,." In the latter
procedure, the electron energy was set at 100 V,
and collection of positive ions was made on the
electrode normally used to repel negative ions
into the flight tube (the backing plate 7 in Fig. 1).
The ratio of the positive-ion current to the elec-
tron-beam current remained the same to within
4% under normal flow conditions (differential
pumping between source region and flight tube) and
under static pressure conditions over the range of

Vl

5
I
O

I-
4J 3
K
IX

O
z0 N02 + N02 ~ N02 +0

0 I.

0.4 0,8 1.2 1.6 2,0 2.4 2.6 3.2 3.6 4,0
t, DELAY TIME (P sec)

FIG. 4. Modulated components of 0 and NO2 ion
currents as a function of reaction time t. Two X-F
recorder traces are shown. NO2 pressure 1.9&&10

Torr.

It is worth noting that the sum of the 0 and NO,
ion currents is nearly constant for reaction times
up to about 1.2 p, sec. This indicates that within
this time region, there is negligible loss of ions
from the reaction region due to their kinetic en-
ergy of formation, and that rate constants and
cross sections calculated from ion current curves
within this region should be accurate. The results
presented in this paper were all calculated for such
conditions.
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III. EXPERIMENTAL RESULTS

Table I lists the reaction rate constants and
cross sections obtained in this work with the dis-
sociative attachment resonances used to produce
the primary negative ions. Some remarks on each
and on some associated reactions follow.

Rate constants for the reactions

H +H20-OH +H2 (8}

pressures used in the work reported here. All
the pressure measurements described above agreed
to within+ 5%.

and D +D20-OD +D2

measured with the full electron-beam width set
at the 6. 5 eV main dissociative attachment peak
in H,O and D,O, have been previously reported. '
For D,O, it has also been possible to make a rate
measurement with the full beam width set at the
peak of the secondary (8. 6 eV) resonance yielding
D ions of - 3.6 eV kinetic energy. In addition,
rate constants have now been obtained for reaction
(9) by the ordinary constant voltage RPD technique
mentioned above at three energies covering the
main peak (1. 28, 1.84, and 2. 32 eV D -ion kinetic
energy). " The rate at the peak, 1.84 eV D en-

TABLE I. Negative ion-molecule reaction rates and cross sections.

Reaction

H + H, O-OH + H~

D +D)0 OD +Dg

Resonancea
(eV)

H /H, O

H-/H,

D /D20
D /D20
D-/D, O

D /D, O

D-/D,

at 6.4
at 14

at 8.5
at 6.5
at 6.5
at 6.5
at 14

Primary-ion energy
E(eV)

1.9 y 0.4
~ 0

3.6 + 0.6
2.3 ~0.2

1.8 + 0.4
1.3 + 0.2

Rate constant k

(molecule cm sec )

3.1~0.6 x 10
5.4 y 1.6 x 10

6.1 + 1.2 x 10

7 7+1 5X10

4.7+1.5 x 10

Cross section 0'

(cm )

1.6+ 0.3 x 10

3.3+ 0.7 x 10
5.1+1.0 x 10
5.8+1.2 x 10
9.0 ~ 1.8 x 10

0 + NO) —NO) +0

0 +N20 NO +NO

SO +SO2 S02 +SO

0 /0,
0 /NO

0 /NO

0 /N20
0 /N, O

0 /NO,
0 /N02
0-/NO,
0 /NO,
0 /NO,
0 /N02
0 /NO,
0 /N02

0-/N, O

SO /S02

at 6.7
at 9.3

at 2.6

a.t 2.6
at 2.6
at 8.8
at 8.8
at 3.8
at 3.8
at 3.8
at 1.9
at 1.9
at 1.9

at 2.6

at 4.8

1.6 +0.3
0.8 + 0.2

0.65+ 0.05

0.48 + 0.1
0.41+0.1
7.45 + 0.1
6.82 + 0.1
2.27 ~0.1'
1.9 + 0.1
13 ~0 lc
0.4 + 0.1
0.0 +0.1 ~

0 25 +0 1c

+ 0.0
0.65

2.8 +0.3
3.8 + 0.7
44+04
1.0 + 0.2

1.8 +0.2
2.4+0.3
2.4+ 0.3
6.6 + 0.8
8.0+ 1.0
4.2 + 0.4

x10
x10
x10 "
x10
x 10-
x10
x10 '

x 10
x10
x10

4.0~0.4 x 10

3.7 + 1.8 x 10

2.7+0.3 x 10
3.9+0.4 x 10

2.5+0.3 x10

6.3 y1.2 x 10
1.3 y 0.2 x 10

93 x10-2.2X1

1.15 + 0.2 x 10
1.7 ~0.4X10

4.2 x 10

1.5 +0.3 x10

HCOO + SF6 SF&
+ (HCOOF) f

SF6 + HC1. FpC1 + {SF4H)

HCOO /HCOOH at 1.7

Thermal

«6.0 x 10

8.6+ 2.7 x 10

Dissociative attachment resonance supplying primary
ion.

Electron energy relative to main, 1.9 eV, 0 / N02
peak.

It is possible that there was some contribution from
primary 0 ions to this reaction. This is discussed in
the text.

gCalculated with the assumption that the SF6 pressure
was «10 Torr.

Primary-ion energy (eV) in the laboratory system.
Primary ion energy here was measured to be «0.25

eV. This yields o «4.2x10 cm .
fDenotes SF5 excited

SF6 from capture of zero energy electrons.
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ergy, was a factor of 2. 1 lower than the full-beam
width measurement. These RPD measurements,
however, were regarded as being less reliable in
absolute magnitude than the full-beam measure-
ments since they were obtained by a subtraction
process involving two small currents. They were
therefore normalized to the full-beam measure-
ments' and are thought to give in combination with
them a reasonable indication of the trend of the
cross section with energy. Because of the high
reaction rates and low intensities involved, the
studies of reactions (8) and (9) were the most dif-
ficult of this work. The low mass of the primary
ions also contributed to this since their residence
times in the ion source were short as compared
with a heavier ion such as 0 of the same energy.

Rate measurements for these two reactions were
also made using H and D from the -14 V verti-
cal onset dissociative attachment resonance in H,
or D,." For vertical onset processes the poten-
tial energy curve of the dissociating state contains
a minimum so that only a portion of the ground-
vibrational-state wave function of the neutral has
an overlap with the dissociating state capable of
producing dissociation (that is, only a part falls
to the left, low-internuclear-distance side of
the minimum). lone produced in such a way,
therefore, have very low energies near zero and
their appearance potential curve rises very sharply
with a "vertical onset" due to the cutoff caused by
the presence of the minimum in the dissociating
state.

The method of analysis used in these results was
as follows. Normalized H and OH or D and
OD, currents as a function of reaction time were
obtained from the currents observed in the
H, -H,O mixture by dividing them by the H current
observed in H, before the addition of the small
amount of water vapor. With the assumption that
the ion energy distribution is not much changed
by the addition of the small quantity of H,O neces-
sary to observe reaction (&), the normalized H
current obtained in this way should represent
simply the change in H concentration with time
as a result of reaction (8). Similarly, the nor-
malized OH current represents the growth in
OH concentration with time due to the ion-mole-
cule reaction. This picture is supported by the
fact that the H and OH intensities obtained in
this way add to very nearly a constant value over
the observable range of reaction times from 0. 2
to 1.0 p. sec. However, as seen in Fig. 5, two
anomalies occur. Firstly, the sum of the OH
and H currents is not quite constant and increases
with reaction time; secondly, the H current does
not decrease to zero as it is observed to do in the
case of the H /H, O resonances, ' but levels out at
a constant value as the reaction time increases.
It is thought that these two facts are both related
to the probable presence of a component of H" ions
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FIG. 5. H, OH ion currents as functions of the re-
action time t for the reaction H"/H2 (14-eV peak)
+H2O-OH +Hp.

of much higher energy than those from the verti-
cal onset process. Both Schulz" and Rapp, Sharp,
and Briglia" observed a continuous rising contri-
bution to the H ion current at electron energies
above about 12 V. This is quite separate from
the discrete vertical onset resonance near 14 eV
and may imply the presence of H ions of higher
energy. If the level portion of the normalized
H curve at reaction times near 1 p, sec is taken as
the zero H level, then reaction rates calculated
from this curve and from the rising portion of the
OH curve are in quite good agreement as can be
seen in Fig. 6. Because of the low ion intensities
and the somewhat speculative nature of this anal-
ysis, these results should be used with care. A
flowing afterglow measurement of the rate would
be valuable.

The distribution of primary H or D ion ener-
gies is difficult to estimate in the vertical onset
case. From the electron-beam energy distribu-
tion and the shape of the resonance together with
the expression (3), a tentative estimate of a mean
ion energy of - 0. 2 eV may be made. Figure 7
shows a plot of the cross sections for the pro-
cesses (8) and (9) againstmostprobable ion energy.
The error bars on the points at ion energies
greater than 1 eV represent probable limits of
error obtained from a consideration of the uncer-
tainties in the ion energy, the gas pressure, and
time and current readings. The points at 0. 2-eV
ion energy must be regarded with greater caution
than the others for the reasons mentioned and
should not be taken as being accurate to within
better than a factor of ten or so. Paulson" has
obtained rate constants for reaction (9) from a
mass spectrometer experiment using repeller
voltages constant in time. His results at the
lowest repeller voltage are roughly a factor of



184 NEGATIVE-ION —MOLECULE REACTIONS FROM 0 TO 3 eV

O
x

I

X0 X

I

C

I

I I

P ~ 4.6 x 10 molecules cm sec

0 0,2

I

0,4 0.6
REACTION TIME I' (IxeeC)

1.0

-T -I 3 -I
4 1 x 10 molecules cm sec

N

I I
XLJ

C

~O

OA I I I

0 0.2 0.4 0.6 0.8
REACTION TIME t&-tI (I sec) (31~0.2 psec)

1,0

FIG. 6. ln([H ]t /[H ]t ) and -ln(1 —[OH ]t/[H ]t 0)
2

as functions of the reaction time t for the reaction
H /H2 (14-eV peak)+ H20-OH +H2. H20 pressure
3.0 & 10 Torr.

Ip- II

I

o H + H20 ~OH +H2
I

~ 0" + 020 ~ 00 + D2

I I

I

-+—

N
E
U

b

20 lower than the present work but since such
experiments yield cross sections or rate constants
which are averages over a range of ion energies,
it is difficult to compare the two experiments.
Paulson observed an increase in the rate of the
reaction (g) with decreasing repeller voltage im-
plying that the cross section may be increasing
faster than 1/v (where v is the ion velocity), with
decreasing ion energy. This is in qualitative
agreement with Fig. 7.

0 ions of various kinetic energies were pro-
duced by dissociative electron attachment to NO„

N,O, NO, and 0, and were used as primary ions
in the study of the exothermic reaction (7). An

attempt to use 0 from the 4. 4 and - 8. 0 V dis-
sociative attachment resonances in CO, was un-
successful because of the high 0 /NO, levels also
produced at these electron energies. Figure 8
shows an X-Y recorder trace of 0 /NO, as a func-
tion of electron energy obtained using the modu-
lated RPD beam with a width of 0. 1 V. Rates for
reaction (T) measured at various points along this
curve using 0 /NO, as the primary ion are also
shown. A retarding analysis performed on 0
from the 1.9-eV peak in an apparatus which has
been described by Compton, Stockdale, and
Reinhardt" was unsuccessful in that it established
only that the 0 energy was quite low, probably
less than 0. 25 eV. Equation (3) indicates that in
the absence of vibrational excitation of the NO

fragment the most probable 0 kinetic energy at
an electron energy of 2. 2 eV would be 0. 36 eV.

The presence of high scattered-electron cur-
rents prevented measurement of 0 /NO, kinetic
energies at the two higher energy peaks near 3.8
and 8.8 V electron energy. In Sec. IV, it is
pointed out that the cross section for an exother-
mic reaction is expected to rise at least as fast
as 1/v with decreasing primary ion velocity;
therefore, the reaction rate k = ov will either be
constant (1/v cross section) or will also increase
with decreasing ion energy. The results of Fig. 9
then indicate that the 0 ions from the higher en-
ergy peaks in NO, are probably formed with higher
kinetic energies than those from the first peak;
the ions from the 8. 8-eV peak with the highest.
Knowledge of the dependence of rr on E would, of
course, yield these energies. The results of
Schulzxx for 0 /N, O (which have recently been
substantiated in part by Dillard and Franklin' )
and Chantry" for 0 /0, were used to obtain ion
kinetic energies in these cases. Figure 9 shows
a plot of cr against 0 kinetic energy in the labora-
tory system for reaction (7) obtained in this way.
The point at 0. 25 eV was found from modulated
RPD measurements of the reaction rate using
0 /NO, at the lowest-energy dissociative attach-
ment peak on the assumption that the 0 kinetic
energy was in fact 0.25 eV. It should, therefore,
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energy.
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represent a lower limit to the cross section here.
The next three points, between 0.4- and 0. 7-eV
0 kinetic energy, were obtained using the modu-
lated RPD method to produce 0 from N,O. The
point at 0. 8 eV was provided by 0 /NO and that
at 1.5 eV by 0 /0, . It can be seen that the re-
sults of the present work join fairly smoothly
onto the retarded beam study of Rutherford and
Turner" but seem to diverge away from the flow-
ing afterglow results of Ferguson, Fehsenfeld,
and Schmeltekopf. ~ However, because of the
heating of the neutrals in the latter work, it is
difficult to compare the flowing afterglow results
directly with beam measurements. The beam
measurements of Neuert, Rackwitz, and Vogt"
are a factor of 5-10 less than either the yresent
work or the results of Rutherford and Turner'
over the same range of energies, with the diver-
gence increasing with increasing energy. Paul-
son" obtained rates near 1.2 x 10-' molecules '
cm' sec ' for reaction (7) which compare quite
well with the data of Fig. 8 and 9. He observed
little change in rate with repeller voltage. By
working with pressures as high as 0. 2 Torr,
Paulson" was also able to study the reaction
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FIG. 10. Cross section 0 versus ion energy for the
0 +N20-NO +NO.

0 + N20 02 +N2,

0 +N20 N20 +0

is endothermic by greater than 0. 65 eV and not
possible under our conditions with 0 /N20.

Melton, Ropy, and Martin" have reported a rate
constant of - 3 && 10 "molecules ' cm' sec ' for
the reaction

HCOO + HCOOH- HCOOHCOOH (14)

first proposed by Burtt and Henis, "was not ob-
served. Paulson' did observe 0, but ascribed it
to charge exchange of 0 with impurity 0,. He
also noted that N,O and NO, were formed with
small rate constants and discussed possible means
of formation. Neither were se -n in the present
work, probably partly because lower pressures
were used and partly because the reaction

0 +No, -o, +No,

and obtained rates of the order of 1 x 10 "mole-
cules ' cm' sec ', using 0 /NO, from the lowest-
energy dissociative attachment peak. 0, at this
peak energy was at or below the limits of detec-
tion in the present work because of the much lower
pressures used.

Figure 10 shows the cross section for the re-
action

0 + N20- NO + NO

as a function of the 0 -laboratory kinetic energy.
0 /N, O with a laboratory energy of 0. 65 eV was
used to obtain the single point from this work.
Here the low-energy point is below the extrapolated
results of Rutherford and Turner" but agrees
with the rate obtained by Paulson. " The reaction HCOO +SF6 SF~ +(HCOOF) (15)

where CHOO is formed by impact of low-energy
electrons in the 2-5 eV range in formic acid vapor

(HCOOH). This is one of a small number of as-
sociation reactions which have been reported. "
In a careful search in the present work with
HCOO /HCOOH at 2 eV, no ion of mass 91 was
observed, though the sensitivity of the method
is such that HCOOHCOOH formed at this rate
should have been recorded. It is possible that
the formation of the complex requires a certain
activation energy, and that this was supplied by
the repeller field in Melton, Ropy, and Martin. 's
experiment" but was not available under the field-
free conditions of the present experiment. %hen
a small amount of SF, was added the SF, ion
appeared, and from the time dependences of the
CHOO and SF, currents it was found that the
reaction
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CH2 +CH4-C2H + ~ ~ ~ (16)

is suggested. Distillation of the CH, did not affect
the production of the ion of mass 25. A search
for mass 25 in the present work, with Phillips's
research grade CH„was unsuccessful, though
CH, was observed peaking near 5-eV electron en-
ergy. The rate of reaction (16) may be low, per-
haps energetically forbidden under the circum-
stances of the present experiment, though biasing
the mass spectrometer repeller plate by a few
volts negative with respect to the exit slit failed
to produce mass 25.

Table I lists one other reaction-rate constant
measured in this work, that for the reaction

SF6 +HCl F2C1 + (SF~H),

SF, so formed has a lifetime of 26 p, sec" so that
it was necessary in obtaining the rate to use the
rising portion of the F,Cl curve at times short
compared with this. Since both SF6 and HCl in
reaction (17) have the same thermal velocity dis-
tribution, conditions here are somewhat similar
to the flowing afterglow.

IV. DISCUSSION

A. Energy Dependence of Cross Sections

O +NO, —NO, +0

The data for this reaction join quite smoothly
onto the data of Rutherford and Turner, "with

was occurring. Examination of the SF, current
in conjunction with a repeller electrode in the
flight tube, a technique which has been described
by Compton, Hurst, Christophorou, and Reinhardt"
revealed the presence of both charged and neutral
components. By varying the ion flight time
(changing the bias of the electron multiplier and
flight tube above the grounded ion source), the
relative magnitudes of the two components could
be changed, and the lifetime of the SF, (time for
a group of the ions to decay to e-' of their initial
number), initially formed in reaction (59), was
found to be 3. 6 p. sec. The observation of reac-
tion (15) is of interest, since SF, formed by dis-
sociative electron attachment is stable. This
seems to be the first case in which the product
negative ion of an ion-molecule reaction has been
found to decay in this way.

In a mass spectrometric investigation of nega-
tive-ion formation, Bailey, McGuire, and
Muschlitz" observed an ion of mass 25 under con-
ditions of low-energy electron impact on CH4.
They ascribed its formation to a "multiple collision
process. " Since CH, is formed simultaneously
by dissociative attachment, the process

both sets of points being about 5-10 times higher
than those of Neuert, Rackwitz, and Vogt. " This
discrepancy increases towards higher primary-ion
energies. Though Neuert, Rackwitz, and Vogt do
not discuss the energy resolution of the ion beam
used in their apparatus, it should be adequate at
least at energies near 200 eV. There seems then
to be no clear reason for such a large discrepancy.
Turner and Wolf" have fitted the Rutherford and
Turner data and the low-energy flowing afterglow
point of Ferguson, Fehsenfeld, and Schmeltekopf'4
to a semiempirical theory which trends towards
the Langevin" E ' ' cross section for capture of an
ion in a r ' potential'4 at low energies and towards
the expression for symmetric resonant charge-
transf er (cr = c —d log» 8, where c and d are con-
stants)" at high energies. They obtai~ a good fit
over the energy range from 0. 04 to 100 eV using
a single adjustable parameter. Neuert, Rackwitz,
and Vogt" have also fitted their data to the sym-
metric resonant charge-transfer theory using two
separate straight lines with different values of the
constants c and d to cover the two energy ranges:
3. 0-20. 0 eV and 20-200 eV. The fit in the low-
energy region in this case is not particularly good,
and no discussion of the procedure is given. There
does not seem to be any clear theoretical justifi-
cation for it. Nevertheless, it is of interest that
the cross section rises towards lower ion energies,
a fact agreed on by all the measurements. This
means that the Ropp and Francis" theory of asym-
metric nonresonant charge exchange certainly
cannot be applied, since it predicts a cross sec-
tion rising sharply towards higher energies,
roughly as E', for the low-energy region. The
apparent similarity between the form of the cross
section and that of low-energy exothermic ion-
molecule reactions also tends to confirm the re-
cent suggestion of Champion and Doverspike" that
low-energy ion-molecule and charge-exchange re-
actions proceed in a similar way.

The four higher-energy points obtained in the
present study do not show any significant devia-
tion from the theory of Wolf and Turner" (for
which the best fit is virtually a linear interpolation
between the flowing afterglow point and the data
of Rutherford and Turner). 2~ However, the two
lowest-energy points, in particular the one at
0. 25 eV, diverge from this trend and disagree-
ment with this theory and with the E ' ' Langevin
dependence at low energies seems quite possible.
If the 0 /NO, kinetic energy for the lowest-energy
point is taken as 0. 36 eV as calculated from
Eq. (3) a cross section of 3. 9 x 10 "' cm' is ob-
tained and the deviation remains. Figure 11 shows
the data points for this work plotted against E '
and E ' '. Though obviously more data at low en-
ergies are needed, the results tend to favor the
E ' rather than E 'I' energy dependence. Accu-
rate measurements of the kinetic energies of the
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FIG. 11. Cross section o versus E and 1/v for the

reaction 0 + NO2 —NO~ + O.

0 ions produced by dissociative electron attach-
ment to NO, would be valuable, since these would
permit calculation of cross sections from the rates
shown in Fig. 8. Dugan and Magee'ey37 have per-
formed numerical integration of the classical La-
grange equations to obtain particle trajectories for
a number of molecules which possess a r ' per-
manent dipole potential as well as the r ' induced
dipole of the Langevin theory. They have not re-
ported an estimate of the dependence of the cross
section on energy for NO„but probably the pre-
diction would be for a dependence of -(E ')" at
these energies. A Stark effect calculation for un-
hindered rotation made by the same authors" does
predict a E ' dependence, but for this model to be
valid, the reaction would have to occur atdistances
greater than that at which the free rotation of the
NO, begins to be hindered by the approach of the
0 ion (i.e. , at distances greater than about 30 A).
This is implausible on the basis of the classical
orbit calculations"~37; however, Bohm, Hasted,
and Ongs' have obtained best agreement with a
number of experimental thermal energy ion-mole-
cule reaction rates by using a value of 100 L for
the adiabatic parameter a in an application of
Massey's adiabatic criterion" to ion-molecule re-
actions.

The measured cross sections for reaction (7)
are composites of reactions with NO, of 0 ions
in the two possible J states 'P, ~, and 'P, ~, from
the ground-state configuration 1s'2s'2p' of 0 .
Since the highest energy point in the present work
(0 /0, at 6. 5 eV) is in good agreement with the
lowest-energy point of Rutherford and Turner, "
where the 0 was produced in an entirely different
higher-energy electron-bombardment source, and
since, even at 6. 5 eV, the ionizing electron in the
dissociative attachment process may have con-
siderable angular momentum it seems likely that
in both experiments the 0 was formed in the 'P, i,
and 'P,I, states in proportions corresponding to the
statistical weights MJ, that is, 2 and 4, respec-
tively, for the two states. Of course, other possi-
bilities, equal proportions but not according to the

2. H +K,O-OH +H, and D +D,O-OD +D,

There are no other experimental cross-section
data for direct comparison with the results of
Table I. Most of the information on the variation
of the cross section with energy is from the study
of the second of these two reactions, though they
both appear to have a similar trend. Figure 12
shows cr plotted against E ' and E 'I' for the sec-
ond reaction, and as for the reaction (7), the E '
dependence is favored. Dugan" has obtained an
energy dependence of (E ')'" for ion collisions
with H,O and D,O from numerical integration of
the Lagrange equations. The comments made in
the preceding paragraphs on the variation of cross
section with energy apply again here though these
are obviously ion-molecule reactions. ~' It is
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FIG. 12. Cross section 0 versus E and E ~ for
the reaction D +D20-OD +D2.

statistical weights, and/or cross section indepen-
dent of the input ion state cannot be ruled out but
are perhaps less likely.

For the case of 0 /0„ the kinetic energies of
the 0 ions in the two states are within about
0. 03 eV, since the J splittings are quite small for
0 and for the neutral 0, which is produced in
'Po, 'P„'P, states. ' Similar remarks might be
made for the 0 ions produced by the other dis-
sociative attachment processes.

It is known that over-all spin conservation is
not a necessary condition for a fast ion-molecule
reaction, but it is likely that spin conservation is
required in the formation of a complex. Strong
coupling after the complex is formed could lead
to spin breakdown, but J= K+f should be con-
served (T is not), and it might be possible to use
spin-orbit coupling. Plainly, there is need for
quantum-mechanical studies of low-energy ion-
molecule reactions coupled with experimental
work using state selected ion beams. The possi-
bility exists that the deviation of the lower energy
points in the present results from a near E '~'

dependence may be due to a change in the relative
numbers or reaction rates of the two kinds of 0
iona present.
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worth remarking that Moran and Hamill4' have
reported cross-sectional dependence near F. ' in

mass spectrometer studies of ion-molecule re-
actions of CH,CN and C,D„ ions with the sym-
metric top molecule CH,C¹

3. 0 +N20 NO +NO

The single point (at an 0 energy of 0. 65 eV) ob-
tained in the present work appears to be somewhat
below the extrapolated data of Rutherford and
Turner" but agrees well with the rate reported by
Paulson. " This reaction is obviously of interest,
but in the absence of further low-energy data spec-
ulation seems inadvisable.

B. Isotope Effect

The ratio of the cross sections o&» /o «&
=3.6 at

1.8 eV is surprisingly high. Normalizing the re-
sults to equal primary-ion velocities only reduces
this ratio by about 30%%u~. The classical orbiting
calculations of Dugan and Magee" )"and Dugan,
Rice, and Magee" predict that the cross section
is insensitive to the moment of inertia of the tar-
get molecule and do not appear capable of explain-
ing this result. Martin and Bailey" have reported
a similar large isotope effect in a low-energy
beam study of the reactions

O +H2-OH +H

and O +D, -OD +D

(18)

(19)

C. Upper Limits to Cross Sections

The results listed in Table I are within the limits
of a calculated maximum cross section made by
Dugan and Magee4' except for the rates for reac-
tions (8) and (9) using "zero energy" H /H, and
D /D, ions from the - 14 eV vertical onset reso-
nances, which are roughly a factor of 10 higher
than the theory predicts for a primary-ion energy
of 0. 2 eV. In view of the uncertainties in the pri-
mary-ion energy and in the calculation of the max-
imum cross section, this disagreement is not felt

but were also unable to explain the isotope effect
in terms of existing theory.

The Langevin theory" predicts an opposite and
much smaller isotope effect to that observed in
both these studies. The semiclassical theory of
Dugan and Magee, "which employs the Stark ef-
fect, also does not seem to provide an explanation
for the present data, since the first-order term,
which is expected to be dominant, does not con-
tain the molecular moments of inertia and the av-
erage over the rotational quantum numbers which
is involved in the calculation is expected to be sim-
ilar for the two reactions (8) and (9).

to be serious. A point which is of interest is the
participation of high angular momenta (in units of
5) in these collisions, permitting large cross
sections. For instance, in the case of a 2-eV
H ion, with impact parameters of up to 4 A in a
collision with H,O, lma, the maximum angular
momentum, is 120 5. The maximum reaction
cross section is given by Blatt and Weisskopf"
to be

~ma

&x = Q wx'(2l+1)
max

for large lmax' max
(20)

which gives omax = 10 " cm' for lmax =1205) the
higher angular momenta being dominant in this re-.
sult.
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APPENDIX

The effect of the finite timewidth of the electron
gate pulse may be allowed for the following unfold-
ing technique.

The time dependence of the product-ion current
i~ for a negligibly small electron gate pulse width
is of the form

~ (1
B(t —t o))-

S ) (21)

where A, 8, and t, are constants. This follows
from Eq. (4) where t, is introduced here to permit
the possibility of a small translation in the time
axis between the experimentally measured curves
and the unfolded curve (21).

Since the electron gate is a square pulse of time
width 5 the time dependence of the observed sec-
ondary current I~ is given by

X —W l

(22)

where the experimental time variable is now de-
noted by x. The factor 1/6 necessary for normal-
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and the University of Tennessee for stimulating
discussions of a number of points in this paper.
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kindly sent us before publication the results of his
calculations on the energy dependence of the cross
sections of the reactions (8) and (9).
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(
Bw-, Bw-,

) (22)

ization and the limits of integration are taken
from x —av, to x+se» where zo, +w, =5 to permit
an arbitrary choice of centering of the electron
gate pulse about a given experimental time point
x. Integration of (22) results in the expression

P -Bx -Bt
1 e eI (x)= —A(w, +w, )+As

The experimental points are compared with this
expression over the range of times x in which the
sum of the observed primary- and secondary-ion
currents is constant. The constants A, 8, and t,
are then calculated by a digital computer pro-
grammed to select A, 8, and t„so that the sum
of the squares of the residuals of the experimental
and theoretical [from Eq. (22)] points is minimized.
In general, this unfolding procedure had a small
effect on the data reported here, changing the
first estimates of the reaction rates by ~ 109'.
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Cross sections for single and multiple electron capture and loss have been measured for
iodine ions in hydrogen at 4.50 MeV. Values were determined from the initial behavior of
charge-fraction growth curves under thin-target conditions. Equilibrium charge-state frac-
tions I'~ were then calculated from the measured cross sections, and these values were com-
pared with the fractions measured directly in a dense target. It is concluded that when mul-
tiple collisions occur, excited states in the projectile influence the effective charge-changing
cross sections. Consequently measured values of the "equilibrium" charge-state fractions
depend in a complex way upon the excited-state lifetimes and the target density. In this ex-
periment, the meancharge calculated from cross-section values was 1.98, whereas, the
measured mean charge was 2.33.

INTRODUCTION

The charge of a fast ion moving through matter
fluctuates as a result of electron loss and cap-
ture in collisions with the stationary atoms of
the target. After a sufficient number of colli-
sions, an equilibrium distribution of charges is
established which is dependent only on the veloci-
ty of the ions and the nature of the target. The
effect of the density of the target material upon
the charge distribution was first observed by
Lassen' who measured the mean charge of urani-
um fission fragments traversing thin-metal
films and gases. He found that the mean charge
in gases increased by -16% as the gas pressure

was increased, and that the mean charge in foils
was substantially greater than that in gases.

Bohr and Lindhard' were the first to suggest
that this increase in the mean charge i with tar-
get density is a result of an increased probabili-
ty for the loss of electrons from excited states.
In gases at very low pressures, when the life-
time of the excited states is much less than the
time between successive collisions, the mean
charge is independent of the density. As the
density is increased, however, the time between
collisions becomes comparable to the lifetime
of excited states and an increase in mean charge
is to be expected. Bohr and Lindhard estimated
the magnitude of this increase to be -20%. They


